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Zusammenfassung 

Die Transkription, die Synthese von Ribonukleinsäure (RNA) basierend auf einer Desoxyribo-

nukleinsäure (DNA)-Matrize, wird durch DNA-abhängige RNA-Polymerasen (RNAPs) kataly-

siert, deren einfachsten bakteriellen Vertreter aus fünf Untereinheiten (2xα, β, β, ω) aufgebaut 

sind. Die Aktivität der RNAP wird in allen Phasen des Transkriptionszyklus (Initiation, Elonga-

tion, Termination) durch eine Vielzahl von Transkriptionsfaktoren (TFs) reguliert, wie z. B. die 

bakteriellen N-utilization substances (Nus)-Faktoren A, B, E und G. Escherichia coli (E. coli) 

NusA besteht aus sechs Domänen: einer N-terminalen Domäne (NTD), einer S1-Domäne, die 

zusammen mit den zwei folgenden K homology (KH)-Domänen KH1 und KH2 die RNA-bin-

dende SKK-Einheit bildet sowie zwei C-terminalen acidic repeat (AR)-Domänen (AR1, AR2). 

Die RNA-Bindung von NusA wird durch die Bildung eines intramolekularen Komplexes von 

NusA-AR2 mit NusA-KH1 unterbunden, wodurch NusA autoinhibiert wird. Diese Autoinhibi-

tion kann durch die Interaktion von NusA-AR2 mit der C-terminalen Domäne der α-Untereinheit 

der RNAP (RNAPαCTD) aufgehoben werden. Des Weiteren vermittelt die 

NusA-AR2:RNAPαCTD-Wechselwirkung zusammen mit der Bindung von NusA-NTD an die 

zweite RNAPαCTD und die am RNA-Ausgangskanal der RNAP liegende β-flap-tip-Helix 

(βFTH) die Bindung von NusA an die RNAP. NusA interagiert während der Elongation mit der 

RNAP und übt, kontextabhängig, teils konträre Effekte aus. So ist NusA z. B. in der Lage ge-

meinsam mit den anderen Nus-Faktoren und weiteren Komponenten das Überlesen von Termi-

nationssequenzen zu vermitteln, ein Mechanismus, der als Antitermination (AT) bezeichnet wird 

und Forschungsgegenstand dieser Arbeit war. 

In E. coli ist die Expression ribosomaler RNA-Gene durch AT reguliert (rrn-AT). Hierbei wer-

den die Nus-Faktoren durch eine RNA-Sequenz an die RNAP rekrutiert und bilden zusammen 

mit dieser und dem Protein S4 einen rrn-AT-Komplex, welcher das Überlesen von Rho-abhän-

gigen Terminatoren ermöglicht. Darüber hinaus wurde eine Beteiligung der Inositolmonophos-

phatase SuhB postuliert, weshalb die Rolle von SuhB bei der rrn-AT im Rahmen dieser Arbeit 

mit biochemischen und nuclear magnetic resonance (NMR)-spektroskopischen Methoden cha-

rakterisiert wurde. Es wurde gezeigt, dass SuhB in den an einer rrn-AT-Sequenz pausierten 

rrn-AT-Komplex – bestehend aus der RNAP, einem Nukleinsäuregerüst, den Nus-Faktoren so-

wie optional S4 – integriert wird und spezifisch mit NusA-AR2 interagiert. Durch die Wechsel-

wirkung mit NusA-AR2 kann SuhB außerdem die Autoinhibition von NusA aufheben bzw. die 

NusA-AR2:RNAPαCTD-Bindung auflösen. Unsere Ergebnisse deuten darauf hin, dass die 

SuhB:NusA-AR2-Interaktion bei der Rekrutierung von SuhB an den rrn-AT-Komplex eine 
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Rolle spielt sowie die Bindung der SKK-Einheit an die rrn-AT-Sequenz erleichtern und eine 

Repositionierung von NusA an der RNAP induzieren könnte.  

Die Nus-Faktoren sind auch an den beiden, durch die Proteine λN bzw. λQ vermittelten, AT-Me-

chanismen des Phagen λ beteiligt, welche zur Replikation des Phagen-Genoms im Wirtsbakte-

rium E. coli dienen. Während in der λN-AT alle Nus-Faktoren zusammen mit λN die RNAP in 

einen terminationsresistenten Zustand versetzen, ist für die λQ-AT nur eine Beteiligung von 

NusA postuliert. In dieser Arbeit wurden die strukturellen Grundlagen der λQ-AT sowie die 

Rolle von NusA in dieser mittels NMR-Spektroskopie untersucht. Es wurde die Bindung von 

λQ an die βFTH der RNAP strukturell charakterisiert und gezeigt, dass NusA λQ mittels seiner 

NTD und AR2-Domäne kontaktiert, wobei keine simultane Bindung eines λQ-Moleküls an 

beide NusA-Domänen möglich ist. λQ ist darüber hinaus in der Lage durch die Interaktion mit 

NusA-AR2 die Autoinhibition von NusA aufzuheben sowie durch die Wechselwirkung mit der 

βFTH NusA-NTD von dieser zu verdrängen und damit an der RNAP zu repositionieren. Die 

durch λQ induzierte Repositionierung von NusA-NTD könnte zu dem AT-fördernden Effekt von 

NusA führen, während die Aufhebung der Autoinhibition durch λQ die RNA-Bindung der 

SKK-Einheit – und damit die Rekrutierung von NusA an den λQ-AT-Komplex – erleichtern 

könnte. Des Weiteren könnte die NusA-AR2:λQ-Interaktion auch der Rekrutierung von λQ die-

nen. Schließlich wurde gezeigt, dass λQ in hohem molaren Überschuss die Bindung von 

NusA-NTD bzw. NusA-AR2 an die jeweilige RNAPαCTD auflöst, wodurch die Dissoziation 

von NusA von der RNAP induziert werden könnte.  

Die Ergebnisse dieser Arbeit unterstreichen die zentrale Rolle von NusA in der Regulation der 

bakteriellen Transkription. NusA ist während dieser über seine NTD an die RNAP gebunden, 

während NusA-AR2, wie u.a. in dieser Arbeit gezeigt, spezifische Interaktionen mit TFs einge-

hen kann, was eine Funktion dieser Domäne als multifunktionale Rekrutierungsplattform nahe-

legt. Die rekrutierten TFs könnten, wie für λQ gezeigt, kontextabhängig NusA repositionieren, 

was wiederum mit einer Modulation der von NusA ausgeübten Effekte auf die Transkription 

einhergehen könnte. 
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Summary 

Transcription, the synthesis of ribonucleic acid (RNA) based on a deoxyribonucleic acid (DNA) 

template, is catalyzed by DNA-dependent RNA polymerases (RNAPs) the simplest bacterial 

representatives of which are composed of five subunits (2xα, β, β, ω). In all steps of the tran-

scription cycle (initiation, elongation, termination) RNAP activity is regulated by a multitude of 

transcription factors (TFs), such as the bacterial N-utilization substances (Nus)-factors A, B, E 

and G.  Escherichia coli (E. coli) NusA consists of six domains: a N-terminal domain (NTD), 

an S1 domain which forms together with the two following K homology (KH) domains KH1 

and KH2 the RNA-binding SKK unit, as well as two C-terminal acidic repeat domains (AR1, 

AR2). Formation of an intramolecular complex of NusA-AR2 with NusA-KH1 prevents RNA 

binding by NusA-SKK, thus autoinhibiting NusA. This autoinhibition can be released by the 

interaction of NusA-AR2 with the C-terminal domain of the α-subunit of RNAP (RNAPαCTD). 

Furthermore, the NusA-AR2:RNAPαCTD interaction, together with the binding of NusA-NTD 

to the second RNAPαCTD and the β flap-tip helix (βFTH) located at the RNA exit channel of 

RNAP, mediates the binding of NusA to RNAP. NusA contacts RNAP throughout elongation 

and, depending on the context, exerts partially contrary effects. For example, NusA, together 

with other Nus factors and other components, is able to suppress termination sequences, a mech-

anism known as antitermination (AT), which was the subject of this work. 

In E. coli the expression of ribosomal RNA genes is regulated by AT (rrn-AT). Nus factors are 

recruited to the RNAP by a specific RNA sequence and form together with the RNAP and ribo-

somal protein S4 an rrn-AT complex which allows the read-through of Rho-dependent termina-

tors. In addition, it has been postulated that the inositol monophosphatase SuhB was also in-

volved in rrn-AT. Thus, the role of SuhB in rrn-AT was studied in this work by a combination 

of biochemical and nuclear magnetic resonance (NMR)-spectroscopic methods. It was shown 

that SuhB is integrated into an rrn-AT complex paused at an rrn-AT sequence, consisting of the 

RNAP, a nucleic acid scaffold, the Nus factors and optionally S4. Moreover, a direct interaction 

between SuhB and NusA-AR2 was demonstrated. Using this interaction, SuhB is able to release 

NusA autoinhibition or disrupt the NusA-AR2:RNAPαCTD interaction. Our results suggest that 

binding of SuhB to NusA-AR2 may play a role in the recruitment of SuhB to the rrn-AT com-

plex, and could also facilitate binding of NusA-SKK to the rrn-AT sequence and induce reposi-

tioning of NusA at the RNAP. 

Nus factors are also involved in the two AT mechanisms of phage λ, which are required to rep-

licate the phage’s genome in the host bacterium E. coli and which are mediated by the proteins 

λN and λQ, respectively. In λN-AT all Nus factors act together with λN to modify RNAP into a 
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termination-resistant state, whereas in λQ-AT only a role for NusA has been postulated. In this 

thesis the structural basics of λQ-AT as well as the role of NusA was investigated by NMR 

spectroscopy. The binding of λQ to the βFTH of RNAP was structurally characterized and it was 

shown that NusA contacts λQ via its NTD and AR2 domain, although simultaneous binding of 

one λQ molecule to both NusA domains is not possible. Similar to SuhB, λQ is able to release 

the autoinhibition of NusA by interacting with NusA-AR2. Furthermore, λQ interacts with the 

βFTH, displacing NusA-NTD from it, triggering repositioning of NusA-NTD on the RNAP. λQ 

induced repositioning of NusA-NTD could lead to the AT-promoting effect of NusA, whereas 

the release of autoinhibition by λQ could trigger RNA binding by NusA-SKK and therefore 

recruitment of NusA to the λQ-AT complex. Moreover, the NusA-AR2:λQ-interaction may be 

involved in the recruitment of λQ. Finally, it was shown that, in high molar excess, λQ can 

disrupt binding of NusA-NTD and NusA-AR2 to the RNAPαCTD, which might induce the dis-

sociation of NusA from RNAP.  

The results of this work underline the central role of NusA in the regulation of bacterial tran-

scription. During transcription NusA is bound to RNAP via its NTD, whereas NusA-AR2, as 

shown in this work, can interact specifically with various TFs, suggesting that this domain may 

serve as versatile recruitment platform. Depending on the context the recruited TFs could, as 

shown for λQ, reposition NusA which, in turn, might result in a modulation of NusA effects on 

transcription.  
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1 Einleitung 

1.1 Transkription 

Die Transkription, das Umschreiben der Erbinformation, gespeichert in Form der Basenabfolge 

der Desoxyribonukleinsäure (DNA), in Ribonukleinsäure (RNA), ist der erste Schritt der Gen-

expression und wird in allen drei Domänen des Lebens durch DNA-abhängige RNA-Polymera-

sen (RNAPs) katalysiert (zusammengefasst in Werner & Grohmann, 2011). Die RNA kann als 

messenger RNA (mRNA) dem Ribosom als Vorlage zur Proteinbiosynthese im zweiten Schritt 

der Genexpression, der Translation, dienen (zusammengefasst in Choi et al., 2018) oder auch 

ein biologisch aktives Endprodukt darstellen. So vermitteln z.B. ribosomale RNAs (rRNAs) die 

katalytische Aktivität des Ribosoms, während transfer-RNAs (tRNAs) Aminosäuren (As) zum 

Ribosom transportieren und nicht-kodierende (non-coding) RNAs an der Regulation der Genex-

pression beteiligt sind (zusammengefasst in Morris & Mattick, 2014). 

Die Transkription kann in einen dreiphasigen Zyklus aus Initiation, Elongation und Termination 

unterteilt werden. Die Initiation der Transkription erfolgt durch die Rekrutierung der RNAP an 

eine regulatorische Erkennungssequenz des Gens (Promotor). Die doppelsträngige (ds)DNA des 

Promotors wird aufgeschmolzen und es beginnt die Synthese des RNA-Strangs entlang des An-

tisinn-Strangs (antisense strand) der DNA. Nach Verlassen der Promotorregion (promoter        

escape) erfolgt der Übergang in die Elongation unter Ausbildung eines stabilen Komplexes zwi-

schen RNAP, DNA und RNA (transcription elongation complex, TEC). Die Termination der 

Transkription wird durch regulatorische Sequenzen des Gens (Terminationssequenzen) induziert 

und führt zur Dissoziation des TECs, sodass die RNAP für den nächsten Zyklus bereitsteht. Alle 

Schritte des Transkriptionszyklus werden durch eine Vielzahl von Effektoren, wie z.B. spezifi-

schen Proteinen, welche als Transkriptionsfaktoren (TFs) bezeichnet werden, reguliert (zusam-

mengefasst in Dangkulwanich et al., 2014). So sind z.B. im Modellorganismus Escherichia coli 

(E. coli) die housekeeping-Faktoren der N-utilization substances (Nus)-Klasse (bestehend aus 

NusA, B, E und G) an der Regulation von Elongation und Termination beteiligt und in der Lage 

zusammen mit weiteren Faktoren den TEC derart zu modifizieren, dass Terminationssignale 

überlesen werden (Antitermination, AT) (zusammengefasst in Sen et al., 2014). 

Im Nachfolgenden wird ein Überblick über den Transkriptionszyklus in E. coli, dessen zentralen 

Akteur, die RNAP sowie deren Regulation gegeben. Ein besonderes Augenmerk liegt hierbei 

auf den TFs der Nus-Klasse, dem AT-Mechanismus zur Transkription ribosomaler RNA 

(rrn)-Operons in E. coli (rrn-AT) sowie den beiden AT-Mechanismen des Phagen λ, der λQ-AT 

und der λN-AT, welche der Replikation des Phagen-Genoms im Wirtsbakterium E. coli dienen.  
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1.2 Escherichia coli RNA-Polymerase  

Die RNAPs zur Transkription zellulärer Genome weisen trotz ihres komplexen Aufbaus aus fünf 

(in Bakterien) bis 17 Untereinheiten (UEs) (in Eukaryonten) in den drei Domänen des Lebens 

ein gemeinsames Grundgerüst (zusammengefasst in Werner, 2012) und damit einhergehend ein 

hoch-konserviertes aktives Zentrum mit identischem katalytischen Mechanismus auf (zusam-

mengefasst Werner & Grohmann, 2011). Die einfachsten bakteriellen RNAPs sind aus fünf UEs 

(α2, β, β´, ω) aufgebaut, wie z.B. die 390 Kilodalton (kDa) große E. coli RNAP (Abb. 1-1A; 

Murakami, 2013). Die beiden C-terminalen Domänen der α-UEs der E. coli RNAP 

(RNAPαCTDs) üben regulatorische Funktionen aus. So können diese durch Bindung des, in 

einigen Pomotoren vorhandenen, upstream promoter (UP)-Elements die Transkriptionsrate des 

entsprechenden Gens erhöhen (Estrem et al., 1999; Ross et al., 1993) und als Bindungsplattform 

für TFs wie NusA dienen (Schweimer et al., 2011; Guo et al., 2018). Die beiden N-terminalen 

Domänen der α-UEs organisieren zusammen mit der ω-UE die Assemblierung der RNAP 

(Ghosh et al., 2001; Ishihama, 1981). Die β-UE und β´-UE verleihen durch ihre Zangenform der 

RNAP eine krebsscherenartige Erscheinung und beherbergen zusammen in der Spalte zwischen 

den beiden Zangen das aktive Zentrum (Zhang et al., 1999). Die Zangen der β-UE und β´-UE 

liegen in freier RNAP (core RNAP) in einer offenen Konformation vor und binden bei der Tran-

skriptionsinitiation dsDNA, wobei sie in eine geschlossene Konformation übergehen, welche 

dem TEC eine erhöhte Stabilität und Prozessivität verleiht (Chakraborty et al., 2012). 

 

1.2.1 Transkriptions-Elongations-Komplex 

Im TEC (Abb. 1-1B) wird die dsDNA durch die Zangen der β-UE und β´-UE zum aktiven Zent-

rum hingeleitet und ein Basenpaar (bp) vor diesem (i-1-Position) durch den β-fork loop 2 aufge-

schmolzen, sodass sich die Transkriptionsblase ausbilden kann (Vassylyev et al., 2007a). Der 

Sinn-Strang (sense strand) wird oberflächenexponiert an der RNAP weitergeleitet (Wang & 

Landick, 1997), während der Antisinn-Strang um 90° abgeknickt und zum aktiven Zentrum hin-

geleitet wird. Im aktiven Zentrum liegt nur das erste aufgeschmolzene Nukleotid (nt) des Anti-

sinn-Strangs ungepaart vor (Vassylyev et al., 2007a), sodass immer nur ein komplementäres 

Nukleosidtriphosphat (NTP) in der Insertionsstelle (i+1-Stelle) des aktiven Zentrums koordiniert 

und an das 3´-Ende des naszierenden RNA-Strangs gebunden wird (Abbondanzieri et al., 2005; 

Vassylyev et al., 2007b). Die katalytische Aktivität der RNAP wird durch zwei Mg2+-Ionen im 

Zusammenspiel mit zwei hochmobilen Elementen der β´-UE, dem trigger-loop (TL) und der 

bridge-helix (BH) vermittelt (zusammengefasst in Brueckner et al., 2009). Während das erste 

Mg2+-Ion (Mg-A) stabil im aktiven Zentrum koordiniert ist (Zaychikov et al., 1996), wird das 
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zweite Mg2+-Ion (Mg-B) in jedem Zyklus gemeinsam mit dem einzubauenden NTP (Sosunov 

et al., 2003) über den sekundären Kanal in das aktive Zentrum eingebracht (Zhang et al., 1999, 

2015). Im TEC bilden die stromabwärts (downstream) gelegenen Nukleotide des Antisinn-

Strangs mit der naszierenden RNA ein 8-9 bp langes RNA:DNA-Hybrid aus, welches durch den 

β´-lid loop aufgespalten wird. Der Antisinn-Strang paart sich wieder mit dem Sinn-Strang, so-

dass die Transkriptionsblase geschlossen und keine ungepaarte Lücke im Antisinn-Strang hin-

terlassen wird. Die naszierende RNA wird über den RNA-Ausgangskanal aus der RNAP her-

ausgeleitet (Vassylyev et al., 2007a). Die Wand des RNA-Ausgangskanals wird durch die β-flap 

gebildet, an deren Spitze sich die β-flap-tip helix (βFTH) befindet, welche wie der β-gate loop 

(βGL) und die β´-clamp helices (β´CH) eine Bindungsplattform für regulatorische Proteine dar-

stellt (Deighan et al., 2008; Guo et al., 2018; Kang et al., 2018b; Krupp et al., 2019; Martinez-

Rucobo et al., 2011; Murakami, 2013; Sevostyanova et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbildung 1-1: Struktur des E. coli TECs und Nukleotid-Addtions-Zyklus. (A) E. coli TEC (protein data 

bank identification number (PDB-ID): 6RH3) in Oberflächendarstellung. Die einzelnen UEs sind farblich her-
vorgehoben. (B) Struktur aus (A) um 65° um die x-Ache und 35° um die y-Achse gedreht in transparenter 
Oberflächendarstellung. Wichtige Sekundärstrukturelemente sowie die Nukleinsäuren sind in Bänderdarstel-
lung farblich hervorgehoben. Mg-A ist durch eine cyane Kugel dargestellt. Die βFTH ist nicht aufgelöst und 
wurde aus der mittels Röntgenstrukturanalyse bestimmten Struktur der Holo-RNAP (PDB-ID: 4YG2) in den 
TEC eingefügt. (C) Schematische Darstellung des Zyklus der Nukleotid-Addition. Zu Beginn liegt die NTP-
Insertionsstelle (Position i+1, als graues oval hervorgehoben) unbesetzt vor (post-translozierter Zustand). Nach 
Bindung eines passenden NTPs (I) faltet sich der TL zur trigger-helix (TH) und positioniert zusammen mit der 
BH das einzubauende NTP, sodass die Mg2+-abhängige Katalyse der Nukleotid-Addition (II) stattfinden kann. 
Nach der Katalyse entfaltet sich die TH und das PPi dissoziiert ab (prä-translozierter Zustand). Im Anschluss 
erfolgt die Translokation (III) unter Aufschmelzen des nächsten stromabwärts gelegenen bp der DNA, sodass 
der Zyklus von neuem beginnen kann. Details siehe Text. 
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1.2.2 Nukleotid-Additions-Zyklus 

Der Zyklus der Nukleotid-Addition (Abb. 1-1C) kann in drei Schritte gegliedert werden: (I) 

NTP-Bindung, (II) Katalyse der Addition eines Nukelotids an die RNA unter Pyrophosphat 

(PPi)-Freisetzung und (III) Translokation der RNAP (zusammengefasst in Brueckner et al., 

2009). Zu Beginn des Zyklus liegt die Insertionsstelle i+1 im aktiven Zentrum unbesetzt und der 

TL ungefaltet vor (post-translozierter Zustand; Kang et al., 2017). Nach Bindung eines passen-

den NTPs an die Position i+1 (Kaplan et al., 2008; Westover et al., 2004) faltet sich der TL in 

eine α-helicale Konformation um (trigger-helix, TH) und positioniert im Zusammenspiel mit der 

BH und Mg-B das NTP für die Addition an die 3´ OH-Gruppe der RNA (Vassylyev et al., 2007b, 

2007a; Wang et al., 2006). Mg-A vermittelt die katalytische Aktivität der RNAP durch Aktivie-

rung der 3´ OH-Gruppe der RNA, sodass diese einen nukleophilen SN2-Angriff auf das α-Phos-

phat des NTPs unter Abspaltung von PPi durchführen kann. Nach erfolgter Verknüpfung kommt 

es zur Dissoziation des PPi mitsamt dem Mg-B (Sosunov et al., 2003; Steitz, 1998). Zugleich 

entfaltet sich die TH um den Austritt des PPi aus dem aktiven Zentrum zu erlauben (prä-translo-

zierter Zustand). Im Anschluss schieben TL und BH die RNAP unter Aufschmelzen des nächsten 

stromabwärts gelegenen bp der DNA, um eine Position entlang dieser weiter (Ratschen-Modell). 

Der TEC befindet sich im Anschluss wieder im post-translozierten Zustand und ist für einen 

neuen Nukleotid-Additions-Zyklus bereit (zusammengefasst in Svetlov & Nudler, 2009). 

 

1.3 Bakterieller Transkriptionszyklus 

1.3.1 Initiation 

Bei der Initiation der Transkription (Abb. 1-2I-IV) erfolgt zunächst die Rekrutierung der RNAP 

an einen Promotor. Die freie RNAP (Abb. 1-2I) ist katalytisch kompetent, benötigt jedoch die 

Bindung eines Transkriptionsinitiationsfaktors der σ-Familie zur sequenzspezifischen Bindung 

an einen Promotor (zusammengefasst in Saecker et al., 2011). In E. coli stehen die meisten Gene, 

welche zur Aufrechterhaltung der lebensnotwendigen Zellfunktionen unabhängig von äußeren 

Einflüssen exprimiert werden (housekeeping genes) unter Kontrolle des σ70-Faktors (zusammen-

gefasst in Ishihama, 2000). Dieser weist vier funktionale Regionen (σ70
1-σ70

4) auf (Lonetto et al., 

1992). Promotoren unter der Kontrolle des σ70-Faktors besitzen zwei hexamere Sequenzmotive, 

das -10-Element (Pribnow Box; Pribnow, 1975) und das -35-Element (Siebenlist et al., 1980). 

Durch Interaktionen der Region σ70
2 mit den β´CH (Abb. 1-1B) und der Region σ70

4 mit der 

βFTH (Abb. 1-1B) sowie weiterer Wechselwirkungen der beiden anderen σ70-Regionen mit der 

RNAP wird die Bildung des Holo-RNAP Komplexes vermittelt (Abb. 1-2II; Murakami, 2013). 

Die Holo-RNAP wird durch Interaktionen von σ70
2 mit dem -10-Element und von σ70

4 mit 
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Abbildung 1-2: Der bakterielle Transkriptionszyklus. Zu Initiation der Transkription bindet die freie RNAP 
(I) einen Transkriptionsinitiationsfaktor der σ-Familie (hier σ70), sodass die Holo-RNAP geformt wird (II). 
Der σ70-Faktor vermittelt die sequenzspezifische Bindung der Holo-RNAP an das -10-Element und 
das -35-Element des Promotors unter Aufschmelzen von diesem (III) sowie die nachfolgende Initiation der 
Transkription (IV). Nach Überwindung des abortiven Initiationszyklus kommt es zum promoter escape, wel-
cher mit dem Übergang in die Elongation einhergeht (V), wobei der σ70-Faktor zumeist dissoziiert. Die Termi-
nation der Transkription (VI) wird durch einen RNA-hairpin gefolgt von einer Poly-Uridin (U)-Sequenz 
(intrinsische Termination) oder durch den Faktor Rho vermittelt, wobei alle beteiligten Komponenten dissozi-
ieren, sodass die freie RNAP im Anschluss für den nächsten Transkriptionszyklus bereitsteht (I). Details siehe 
Text. 

dem -35-Element an den Promotor rekrutiert (geschlossener Komplex) und σ70
2 vermittelt das 

Aufschmelzen der dsDNA, sodass ein offener Komplex ausgebildet wird (Abb. 1-2III; Bae et al., 

2015; Feklistov & Darst, 2011). Im Anschluss ermöglicht σ70 die Initiation der Transkription 

(Pupov et al., 2014), wobei zu Beginn der Transkriptions-Initiations-Komplex  (transcription 

initiation complex, TIC)  (Abb.  1-2IV; Zuo & Steitz, 2015) fest am Promotor gebunden bleibt 

und die DNA stromabwärts immer weiter in den offenen Komplex hineingezogen und aufge-

schmolzen wird (DNA-scrunching). Es wird angenommen, dass das DNA-scrunching einen 

energetisch instabilen „gestressten“ Zustand (stressed state) des TICs darstellt. Dieser Zustand 

kann durch Freisetzung des RNA-Transkripts unter bestehender Promotor-Bindung (abortive 

Initiation) oder durch Beendigung der Interaktionen zwischen der Holo-RNAP und dem Promo-

tor (promoter escape) aufgelöst werden, wobei letzteres mit dem Übergang in die Elongation 

verbunden ist (Kapanidis et al., 2006; Revyakin et al., 2006). Oft werden multiple Zyklen der 

abortiven Initiation unter Freisetzung kurzer RNA-Stücke (2-12 nt) durchlaufen, bevor es zum 

promoter escape kommt (Hsu, 2002).  
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Der Übergang in die Elongation geht zumeist mit der Dissoziation des σ70-Faktors einher, wobei 

hierfür zwei Modelle postuliert wurden. Entweder dass der σ70-Faktor nach dem promoter          

escape abrupt durch die wachsende RNA verdrängt wird (obligatorisches Modell; Daube & von 

Hippel, 1999; Metzger et al., 1993) oder während der Elongation nach und nach abdissoziiert 

(stochastisches Modell; Gill et al., 1991; Shimamoto et al., 1986). Auch eine stabile Integration 

des σ70-Faktors in den TEC ist möglich (Bar-Nahum & Nudler, 2001; Kapanidis et al., 2005) 

und wird durch Promotor-proximale σ70-abhängige Pausen gefördert (Harden et al., 2016).   

 

1.3.2 Elongation 

Die Elongation (Abb. 1-2V) wird immer wieder von Pausen unterbrochen, wobei in E. coli im 

Schnitt alle ~100 bp Transkriptionspausen auftreten (Adelman et al., 2002; Neuman et al., 

2003). Diese ermöglichen (I) die Synchronisation von Transkription und Translation, (II) die 

Rekrutierung von regulatorischen Proteinen, (III) die Faltung der naszierenden RNA und (IV) 

die Termination der Transkription (zusammengefasst in Landick, 2006).   

Pausen können in zwei Klassen eingeteilt werden: Pausen, die mit der Faltung eines RNA-hair-

pins (HP; Klasse I) und Pausen, die mit dem Zurücklaufen der RNAP (backtracking; Klasse II) 

einhergehen (Artsimovitch & Landick, 2000). Es wird angenommen, dass beiden Klassen von 

Pausen eine „elementare“ Pause (elemental pause, EP) vorausgeht (Landick, 2006), welche 

durch eine, von ~20 000 im Genom von E. coli zu findenden, elementaren Pausierungssequenzen 

(elemental pausing sequence, EPS) induziert werden kann (Larson et al., 2014; Vvedenskaya 

et al., 2014). Beim Übergang des TECs vom prä- zum post-translozierten Zustand wird durch 

die EPS in einigen, mit der DNA und RNA in Kontakt stehenden, Elementen der β´-UE sowie 

in deren Zange (swivel-Modul) eine leichte Drehung (~0,5°) induziert (swiveling). Hierdurch 

kann die RNA, nicht jedoch die DNA, in den post-translozierten Zustand übergehen, sodass der 

TEC in einen kurzlebigen, katalytisch inaktiven, halb-translozierten Pausierungszustand (ele-

mental paused elongation complex, ePEC) versetzt wird (Kang et al., 2018a; Saba et al., 2019).  

Im Modellsystem für Klasse I-Pausen, der hisPause, welche an der Regulation des für Enzyme 

zur Histidin-Biosynthese kodierenden hisOperons beteiligt ist (zusammengefasst Gollnick & 

Babitzke, 2002), wird angenommen, dass die EP der RNA Zeit zur Ausbildung des HPs gibt 

(Kang et al., 2018a), welcher die Pause um den Faktor 10 verlängert (Hein et al., 2014). Die 

Nukleation des HP-Stamms im RNA-Ausgangskanal induziert hierbei ein swiveling der RNAP 

um ~3,6°, wodurch die Faltung des TLs im halb-translozierten aktiven Zentrum sterisch blo-

ckiert wird (Guo et al., 2018; Kang et al., 2018a). Es wird vermutet, dass hierbei durch eine 

Interaktion des HP-Stamms mit der βFTH letztere allosterisch zur Konformationsänderung im 
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aktiven Zentrum des ePECs beitragen kann (Hein et al., 2014; Toulokhonov et al., 2001). Ein 

translatierendes Ribosom kann die HP-stabilisierte Pause aufheben, wobei im Anschluss Tran-

skription und Translation synchronisiert sind (Landick et al., 1985).  

Die EP erlaubt auch das backtracking der RNAP (Saba et al., 2019). Hierbei läuft die RNAP 

unter synchronisiertem Aufschmelzen der stromaufwärts und Rehybridisieren der stromabwärts 

liegenden DNA in 3´→5´-Richtung entlang der DNA zurück, während sich das 3´-Ende der 

RNA vom aktiven Zentrum löst und über den sekundären Kanal aus der RNAP herausgeleitet 

wird (zusammengefasst in Nudler, 2012). Das backtracking geht ebenfalls mit einem swiveling 

der RNAP um 1,2 - 2,9° einher (Abdelkareem et al., 2019) und kann durch endonukleolytische 

Spaltung der zurückgelaufenen RNA aufgehoben werden. Die endonukleolytische Spaltung der 

RNA wird durch die RNAP selbst katalysiert, wobei der TF GreB stimulierend auf die endonuk-

leolytische RNAP-Aktivität wirkt (Abdelkareem et al., 2019; Sosunova et al., 2003). 

 

1.3.3 Termination 

Die Termination der Transkription (Abb. 1-2VI) am 3´-Ende des Gens wird in E. coli durch in 

der DNA kodierte Terminationssequenzen induziert und kann auf zwei Arten erfolgen: intrin-

sisch oder Rho-abhängig (zusammengefasst in Ray-Soni et al., 2016). 

Bei der intrinsischen Termination weist die transkribierte Terminationssequenz eine palindro-

mische, HP-ausbildende, Guanosin (G)- und Cytidin (C)-reiche Sequenz (d’Aubenton Carafa 

et al., 1990) sowie eine direkt darauffolgende ~8 nt lange Uridin (U)-reiche Sequenz auf (Wilson 

& von Hippel, 1994). Die Poly-U-Sequenz schwächt das DNA:RNA-Hybrid (Martin & Tinoco, 

1980) und induziert eine Pausierung des TECs an dessen 3´-Ende (Gusarov & Nudler, 1999). 

Die Pause, welche vermutlich einer EP entspricht (Roberts, 2019), bildet ein Zeitfenster zur 

HP-Nukleation (Gusarov & Nudler, 1999). Die HP-Nukleation geht mit dem Aufschmelzen von 

3-4 bp des DNA:RNA-Hybrids und letztlich dem Kollaps der Transkriptionsblase und der Dis-

soziation des TECs einher (Gusarov & Nudler, 1999; Komissarova et al., 2002).

Im Falle der Rho-abhängigen Termination besitzt die Terminationssequenz ebenfalls zwei Ele-

mente, deren Zusammenspiel die Termination vermittelt: einen 70-80 nt langen unstrukturierten 

C-reichen Bereich, welcher als Rekrutierungsplattform (Rho utilization (rut)-site) für den Ter-

minationsfaktor Rho dient (Chen & Richardson, 1987; Morgan et al., 1985) und eine stromab-

wärts liegende Pausierungssequenz, welche den Ort der Termination definiert (Morgan et al., 

1983). Rho, eine homo-hexamere, ringförmige Helicase, bindet in seiner offenen Konformation 

an die rut-site (Skordalakes & Berger, 2003) und fädelt die RNA durch dessen zentrale Pore, in 

welcher die sechs Protomere gemeinsam eine sekundäre RNA-Bindungsstelle bilden, die          
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unspezifisch RNA bindet. Die RNA-Bindung führt zu einer Isomerisierung von Rho in einen 

geschlossenen Ring (Skordalakes & Berger, 2006; Thomsen & Berger, 2009), welcher via seiner 

ATPase-Aktivität stromabwärts (5´→3´-Richtung) entlang der RNA transloziert (Koslover 

et al., 2012). Rho und die RNAP weisen ähnliche Geschwindigkeiten der Translokation auf (zu-

sammengefasst in Richardson, 2002), sodass die beiden Enzyme kinetisch gekoppelt sind. Hier-

durch werden Pausierungen ausschlaggebend, dass Rho den TEC einholen und die Transkription 

terminieren kann (Jin et al., 1992). Es wird angenommen, dass es sich bei diesen Pausen um EPs 

handelt (diskutiert in Ray-Soni et al., 2016), da Klasse I-Pausen und Klasse II-Pausen eine er-

höhte Stabilität gegenüber Rho-abhängiger Termination aufweisen (Dutta et al., 2008).  

Sowohl bei der Rho-abhängigen, als auch bei der intrinsischen Termination erfolgt die Termi-

nation durch eine Destabilisierung des TECs, welche zur Dissoziation von diesem führt. Hierfür 

wurden verschiedene Theorien postuliert, wobei für beide Terminationsarten gleiche Mechanis-

men angenommen werden (zusammengefasst in Peters et al., 2011). Einerseits wird vermutet, 

dass es Rho (Park & Roberts, 2006) bzw. dem Terminator-HP (Santangelo & Roberts, 2004) 

möglich ist, den TEC vorwärts zu schieben, ohne dass eine Nukleotid-Addition durch diesen 

stattfindet (hyper translocation). Hierdurch verkürzt sich das DNA:RNA-Hybrid und wird de-

stabilisiert. Ein alternatives Modell geht davon aus, dass Rho durch dessen Helicase-Aktivität 

(diskutiert in Richardson, 2002) bzw. der Terminator-HP durch eine weitere Propagation seines 

Stammes (Komissarova et al., 2002; Molodtsov et al., 2014) die RNA aus dem TEC herauszie-

hen kann (hybrid shearing), sodass es ebenfalls zu einer Verkürzung des DNA:RNA-Hybrids 

kommt. Auch eine konformationelle Änderung des TECs in Antwort auf die HP-Bildung         

(Epshtein et al., 2007) bzw. durch die Rho-Bindung (Epshtein et al., 2010) stellt eine diskutierte 

Möglichkeit der Destabilisierung des TECs dar (allosteric model), wobei im Falle der HP-ver-

mittelten Termination der βFTH eventuell eine vermittelnde Rolle hierbei zukommt (Epshtein 

et al., 2007; Toulokhonov et al., 2001; Toulokhonov & Landick, 2003). Letztlich kommt es in 

allen Modellen zur Dissoziation des TECs, sodass alle beteiligten Faktoren freigesetzt werden 

und die RNAP für den nächsten Transkriptionszyklus bereitsteht. 

 

1.4 Nus-Faktoren  

Die Transkription ist ein, durch eine Vielzahl von TFs (~300 bis dato in E. coli bekannt), hoch-

regulierter Prozess (zusammengefasst in Ishihama, 2018). Eine Klasse von TFs sind die 

Nus-Faktoren. Ursprünglich als Co-Faktoren bei der durch das Protein λN vermittelten AT des 

Phagen λ entdeckt und daher als N-utilization substance (Nus) bezeichnet (Friedman & Baron, 

1974), stellen diese endogene E. coli Proteine dar (Bubunenko et al., 2007).  
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Abbildung 1-3: Die Nus-Faktoren aus E. coli. Die Strukturen der Nus-Faktoren sind in Bänderdarstellung 
wiedergegeben und die linker als gestrichelte Linien dargestellt. Die Pfeile zeigen die zugehörigen Interakti-
onspartner der einzelnen Domänen, bzw. Proteine an. (A) NusA (NusA-NTD PDB-ID: 2KWP, 
NusA-SKK-AR1 (PDB-ID: 5LM9, NusA-AR2 PDB-ID: 1WCN). (B) NusB:NusEΔ-Heterodimer
(PDB-ID: 3D3B). Bei NusE ist dessen Ribosomenbindungschleife durch ein Serin ersetzt (NusEΔ). (C) NusG
(NusG-NTD PDB-ID: 2K06, NusG-CTD PDB-ID: 2JVV). Details siehe Text. 

 

 

 

 

 

  

 

 

 

 

 

 

1.4.1 NusA 

Der in Archaeen und Bakterien hochkonservierte TF NusA besteht in E. coli aus 495 As 

(55,0 kDa) und ist in 6 Domänen organisiert (Abb. 1-3A; zusammengefasst in Burmann & 

Rösch, 2011). NusA ist während der Elongation an den TEC gebunden (Mooney et al., 2009a) 

und übt in mannigfaltigen Prozessen zum Teil konträre Effekte auf die Transkription aus. So 

kann NusA (I) die pausierungsfreie Elongationsrate des TECs reduzieren, (II) die Effizienz von 

EPs erhöhen (Zhou et al., 2011), (III) die Effizienz und Verweildauer an HP-vermittelten Pausen 

stimulieren (Artsimovitch & Landick, 2000; Ha et al., 2010), (IV) die intrinsische Termination, 

insbesondere an schwachen Terminatoren, unterstützen (Gusarov & Nudler, 2001; Ha et al., 

2010; Mondal et al., 2016), (V) die Rho-abhängige Termination inhibieren (Burns et al., 1998; 

Qayyum et al., 2016), (VI) zusammen mit AT-Faktoren zur rrn-AT in E. coli (siehe Ab-

schnitt 1.5) sowie zur λN-AT (siehe Abschnitt 1.6.1) und der λQ-AT (siehe Abschnitt 1.6.2) des 

Phagen λ beitragen, (VII) die RNA-Faltung unterstützen (Pan et al., 1999) oder (VIII) als Rek-

rutierungsplattform für Enzyme zur DNA-Reparatur (Cohen et al., 2009; Epshtein et al., 2014) 

sowie von NusG dienen (Strauß et al., 2016). 

Bei der N-terminalen Domäne von NusA (NusA-NTD) handelt es sich um eine L-förmige, aus 

vier α-Helices und einem zentralen antiprallelen β-Faltblatt aufgebaute Domäne (Drögemüller 

et al., 2015), welche den stimulierenden Effekt von NusA auf HP-vermittelte Pausen, wie z. B. 

der hisPause vermittelt (Ha et al., 2010). In der hisPause interagiert die NusA-NTD mit der 

RNAPαCTD sowie der βFTH der RNAP (Guo et al., 2018). Es wird angenommen, dass der 
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stimulierende Effekt von NusA auf die hisPause über mehrere Effekte vermittelt wird. Zum ei-

nen verstärkt die Bindung von NusA an den ePEC das swiveling der RNAP von 0,5° auf 2,6°. 

Dies erhöht möglicherweise die Dauer der EP und damit das Zeitfenster zur Ausbildung des HPs 

und erleichtert eventuell auch den Übergang des ePECs in die hisPause-Konformation (Guo 

et al., 2018). Zum anderen stimuliert die NusA-NTD auch die Bildung des HP-Stamms im 

RNA-Ausgangskanal (Hein et al., 2014; Kolb et al., 2014). Dies ist vermutlich auf die Stabili-

sierung bzw. Fixierung der flexiblen βFTH zurückzuführen, welche andernfalls mit der Nukle-

ation des HP-Stamms im RNA-Ausgangskanal interferiert (Guo et al., 2018; Hein et al., 2014). 

Zugleich könnte die βFTH-Fixierung durch NusA-NTD auch den postulierten allosterischen Ef-

fekt der βFTH auf die Konformationsänderung des aktiven Zentrums der RNAP im ePEC erhö-

hen (Guo et al., 2018; Hein et al., 2014; Toulokhonov et al., 2001; Toulokhonov & Landick, 

2003). Des Weiteren bildet die NusA-NTD durch Bindung an die βFTH zusammen mit NusA-S1 

einen positiv geladenen Hohlraum, welcher den RNA-Ausgangskanal verlängert. Dieser Hohl-

raum begünstigt möglicherweise die HP-Faltung, stabilisiert nachfolgend den HP (Guo et al., 

2018) und könnte auch die Funktion von NusA als RNA-Chaperon erklären (Pan et al., 1999). 

Auch die Stimulation der intrinsischen Termination durch NusA (Gusarov & Nudler, 2001; Ha 

et al., 2010) insbesondere an suboptimalen Terminationssequenzen (Mondal et al., 2016) ist an-

hand der beschriebenen Effekte erklärbar (Guo et al., 2018). 

Die der NusA-NTD folgende Domäne S1 besteht aus einem viersträngigen, antiparallelen β-Falt-

blatt und bildet zusammen mit den beiden Domänen K homology (KH)1 und KH2, welche je-

weils aus drei α-Helices und einem dreisträngigen, antiparallelen β-Faltblatt bestehen, die 

SKK-Einheit (Said et al., 2017). NusA-SKK ist in der Lage naszierende einzelsträngige RNA 

zu binden (Prasch et al., 2009), wobei angenommen wird, dass die RNA-Bindung von 

NusA-SKK durch Verdeckung benachbarter rut-sites, auch zur Inhibition der Rho-abhängigen 

Termination führen kann (Qayyum et al., 2016; Schweimer et al., 2011). 

Die auf die SKK-Einheit folgenden beiden C-terminalen Domänen finden sich nur in E. coli und 

einigen anderen α, β und γ-Proteobakterien. In E. coli weisen die beiden Domänen eine nahezu 

identische Struktur auf (Wurzel der mittleren quadratischen Abweichung der Rückgratatome: 

1,2 Å) und werden aufgrund ihres negativen Oberflächenpotentials als acidic repeat (AR)1 und 

AR2 bezeichnet (Eisenmann et al., 2005). Für NusA-AR1 ist eine Interaktion mit dem AT-Pro-

tein λN bekannt (Prasch et al., 2006), welche während der Assemblierung des λN-AT-Komple-

xes, nicht jedoch zur Vermittlung der λN-AT selbst eine Rolle spielt (Krupp et al., 2019; Mah 

et al., 1999; Mishra et al., 2013; Said et al., 2017). NusA-AR2 dient hingegen als autoregulato-

risches Element und inhibiert durch Bildung eines intramolekularen Komplexes mit der 

NusA-KH1-Domäne eine RNA-Bindung von NusA-SKK. Durch Interaktion von NusA-AR2 
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mit der RNAPαCTD kann die Autoinhibition aufgehoben werden (Schweimer et al., 2011). Der 

C-terminale Bereich von NusA ist hochflexibel gegenüber der SKK-Einheit (Said et al., 2017) 

und in der hisPause nur lose an die RNAPαCTD gebunden (Guo et al., 2018). Daher ist auch 

eine hohe Flexibilität und lose Assoziation von NusA-AR2 an den TEC anzunehmen, was die 

Eigenschaft von NusA-AR2 erklären könnte, als Rekrutierungsplattform für NusG fungieren zu 

können (Strauß et al., 2016).  

 

1.4.2 NusB und NusE 

Bei E. coli NusB (139 As, 16,2 kDa) handelt es sich um ein α-helikales Protein (Abb. 1-3B; 

Altieri et al., 2000), welches sowohl eine Komponente des rrn-AT-Komplexes (siehe Ab-

schnitt 1.5) in E. coli (Squires et al., 1993) als auch des λN-AT-Komplexes (siehe Ab-

schnitt 1.6.1) des Phagen λ darstellt (DeVito & Das, 1994; Krupp et al., 2019; Said et al., 2017). 

Im Rahmen beider AT-Mechanismen bindet NusB spezifisch an ein 12 nt langes konserviertes 

Element (boxA) der RNA-Sequenz, welche die am jeweiligen AT-Mechanismus beteiligten 

Komponenten an den TEC rekrutiert. Zur Bindung von boxA formt NusB zusammen mit NusE 

einen stabilen Komplex (Burmann et al., 2010; Luo et al., 2008), welcher die Affinität von NusB 

für RNA ~100-fach erhöht (Mühlberger et al., 2003). 

NusE (Abb. 1-3B) selbst weist nur eine geringe, unspezifische Affinität für RNA auf (Greive 

et al., 2005) und ist als Teil des NusB:NusE-Komplexes ebenfalls an der rrn-AT (Squires et al., 

1993) sowie der λN-AT beteiligt (DeVito & Das, 1994; Said et al., 2017). Als ein moonlighing-

Protein (Protein mit mehr als einer Funktion) kann NusE, als S10, auch als Teil der 30S-UE des 

Ribosoms vorliegen. NusE (103 As, 11,8 kDa) selbst ist aus einem antiparallelen β-Faltblatt, 

zwei α-Helices sowie einer Ribosomenbindungsschleife (As 46-67) aufgebaut, welche sich beim 

Einbau in das Ribosom zu einem zweisträngigen β-Faltblatt faltet (Noeske et al., 2015). 

 

1.4.3 NusG 

NusG als einzig universell konservierter TF (Werner, 2012) ist in E. coli (181 As, 20,5 kDa) aus 

einer N-terminalen (NusG-NTD) und einer C-terminalen Domäne (NusG-CTD) aufgebaut 

(Abb. 1-3C). Die NusG-NTD, bestehend aus einem zentralen, dreisträngigen, antiparallelen 

β-Faltblatt, umgeben von drei α-Helices, ist über einen flexiblen Linker mit der NusG-CTD ver-

knüpft, welche sich zu einem fünfsträngigen antiparallelen β-Fass faltet (Mooney et al., 2009b).  

NusG ist während der Elongation an den TEC gebunden (Mooney et al., 2009a). Die Interaktion 

von NusG mit der RNAP wird über die NusG-NTD vermittelt, welche an die β’CH und den βGL 
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der RNAP bindet und die beiden Zangen der RNAP miteinander verknüpft. Hierdurch wird die 

geschlossene Konformation der RNAP stabilisiert (Kang et al., 2018b), was zu einer erhöhten 

Prozessivität des TECs (Chakraborty et al., 2012; Kang et al., 2018b) und damit einhergehend 

zu einer Steigerung der pausierungsfreien Elongationsrate führt (Herbert et al., 2010). Darüber 

hinaus induziert die NusG-NTD auch eine Stabilisierung der stromaufwärts gelegenen dsDNA 

(Kang et al., 2018b), wodurch das Aufschmelzen dieser (Kang et al., 2018b; Turtola &              

Belogurov, 2016) und damit einhergehend das backtracking der RNAP inhibiert wird          

(Artsimovitch & Landick, 2000). 

Während NusG-NTD an den TEC gebunden ist, kann die NusG-CTD durch Bindung an S10 in 

der 30S-UE des Ribosoms die Kopplung von Transkription und Translation vermitteln           

(Burmann et al., 2010; Saxena et al., 2018). Am Ende des Gens wird das Ribosom freigesetzt 

und über dieselbe Bindungsstelle auf NusG-CTD kann Rho gebunden und zur Vermittlung der 

Rho-abhängigen Termination an den TEC rekrutiert werden. Die Bindung von NusG-CTD an 

Rho fördert hierbei den Ringschluss von Rho (Lawson et al., 2018), was den stimulierenden 

Effekt von NusG auf die Rho-abhängige Termination an suboptimalen Terminationssequenzen 

erklärt (Peters et al., 2012; Sullivan & Gottesman, 1992). Im Gegensatz hierzu ist NusG jedoch 

auch in der Lage zusammen mit den anderen Nus-Faktoren und weiteren Komponenten im Rah-

men der rrn-AT in E. coli (siehe Abschnitt 1.5) sowie der λN-AT des Phagen λ (siehe Ab-

schnitt 1.6.1) Rho-abhängige Terminatoren zu unterdrücken.

 

1.5 Ribosomale Antitermination 

Terminationssequenzen finden sich nicht nur am 3´-Ende von Genen bzw. Operons, sondern 

auch an deren Beginn in Leitsequenzen (leader regions) sowie in Trenn-Sequenzen (spacern) 

zwischen Operon-Genen und dienen hierbei der Regulation der Genexpression. Das Überlesen 

von Terminationssequenzen und die Fortsetzung der Transkription wird als (prozessive) AT be-

zeichnet (zusammengefasst in Santangelo & Artsimovitch, 2011) und stellt in E. coli einen wich-

tigen Mechanismus zur Regulation der Expression von rRNAs dar (Aksoy et al., 1984).  

In E. coli sind die rRNAs-Gene in sieben rrn-Operons (rrnA-rrnE, rrnG und rrnH) organisiert 

(Ellwood & Nomura, 1982). Jedes Operon besteht aus den Genen für 16S, 23S und 5S rRNA 

sowie für eine oder mehrere tRNAs, wobei die tRNA-Gene im spacer zwischen 16S und 23S 

rRNA-Gen oder/und am 3´-Ende des Operons liegen (Abb. 1-4A; Blattner et al., 1997). Da 

rRNAs ~84 % des Transkriptoms in E. coli ausmachen (Dennis, 1972; Shen & Bremer, 1977), 

ist ihre Expression stark reguliert. Auf Promotor-Ebene erfolgt die Regulation der rrn-Operons 

durch einen, unter dem Einfluss mehrerer Effektoren stehenden, Tandem-Promotor (rrn P1-P2) 
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Abbildung 1-4: Die rrn-AT in E. coli. (A) Schematischer Aufbau eines E. coli rrn-Operons. Die Lage der 
Promotoren (P), Terminatoren (T) sowie AT-Sequenzen (in rot) sind durch Pfeile gekennzeichnet. (B) Sche-
matischer Aufbau des rrn-AT-Komplexes. Es wird ein analoger Aufbau zum λN-AT-Komplex des Phagen λ 
angenommen (siehe Abschnitt 1.6.1). (C) Das ribosomale Protein S4 (PDB-ID: 4YBB). (D) Die Inositolmo-
nophosphatase SuhB (PDB-ID: 2QFL). Details siehe Text. 

(zusammengefasst in Jin et al., 2012). Nachfolgend wird die Expression der rrn-Operons durch 

einen AT-Mechanismus reguliert (rrn-AT), welcher durch Unterdrückung der Rho-abhängigen 

Termination die Transkription der rrn-Operons ermöglicht (Albrechtsen et al., 1990).  

 

 

 

 

 

 

 

 

 

 

In der rrn-AT dient eine RNA-Sequenz bestehend aus boxA, boxB und boxC (rrn-AT-Sequenz) 

zur Rekrutierung der an der rrn-AT beteiligten Komponenten an den TEC (Li et al., 1984). Die 

rrn-AT-Sequenz ist dem rrn P2-Promotor folgend in der Leitsequenz der rrn-Operons, in der 

Reihenfolge boxB-boxA-boxC sowie im spacer zwischen dem 16SRNA-Gen und 23SRNA-Gen 

in Form einer boxB-boxA-Sequenz zu finden (Berg et al., 1989), wobei letztere essentiell für die 

Expression des nachfolgenden 23S RNA-Gens ist (Pfeiffer & Hartmann, 1997). boxA alleine ist 

ausreichend zur Vermittlung der rrn-AT (Berg et al., 1989; Heinrich et al., 1995) und stellt wie 

boxC ein konserviertes Element dar, wohingegen boxB nicht-konserviert ist und einen HP aus-

bildet (Berg et al., 1989). Im rrn-AT-Komplex (Abb. 1-4B) bindet der NusB:NusE-Komplex 

boxA (Greive et al., 2005; Nodwell & Greenblatt, 1993). Ebenso stellen das ribosomale Protein 

S4 (Torres et al., 2001), NusG (Li et al., 1992) und NusA (Vogel & Jensen, 1997) essentielle 

Komponenten zur Vermittlung der rrn-AT dar, wobei NusA-SKK vorzugsweise an den spacer 

zwischen boxA und boxC bindet (Prasch et al., 2009). Neben den Nus-Faktoren und S4 konnte 

auch eine Beteiligung der Inositolmonophosphatase SuhB an der rrn-AT gezeigt werden (Singh 

et al., 2016). Es wird angenommen, dass der rrn-AT-Komplex neben der Vermittlung der AT 

auch der RNA-Faltung dienen könnte (Bubunenko et al., 2013). So könnte zwischen dem 

NusB:NusE-Komplex und dem TEC:NusG:NusA-Komplex ein geschützter Raum zur Faltung 

naszierender RNA gebildet werden, wobei SuhB ein zusätzliches RNA-Chaperon darstellen 

würde (Singh et al., 2016). Bis dato ist jedoch unklar, ob die RNA-Faltung oder die AT Haupt-

aufgabe des rrn-AT-Komplexes ist. 
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Das ribosomale Protein S4 (269 As, 29,5 kDa) ist ein überwiegend α-helikales Protein mit einem 

fünfsträngigen antiparallelen βFaltblatt (Abb. 1-4C). Als moonlighting-Protein kann S4 als Teil 

der 30S-UE des Ribosoms vorliegen (Noeske et al., 2015) sowie als Translationsrepressor fun-

gierend, die Expression der ribosomalen Proteine S13, S11, S4 und L17 regulieren (Jinks-

Robertson & Nomura, 1982; Thomas et al., 1987). Bei SuhB (207 As, 23,7 kDa) handelt es sich 

um eine Inositolmonophosphatase (Matsuhisa et al., 1995), welche aus zwei zentralen antiparal-

lelen β-Faltblättern umgeben von acht α-Helices aufgebaut ist (Abb. 1-4D) und in einem Gleich-

gewicht zwischen Monomer und Dimer vorliegt (Wang et al., 2007). Es wird angenommen, dass 

die enzymatische Aktivität von SuhB aufgrund des Fehlens von Inositol-Verbindungen in E. coli 

keine physiologische Bedeutung hat (Kozloff et al., 1991). Neben einer Bindung an die RNAP 

(Wang et al., 2007) sowie der Beteiligung an der rrn-AT (Singh et al., 2016) ist bis dato wenig 

über die Rolle von SuhB in E. coli bekannt. 

 

1.6 Phage λ 

Die Replikation des Phagen λ in seinem Wirt E. coli kann über zwei Strategien erfolgen. Einer-

seits kann sich der Phage λ selbst replizieren und Phagenpartikel produzieren, welche durch Lyse 

der Wirtszelle freigesetzt werden (lytischer Zyklus). Zum anderen kann der Phage λ sein Genom 

in das Wirtsgenom von E. coli integrieren (Prophage), sodass dieses bei der Zellteilung zusam-

men mit dem Wirtsgenom repliziert wird (lysogener Zyklus) (zusammengefasst in Oppenheim 

et al., 2005). Die Entscheidung zwischen lysogenem und lytischem Zyklus ist durch ein kom-

plexes Netzwerk einer Vielzahl von Faktoren reguliert (zusammengefasst in Casjens & Hendrix, 

2015) und daher im Folgenden vereinfacht dargestellt. 

Zu Beginn kommt es zur Expression der „frühen“ Gene cro und n des Phagen-Genoms 

(Abb. 1-5) unter Kontrolle der Promotoren pR und pL, bis zu den Terminationssequenzen tL1 und 

tR1. Das im Gen cro kodierte Protein Cro fungiert als Repressor des Promotors pRM, unter dessen 

Kontrolle das für den λ-Repressor kodierende Gen cI steht. Das Produkt des Gens n das AT-Pro-

tein λN wird an der n utilization-site (nut) R bzw. nutL gemeinsam mit den Nus-Faktoren an den 

TEC rekrutiert und vermittelt zusammen mit diesen das Überlesen der Terminatoren tL1 und tR1 

durch den TEC (λN-AT, siehe Abschnitt 1.6.1). Hierdurch werden die „verspäteten frü-

hen“ Gene o, p und ren, welche für die Replikation des Phagen-Genoms im lytischen und lysoge-

nen Zyklus essentiell sind sowie das für das AT-Protein λQ kodierende Gen q exprimiert. λQ 

ermöglicht durch Bindung an den TEC das Überlesen der Terminationssequenz tR´ (λQ-AT, siehe 

Abschnitt 1.6.2) und hierdurch die Expression der „späten“ Gene für Packung und Zelllyse im 

lytischen Zyklus (zusammengefasst in Court et al., 2007). Darüber hinaus werden durch die 
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Abbildung 1-5: Ausschnitt aus der Genkarte des Phagen λ. Das Genom ist grau unterlegt. Gene sind in 
schwarz und Terminationssequenzen in rot dargestellt. Schwarze Pfeile kennzeichnen die Transkripte der „frü-
hen Gene“ des Phagen λ unter Kontrolle der Promotoren pL und pR und die blauen Pfeile die entsprechenden
Transkripte nach Rekrutierung des AT-Proteins λN. Der rote Pfeil markiert das Transkript der „späten 
Gene“ für den lytischen Zyklus unter Kontrolle des Promotor pR´ und nach Rekrutierung des AT-Proteins λQ. 
Der grüne Pfeil zeigt das Transkript unter Kontrolle des Promotors pRM im Prophagen (Abbildung erstellt nach 
Court et al., 2007). Details siehe Text. 

λN-AT auch die Gene int, cII und cIII exprimiert, welche den Übergang in den lysogenen Zyklus 

einleiten können. Die im Gen int kodierte Integrase katalysiert die Integration des Phagen-Ge-

noms in das Wirtsgenom und CIII erhöht die Stabilität von CII. CII stimuliert die Expression der 

Gene für die Integrase sowie den λ-Repressor und reprimiert die Expression des Gens q. Der 

λ-Repressor wiederum reprimiert pL und pR, sodass die Expression des Phagen-Genoms nahezu 

stillgelegt wird. Lediglich das für den λ-Repressor kodierende Gen cI, unter Kontrolle des Pro-

motors pRM, bliebt aktiv und wird durch den λ-Repressor selbst reguliert, sodass der Prophage 

stabil im lysogenen Zyklus vorliegt (zusammengefasst in Oppenheim et al., 2005). 

   

  

 

 

 

 

 

 

 

 
 

1.6.1 λN-vermittelte Antitermination 

In der λN-AT ermöglicht das Zusammenspiel des intrinsisch ungeordneten AT-Proteins λN  

(Mogridge et al., 1998) mit den Nus-Faktoren (DeVito & Das, 1994) das Überlesen von Rho-

abhängigen und intrinsischen Terminatoren durch den TEC (Gottesman et al., 1980). Die Rek-

rutierung von λN und den Nus-Faktoren an den TEC wird durch die nut-site (Salstrom &         

Szybalski, 1978), eine RNA-Sequenz bestehend aus einem konservierten boxA-Element und ei-

nem HP-ausbildenden boxB-Element vermittelt (zusammengefasst in Friedman & Gottesmann, 

1983).  

Im λN-AT-Komplex (Abb. 1-6A) erfolgt die Bindung von boxA durch das NusB:NusE-Dimer. 

Die spacer-Sequenz zwischen boxA und boxB wird durch die NusA-KH1-Domäne und der 

boxB-HP durch NusA-KH2 gebunden (Krupp et al., 2019; Said et al., 2017). Der boxB-HP fun-

giert als Rekrutierungsplattform für λN (Mogridge et al., 1995), welches mit seiner N-terminalen 

α1-Helix an den boxB-HP und an NusA-KH2 bindet. Die α2-Helix von λN wird in einem, zwi-

schen NusA und NusE ausgebildeten, Hohlraum eingebettet (Said et al., 2017) während die 

α3-Helix von λN an NusA-NTD bindet und gemeinsam mit dieser die βFTH der RNAP kontak-

tiert. λN induziert hierbei eine konformationelle Änderung der βFTH, welche vermutlich die 
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Abbildung 1-6: Der λN-AT-Komplex des Phagen λ. (A) Der λN-AT-Komplex (PDB-ID: 6GOV). Die RNAP
ist transparent in Oberflächendarstellung wiedergegeben. Alle weiteren beteiligten Komponenten des λN-AT-
Komplexes, einschließlich der Nukleinsäuren, sind als Bändermodelle farblich hervorgehoben. (B) Position 
von NusA im λN-AT-Komplex im Vergleich zu dessen Position im hispausierten TEC (PDB-ID: 6FLQ). NusA 
und die beiden RNAPαCTDs des TECs sind in Bänderdarstellung hervorgehoben, während die restlichen Fak-
toren des λN-AT-Komplexes, ebenso wie die RNAP transparent in Oberflächendarstellung wiedergegeben 
sind. Die Nukleinsäuren sind zur besseren Übersichtlichkeit nicht dargestellt. Details siehe Text. 

Bildung von Terminator-HPs sterisch hindert. Zudem vermittelt λN eine Auflösung der Bindung 

von NusA-NTD an die RNAPαCTD (Krupp et al., 2019). Hierdurch nimmt NusA im Vergleich 

zur hisPause (Abb. 1-6B) eine geänderte globale Konformation ein (Guo et al., 2018; Krupp 

et al., 2019), welche mögliche positive Effekte von NusA auf die RNA- bzw. Terminator-HP-

Faltung inhibieren könnte.  

 

 

 

 

 

 

 

 

 

 

 

 

Der unstrukturierte C-Terminus von λN verknüpft einige Elemente des swivel-Moduls miteinan-

der, sodass vermutlich das swiveling der RNAP erschwert wird. Darüber hinaus kontaktiert der 

C-Terminus von λN auch das DNA-RNA-Hybrid im Inneren der RNAP sowie die stromaufwärts 

liegende dsDNA und wirkt möglicherweise stabilisierend auf diese, wodurch backtracking 

(Klasse II-Pausen) als auch Termination entgegengewirkt werden könnte. Ebenso kontaktiert die 

NusG-NTD die stromaufwärts liegende dsDNA und übt durch Stabilisierung dieser einen     

backtracking-inhibierenden Effekt aus. Des Weiteren verknüpft die NusG-NTD im 

λN-AT-Komplex durch Bindung an die β’CH und den βGL die beiden Zangen der RNAP mit-

einander (Krupp et al., 2019), sodass die geschlossene Konformation des TECs stabilisiert und 

damit einhergehend möglicherweise dessen Prozessivitiät erhöht wird (Chakraborty et al., 2012; 

Kang et al., 2018b; Krupp et al., 2019). Die zweite Domäne von NusG, die NusG-CTD bindet 

im λN-AT-Komplex an NusE (Krupp et al., 2019), wodurch die Rho-Bindungsstelle von 

NusG-CTD verdeckt und hierdurch vermutlich die Rho-abhängige Termination inhibiert wird 

(Krupp et al., 2019; Lawson et al., 2018).  
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1.6.2 λQ-vermittelte Antitermination 

Die späten Gene des Phagen λ für Packung und Zelllyse sind in einem 26 kB großen Operon 

organisiert, dessen Expression durch den Promotor pR´ sowie nachfolgende Terminatoren im 

Operon reguliert wird (zusammengefasst in Casjens & Hendrix, 2015). Das AT-Protein λQ er-

möglicht dem TEC die Expression des Operons (Deighan & Hochschild, 2007) über Rho-ab-

hängige und intrinsische Terminatoren hinweg (Luk & Szybalski, 1983), wobei ein stimulieren-

der Effekt für NusA auf die AT-Effizienz von λQ gezeigt wurde (Grayhack et al., 1985). Bei λQ 

(207 As, 22,6 kDa) selbst handelt es sich um ein leicht elongiertes Protein, bestehend aus sechs 

α-Helices sowie einem zweisträngigen, antiparallelen β-Faltblatt, welches ein Zink-Finger-Mo-

tiv sowie einen 60 As langen N-Terminus aufweist, von dem angenommen wird, dass er flexibel 

ist (Abb.1-7A; Vorobiev et al., 2014).  

Die Rekrutierung von λQ an den TEC wird durch das Zusammenspiel von drei DNA-Elementen 

in der Promotor-Region pR´ des Phagen λ (Abb. 1-7B) vermittelt, (I) dem λQ-bindenden Element 

(QBE) (Yarnell & Roberts, 1992), (II) einer, aus einem -10-artigen Element (Ring et al., 1996) 

und einem -35-artigen Element (Nickels et al., 2002; Perdue & Roberts, 2010) bestehenden, 

Promotor-proximalen σ70-abhängigen Pause sowie (III) einer EP (Bird et al., 2016; Strobel & 

Roberts, 2015). Bei der Transkriptionsinitiation (Abb. 1-7C-I) ist das zwischen dem σ70-Promo-

tor eingebettete QBE zunächst durch die Bindung von σ70
2 an das -10-Element und von σ70

4 an 

das -35-Element des σ70-Promotors verdeckt (Nickels et al., 2002). Nach dem Verlassen des 

Promotors kommt es durch die Bindung von σ70
2 an das -10-artige Element (Ring et al., 1996) 

und σ70
4 an das -35-artige Element (Nickels et al., 2002; Perdue & Roberts, 2010) der σ70-abhän-

gigen Pause ab Position +13 zu DNA-scrunching (Strobel & Roberts, 2014). An Position +16 

wird durch die EP eine Pausierung des TECs induziert (Bird et al., 2016; Strobel & Roberts, 

2015) und λQ an das, durch den promoter escape freigegebene, QBE (Nickels et al., 2002) re-

krutiert (Abb. 1-7C-II). Das QBE enthält zwei postulierte λQ-Bindungsstellen (QBEI und 

QBEII), wobei eine Bindung von je einem λQ-Protein an eine QBE-Bindungsstelle angenom-

men wird (Guo & Roberts, 2004) und für den AT-Mechanismus des verwandten Phagen Φ21 

gezeigt wurde (Yin et al., 2019). Im AT-Mechanismus des Phagen Φ21 kontaktieren die beiden 

an die DNA rekrutierten Q21-Proteine zugleich die pausierte Holo-RNAP. Hierbei bindet ein 

Q21-Protein an die βFTH der RNAP, wodurch σ70
4 von dieser verdrängt und damit einhergehend 

die σ70-Bindung an die RNAP geschwächt wird, während das zweite Q21-Protein mit seinem 

N-Terminus einen Ring (torus) am RNA-Ausgangskanal der RNAP ausbildet. Die naszierende 

RNA wird durch diesen Ring gefädelt, wodurch wahrscheinlich die Bildung von Pausierungs-, 

bzw. Terminator-HPs im weiteren Verlauf der Transkription inhibiert wird (Shi et al., 2019; Yin 

et al., 2019). Ein ähnliches Schema der Rekrutierung an den pausierten TEC sowie ein ähnlicher 
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Abbildung 1-7: Die λQ-vermittelte AT des Phagen λ. (A) Bänderdarstellung der mittels Röntgenstruktur-
analyse bestimmten Struktur einer N-terminal deletierten Variante von λQ (PDB-ID: 4MO1). Farblich hervor-
gehoben sind die postulierten Bindungsstellen von λQ für das QBE (grün), die βFTH (blau) und σ70

4 (gelb) 
sowie das durch λQ koordinierte Zn2+-Ion (cyan). (B) Die Promotor-Region pR´ des Phagen λ. Das QBE (grün) 
ist zwischen dem -35-Element und dem -10-Element des σ70-Promotors (gelb) eingebettet und die beiden pos-
tulierten λQ-Bindungsstellen im QBE (QBEI und QBEII) sind durch schwarze Balken gekennzeichnet. Das 
auf dem σ70-Promotor folgende -35-artige Element (braun) bildet zusammen mit dem -10-artigen Element 
(orange) die Promotor-proximale σ70-abhängige Pause, welcher eine EPS (cyan) folgt. (C) Im TIC ist das QBE
durch die Bindung von σ70

2 an das -10-Element sowie von σ70
4 an das -35-Element verdeckt (I). Nach dem 

promoter escape kommt es durch Bindung von σ70
2 an das -10-artige-Element und σ70

4 an das -35-artige-Ele-
ment der σ70-abhängigen Pause zu DNA-scrunching und an Position +16 zu einer durch die EPS induzierten 
Pausierung der TECs (II), welche den Rekrutierungsort für λQ an den TEC darstellst. Details siehe Text. 

Mechanismus der Vermittlung der AT wird auch für λQ angenommen. So konnte für λQ sowohl 

eine Interaktion mit der βFTH (Deighan et al., 2008), als auch mit σ70
4 nachgewiesen werden 

(Nickels et al., 2002), wobei vermutet wird, dass der σ70
4:βFTH-Komplex durch die Interaktion 

von λQ mit σ70
4 (Nickels et al., 2002) sowie durch DNA-scrunching destabilisiert wird (Nickels 

et al., 2006), um die Bindung von λQ an die βFTH zu erleichtern (Deighan et al., 2008). Nach 

der Translokation des TECs auf Position +17 kann es, getrieben durch DNA-scrunching, zur 

Dissoziation von σ70 und zum Übergang in die Elongation kommen (Strobel & Roberts, 2015, 

2014), wobei λQ nachfolgend als stabiler Bestandteil des TECs AT vermittelt (Deighan &    

Hochschild, 2007). Sollte σ70 nicht dissoziieren kommt es zum backtracking des TECs auf Po-

sition +16. Das backtracking wird durch Spaltung der zurückgelaufenen RNA aufgehoben, wo-

bei GreB stimulierend auf die RNA-Spaltung durch RNAP wirkt. Im Anschluss beginnt der 

Zyklus von Neuem (Bird et al., 2016; Strobel & Roberts, 2015, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 NMR-Spektroskopie an großen Molekülen 

Die Transkription wird durch eine Vielzahl von TFs alleine oder im Verbund mit anderen Kom-

ponenten reguliert (siehe Abschnitt 1.4 - 1.6). Hierbei sind Interaktionen von TFs mit der RNAP, 

mit Nukleinsäuren sowie mit anderen TFs von Bedeutung, für deren Untersuchung die nuclear 

magnetic resonance (NMR)-Spektroskopie eine geeignete Methode darstellt (zusammengefasst 

in Liu et al., 2016). 



Einleitung   NMR-Spektroskopie an großen Molekülen 

19 

Die Isotope 1H, 13C und 15N ermöglichen die strukturelle Charakterisierung von Proteinen mittels 

NMR-Spektroskopie. So können mittels dreidimensionaler (3D)-[1H,13C,15N]-Korrelationsexpe-

rimente NMR-Signale zu den zugehörigen As des Peptidrückgrats des Proteins zugeordnet wer-

den und unter Nutzung des Kern-Overhauser-Effekts räumliche Abstandsinformationen zur de 

novo-Strukturbestimmung gewonnen werden (zusammengefasst in Wüthrich, 1990). Die NMR-

Spektroskopie ist jedoch größenlimitiert. So führen Dipol-Dipol-Wechselwirkungen bei zuneh-

mender Molekülgröße zu einer schnelleren Relaxation der Magnetisierung, was zu einer Linien-

verbreiterung und letztlich zu einem Verlust an Signalintensität im NMR-Spektrum führt. Um 

diesem Effekt entgegenzuwirken kann das Protein deuteriert werden. Hierdurch können die 

Wasserstoffatome nicht mehr zu Dipol-Dipol Wechselwirkungen beitragen, womit die Relaxa-

tion der Magnetisierung verlangsamt wird (zusammengefasst in Gardner & Kay, 1998). Ebenso 

ermöglichen Pulsprogramme wie transverse relaxation optimized spectroscopy (TROSY) eine 

höhere Sensitivität und Linienschärfung, um eine höhere Spektren-Qualität bei größeren Mole-

külen zu erreichen (Pervushin et al., 1997; Salzmann et al., 1998). Das derzeit größte Protein, 

für welches mittels einer Kombination aus Deuterierung und TROSY-Pulsprogrammen eine 

Rückgrat-Zuordnung durchgeführt werden konnte, ist die Malatsynthase G (81,4 kDa)             

(Tugarinov et al., 2002). 

Eine Möglichkeit zur Untersuchung größerer NMR-Systeme stellt die [1H,13C]-Markierung end-

ständiger Methylgruppen in einem ansonsten deuterierten und unmarkierten Protein dar. 

[1H,13C]-markierte endständige As-Methylgruppen sind als NMR-Sonden besonders geeignet, 

da sich die Signale der dazugehörigen Methylprotonen aufgrund ihrer Entartung aufaddieren, 

wodurch die Methylgruppen besonders sensitiv sind. Zum anderen weisen endständige Methyl-

gruppen von As eine höhere Dynamik als das Peptidrückgrat auf, wodurch deren Relaxation 

verlangsamt wird. In der Praxis erfolgt häufig die [1H,13C]-Markierung der endständigen Me-

thylgruppen der As Isoleucin, Leucin und Valin ([I,L,V]-Markierung), da diese in der Proteinse-

quenz relativ gleichmäßig verteilt sind (zusammengefasst in Tugarinov & Kay, 2005). Im Ge-

gensatz zur [1H,13C,15N]-Markierung ist bei der [I,L,V]-Markierung weder eine Aussage über 

jede As des Proteins noch eine de novo-Strukturbestimmung möglich, sodass sich die Untersu-

chungen mit [I,L,V]-markierten Proteinen auf Interaktionen und Dynamiken beschränken (zu-

sammengefasst in Wiesner & Sprangers, 2015). 
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2 Zielsetzung 

In der Transkription, dem ersten Schritt der Genexpression, wird die RNA-Synthese basierend 

auf einer DNA-Matrize durch das Enzym RNAP katalysiert. Die Aktivität der RNAP wird in 

allen Phasen des Transkriptionszyklus (Initiation, Elongation, Termination) durch eine Vielzahl 

von TFs reguliert. So sind beispielsweise die TFs der Nus-Klasse (bestehend aus NusA, B, E 

und G) in der Lage zusammen mit weiteren Komponenten das Überlesen von Terminationsse-

quenzen durch den TEC zu vermitteln, ein Mechanismus der als AT bezeichnet wird und erst-

malig für den Phagen λ beschrieben wurde. Hier regulieren zwei AT-Mechanismen, die λN-AT 

und die λQ-AT, die Replikation des Phagen-Genoms im Wirtsbakterium E. coli. Darüber hinaus 

besitzt E. coli selbst einen endogenen AT-Mechanismus. Dieser ist für die Regulation der Ex-

pression von ribosomalen RNA-Genen zuständig (rrn-AT). Im Gegensatz zur λN-AT ist über 

die molekulare Basis der rrn-AT und λQ-AT nur wenig bekannt. Aus diesem Grund waren diese 

beiden AT-Mechanismen Forschungsgegenstand dieser Arbeit und ihre strukturellen Grundla-

gen sollten mittels biochemischer, biophysikalischer und NMR-spektroskopischer Methoden auf 

molekularer Ebene untersucht werden. 

Zur Vermittlung der rrn-AT werden die Nus-Faktoren durch eine RNA-Sequenz an die RNAP 

rekrutiert und versetzen zusammen mit dem Protein S4 den TEC in einen terminations-resisten-

ten Zustand (rrn-AT-Komplex). Darüber hinaus wurde auch eine Beteiligung der Inositolmono-

phosphatase SuhB an der rrn-AT postuliert. Um Aufschluss über die Rolle von SuhB in der 

rrn-AT zu erlangen, sollte in dieser Arbeit untersucht werden, ob SuhB in den rrn-AT-Komplex 

integriert wird und welche Interaktionen SuhB mit den an der rrn-AT beteiligten Komponenten 

eingeht, um Ideen über die Funktion von SuhB in der rrn-AT zu erhalten.  

Im Falle der λQ-AT bindet das AT-Protein λQ an die βFTH der RNAP und erlaubt die Tran-

skription der späten Gene des Phagen λ für Packung und Zelllyse über intrinsische und Rho-

abhängige Terminatoren hinweg. Im Rahmen dieser Arbeit sollten das AT-Protein λQ und die 

βFTH der RNAP NMR-spektroskopisch zugänglich gemacht und ihre Interaktion strukturell 

charakterisiert werden. Da NusA einen stimulatorischen Effekt auf die λQ-AT besitzt und sich 

λQ und NusA die βFTH als Bindungsstelle auf der RNAP teilen, sollte außerdem die Rolle von 

NusA bei der λQ-AT untersucht werden. Dies sollte insgesamt zum besseren Verständnis der 

zentralen Rolle von NusA in der bakteriellen Transkriptionsregulation beitragen. 
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3 Synopsis 

3.1 Strukturelle Untersuchungen von Proteininteraktionen via NMR-Spektroskopie 

Im Rahmen dieser Arbeit wurde zur Untersuchung von Interaktionen in AT-Prozessen und deren 

strukturellen Charakterisierung die NMR-Spektroskopie (siehe Abschnitt 1.7) als primäre Me-

thode angewandt. Die NMR-Spektroskopie ermöglicht im Gegensatz zur Röntgenstrukturana-

lyse und Kryo-Elektronenmikroskopie Interaktionsuntersuchungen in Lösung und ist auch zur 

Untersuchung transienter Wechselwirkungen geeignet (zusammengefasst in Liu et al., 2016). 

Zur Charakterisierung von Protein:Protein-Interaktionen und Bestimmung der zugehörigen In-

teraktionsflächen wurden NMR-Titrationen durchgeführt. Hierbei wurde jeweils eines der bei-

den Proteine 15N-markiert vorgelegt und der unmarkierte Interaktionspartner schrittweise zuge-

geben. Nach jedem Titrationsschritt wurden NMR-Spektren mittels zweidimensionaler 

(2D)-[1H,15N] hetero single quantum coherence (HSQC)-Experimente (Bodenhausen & Ruben, 

1980), bzw. mittels 2D-[1H,15N]-TROSY-Experimente aufgenommen (Pervushin et al., 1997), 

wobei die TROSY-Experimente zur schnelleren Datenaquisition mit Band-selective Excitation 

Short Transient (BEST)-Experimenten kombiniert wurden (Schanda et al., 2006). In den zuge-

hörigen 2D-[1H,15N]-Korrelationsspektren werden für jedes Wasserstoffatom, welches direkt an 

ein 15N-Stickstoffatom gebunden ist, die chemischen Verschiebungen beider Kerne miteinander 

korreliert, sodass sich für jede As aus dem Peptidrückgrat des 15N-markierten Proteins mit Aus-

nahme von Prolin ein Signal ergibt. Da die chemische Verschiebung des Signals einer As durch 

dessen chemische Umgebung bestimmt wird und die Bindung eines Interaktionspartners an das 
15N-markierte Protein zu einer Änderung der chemischen Umgebung der von der Interaktion 

betroffenen As führt, ändert sich dementsprechend auch die chemische Verschiebung des zu 

dieser As zugehörigen Signals. Dieser Effekt bildet die Grundlage für strukturelle Interaktions-

untersuchungen mittels NMR-Spektroskopie und kann sich abhängig vom chemischen Aus-

tausch im 2D-NMR-Spektrum auf unterschiedliche Arten äußern. Im Falle des „schnellen che-

mischen Austauschs“ ist die chemische Austauschrate zwischen freiem und komplexiertem Zu-

stand höher als der Frequenzunterschied der zu diesen beiden Zuständen zugehörigen Signale 

der As, sodass sich ein gemitteltes Signal der beiden Zustände ergibt. Das gemittelte Signal 

„wandert“ während der NMR-Titration von der chemischen Verschiebung des Signals im freien 

Zustand zur chemischen Verschiebung des Signals im komplexierten Zustand, wobei die Sig-

nalposition proportional zum Verhältnis zwischen freiem und komplexiertem Zustand des 
15N-markierten Proteins ist. Ist die chemische Austauschrate von freiem zu komplexiertem Zu-

stand kleiner als der Frequenzunterschied der zu diesen beiden Zuständen zugehörigen Signale 
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der As, spricht man vom „langsamen chemischen Austausch“. Hierbei kommt es zu einem In-

tensitätsverlust des zu dem freien Zustand zugehörigen Signals, bei simultanem Intensitätsge-

winn des zu dem komplexierten Zustand zugehörigen Signals, wobei die Intensitätsverhältnisse 

der beiden Signale zueinander proportional zum Verhältnis zwischen freiem und komplexiertem 

Zustand des 15N-markierten Proteins ist. Zu einem Signalintensitätsverlust des zum freien Zu-

stand zugehörigen Signals während der NMR-Titration kommt es auch beim „intermediären 

chemischen Austausch“. Hier ist die chemische Austauschrate zwischen freiem und komplexier-

tem Zustand in derselben Größenordnung wie der Frequenzunterschied der zu diesen beiden 

Zuständen zugehörigen Signale der As. Dies führt während der NMR-Titration zu einer Linien-

verbreiterung und damit zu einem Intensitätsverlust des zu dem freien Zustand zugehörigen Sig-

nals. In der Nähe des Endpunktes der Titration kommt es zu einer Linienverschmälerung und 

damit Intensitätszunahme des zu dem komplexierten Zustand zugehörigen Signals (zusammen-

gefasst in Cavanagh et al., 1996). Im Falle des schnellen chemischen Austausches erfolgte die 

Bestimmung der Bindungsfläche auf dem 15N-markierten Protein über die Berechnung der nor-

mierten Änderung der chemischen Verschiebung (Δδnorm) der einzelnen As. Befand sich das 

NMR-System im langsamen oder intermediären chemischen Austausch, erfolgte eine Analyse 

der Rest-Signalintensitäten der einzelnen As zur Ermittlung der Bindungsfläche auf dem 
15N-markierten Protein (Details zum Vorgehen: siehe Einzelarbeiten A-C).  

Zur Untersuchung von Protein:Protein-Interaktionen, bei denen die Komplexgröße keine quan-

titative Analyse via 2D-[1H,15N]-Korrelationsspektren erlaubten, wurden NMR-Titrationen 

durchgeführt, in welchen das kleinere Protein 15N-markiert vorgelegt, der größere Interaktions-

partner unmarkiert hinzugegeben und eindimensionale (1D)-[1H,15N]-HSQC-Experimente auf-

genommen wurden. Im Falle einer Interaktion führt die zunehmende Molekülgröße aufgrund der 

Komplexbildung zu einer schnelleren Relaxation der Magnetisierung des 15N-markierten Pro-

teins. Dies äußert sich in dem zugehörigen 1D-[1H,15N]-HSQC-Spektrum der Amidprotonen in 

einem Signalintensitätsverlust. Die strukturelle Charakterisierung dieser Protein:Protein-Inter-

aktionen erfolgte einerseits, indem Einzeldomänen, bzw. Teile des Gesamtproteins, welche für 

2D-[1H,15N]-Korrelationsexperimente zugänglich sind, eingesetzt wurden. Zum anderen wurden 

Proteine via [I,L,V]-Markierung sowie unter Nutzung von 2D-[1H,13C]-Methyl-TROSY-Expe-

rimenten für NMR-basierte Interaktionsstudien in makromolekularen Systemen zugänglich ge-

macht, wobei die Auswertung der zugehörigen 2D-[1H,13C]-Methyl-TROSY-Spektren zur Be-

stimmung der Interaktionsfläche auf dem [I,L,V]-markierten Protein analog zur Auswertung von 

2D-[1H,15N]-Korrelationsspektren erfolgte.
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3.2 Ribosomale Antitermination in Escherichia coli 

Die Transkriptionsregulation der für rRNAs kodierenden rrn-Operons in E. coli erfolgt unter 

anderem durch Rho-abhängige Terminatoren in den Leit- und Trennsequenzen der Operons (zu-

sammengefasst in Jin et al., 2012). Vermittelt durch eine rrn-AT-Sequenz, bestehend aus den 

drei Elementen boxA, boxB und boxC (Li et al., 1984), werden die Nus-Faktoren A, B, E und G 

an den TEC rekrutiert (Squires et al., 1993) und ermöglichen im Zusammenspiel mit dem ribo-

somalen Protein S4 (Torres et al., 2001) das Überlesen Rho-abhängiger Terminatoren in einem 

als rrn-AT bezeichneten Prozess (siehe Abschnitt 1.5). Jedoch sind weder die Nus-Faktoren al-

leine (Squires et al., 1993) noch zusammen mit S4 in der Lage die volle rrn-AT-Effizienz zu 

gewährleisten (Torres et al., 2001). Gen-Reporter-Tests haben gezeigt, dass in vivo ein zusätzli-

cher Faktor, die Inositolmonophosphatase SuhB, an der rrn-AT beteiligt ist, wobei anhand von 

Chromatin-Immunpräzipitation-Analysen eine Assoziation von SuhB in NusB- und boxA-ab-

hängigerweise an den TEC vorgeschlagen wurde (Singh et al., 2016). Im Rahmen der Einzelar-

beit A wurde untersucht, ob SuhB stabil in den rrn-AT-Komplex integriert wird und welche 

Interaktionen SuhB mit den an der rrn-AT beteiligten Komponenten eingeht.  

 

3.2.1 SuhB ist Teil des ribosomalen Antiterminations-Komplexes 

Mittels analytischer Gelfiltration wurde untersucht, ob SuhB in den an einer rrn-AT-Sequenz 

pausierten rrn-AT-Komplex integriert wird. Die Analyse der Eluat-Fraktionen auf Proteinebene 

erfolgte mittels Natriumdodecylsulfat-Polyacrylamid-Gelelektrophorese (SDS-PAGE) und 

Coomassie-Färbung sowie mittels urea-PAGE und Toluidin-Färbung auf RNA-Ebene. Zur Ge-

nerierung des an einer rrn-AT-Sequenz pausierten TECs wurde ein Nukleinsäure-Gerüst mit der 

rrnG-RNA (Einzelarbeit A, Abb. S1A), der rrn-AT-Sequenz für die Assemblierung des 

rrn-AT-Komplexes im rrnG-Operon, verwendet. Für NusE wurde aus Löslichkeits- und Stabi-

litätsgründen eine Deletionsvariante, in welcher die Ribosomenbindungsschleife durch ein Serin 

ersetzt wurde (NusEΔ), im Komplex mit NusB (NusB:NusEΔ) eingesetzt (Luo et al., 2008). Bei 

dem analytischen Gelfiltrationslauf von SuhB zusammen mit dem rrn-AT-Komplex, bestehend 

aus dem TEC sowie NusA, NusB:NusEΔ und NusG co-eluierten alle Komponenten, einschließ-

lich SuhB (Abb. 3-1A). Folglich wird SuhB in den rrn-AT-Komplex integriert. Auch in Anwe-

senheit von S4 (Einzelarbeit A, Abb. 1F) co-eluierte SuhB mit allen anderen Faktoren des 

rrn-AT-Komplexes, einschließlich S4. Es kann demnach zeitgleich auch eine Integration von S4 

und SuhB in den rrn-AT-Komplex stattfinden. Zur Untersuchung der zugrundeliegenden binä-

ren Interaktionen wurden analytische Gelfiltrationsläufe von SuhB mit den Einzelkomponenten 

des rrn-AT-Komplexes durchgeführt. Hierbei co-eluierte SuhB mit der rrnG-RNA (Abb. 3-1B), 



Synopsis  Ribosomale Antitermination 

24 

Abbildung 3-1: Interaktionsstudien von SuhB mit den Komponenten des rrn-AT-Komplexes. Mittels
SDS-PAGE und Coomassie-Färbung (Proteine, blau) sowie mittels urea-PAGE und Toluidin-Färbung (RNA, 
grau) erfolgte die Analyse der analytischen Gelfiltrationsläufe auf Interaktionen zwischen (A) SuhB, NusA, 
NusB:NusEΔ, NusG und dem an der rrnG-RNA pausierten TEC, (B) SuhB und rrnG-RNA, (C) SuhB und 
random RNA, (D) SuhB und NusA, (E) SuhB und NusAΔAR2, (F) SuhB, NusAΔAR2, NusB:NusEΔ, NusG und
dem an der rrnG-RNA pausierten TEC. In den Boxen über den Gelen sind die Einzelkomponenten der im 
jeweiligen Gelfiltrationslauf aufgetragenen Proben angegeben. Links ist jeweils die Bahn des Markers 
(SDS-PAGE Standards Low Range, BioRad) gezeigt und die zur jeweiligen Bande des Markers zugehörige 
Molekülmasse (MM) angegeben. Rechts sind die zu den jeweiligen Banden gehörenden Proteine und unter den 
Gelen die jeweils gebildeten Komplexe angegeben. Die Abbildung wurde aus Dudenhoeffer et al., 2019 (Abb.1 
und Abb. S1) entnommen und abgeändert. 

nicht jedoch mit einer random RNA (Abb. 3-1C), sodass eine spezifische Interaktion von SuhB 

mit der rrnG-RNA angenommen werden kann. Dieses Ergebnis ist in Übereinstimmung mit der 

Hypothese, dass SuhB in boxA-abhängigerweise an den TEC rekrutiert wird (Singh et al., 2016). 

Ebenso co-eluierte SuhB mit NusA (Abb. 3-1D), nicht jedoch mit einer C-terminal deletierten 

Variante von NusA (NusAΔAR2) (Abb. 3-1E). Daher liegt eine Interaktion von SuhB mit NusA 

über dessen AR2-Domäne nahe. In einem weiteren analytischen Gelfiltrationslauf des 

rrn-AT-Komplexes mit SuhB und NusAΔAR2 co-eluierte SuhB mitsamt aller anderen Faktoren 

(Abb. 3-1F), sodass angenommen werden kann, dass die Interaktion zwischen SuhB und 

NusA-AR2 nicht essentiell für die Integration von SuhB in den rrn-AT-Komplex ist.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Komplementär zu den analytischen Gelfiltrationsexperimenten wurden NMR-Titrationen von 

SuhB mit den einzelnen Proteinkomponenten des rrn-AT-Komplexes durchgeführt, wobei die 

NMR-Titrationen von SuhB mit den Nus-Faktoren (Einzelarbeit A, Abb. S2A-D) die Ergebnisse 

der analytischen Gelfiltrationsläufe bestätigten. So wurde nur eine Interaktion zwischen SuhB 
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und NusA gesehen, welche nachfolgend charakterisiert wurde (siehe Abschnitt 3.2.2). Auch die 

NMR-Titration von SuhB mit RNAP (Einzelarbeit A, Abb. S7A) weist auf eine Interaktion zwi-

schen beiden Proteinen hin. Eine Wechselwirkung zwischen SuhB und der RNAP wurde bereits 

zuvor gezeigt (Wang et al., 2007), konnte jedoch via analytischer Gelfiltration (Einzelarbeit A, 

Abb. S1F) nicht nachgewiesen werden. Daher ist anzunehmen, dass es sich um eine schwache 

Wechselwirkung zwischen SuhB und der RNAP handelt, wobei NMR-Titrationen von SuhB mit 

den RNAP-Domänen (Einzelarbeit A, Abb. S7B-E) darauf hindeuten, dass die Interaktion zwi-

schen SuhB und der RNAP über die β-UE und β´-UE der RNAP vermittelt wird.  

 

3.2.2 SuhB interagiert mit NusA-AR2 und hebt die Autoinhibition von NusA auf 

Analytische Gelfiltrationsläufe sowie NMR-Titrationen haben gezeigt, dass SuhB mit NusA als 

einzigem Nus-Faktor interagiert. Zur Bestimmung der mit SuhB interagierenden Domäne wur-

den NMR-Titrationen von SuhB mit 15N-NusA-NTD (Einzelarbeit A, Abb. S2E), 
2H,15N-NusA-SKK (Einzelarbeit A, Abb. S2F) sowie 15N-NusA-AR1-AR2 (Einzelarbeit A, 

Abb. 2A,B) durchgeführt. Hierbei konnte nur für 15N-NusA-AR1-AR2 in Gegenwart von SuhB 

eine signifikante Änderung im zugehörigen NMR-Spektrum, ein Verlust an Signalintensität, be-

obachtet werden, welcher die Bestimmung der SuhB-Bindungsfläche auf 15N-NusA-AR1-AR2 

erlaubte. Hierbei zeigte sich, dass trotz der hohen Homologie in Topologie und Ladungsvertei-

lung von NusA-AR1 und NusA-AR2 (Eisenmann et al., 2005) nur Signale der NusA-AR2-Do-

mäne von der SuhB-Bindung betroffen sind (Einzelarbeit A, Abb. 2C). Daher kann in Überein-

stimmung mit den Ergebnissen der analytischen Gelfiltrationsläufe von einer spezifischen Inter-

aktion von SuhB mit NusA via der AR2-Domäne ausgegangen werden. Die Bindungsfläche von 

NusA-AR2 auf SuhB konnte nicht bestimmt werden, da trotz Nutzung von TROSY-Pulssequen-

zen eine 2H,13C,15N-markierte Probe von SuhB ein zu geringes Signal-Rausch-Verhältnis in den 

zugehörigen 3D-NMR-Spektren aufwies, um eine Zuordnung der [1H,15N]-NMR-Signale zu den 

zugehörigen As von dessen Peptidrückgrat durchzuführen. Daher wurde basierend auf der 

SuhB-Bindungsfläche auf NusA-AR2 mittels HDOCK (Yan et al., 2017) ein Modell der Bin-

dung von SuhB an NusA-AR2 erstellt (Abb. 3-2). Die von der SuhB-Bindung betroffenen As 

auf NusA-AR2 sind überwiegend in der aziden Helix α5* lokalisiert. Diese kontaktiert im Mo-

dell des SuhB:NusA-AR2-Komplexes die positiv geladene Oberfläche von SuhB, während die 

beiden der Helix α5* folgenden C-terminalen As Trp490 und Phe491 gegen den hydrophoben 

C-Terminus der Helix α6 von SuhB packen. Die zugehörige Dissoziationskonstante (KD) konnte 

mittels Fluoreszenz-Anisotropie-Titrationen von SuhB mit einer Fluorescein-markierten Cys-

tein-Variante von NusA-AR2 (NusA-AR2D443C) auf 83±4 µM (Einzelarbeit A, S3C) bestimmt 

werden (Details: siehe Einzelarbeit A).  
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Abbildung 3-2: Interaktion von SuhB mit NusA-AR2. Modell des SuhB:NusA-AR2-Komplexes. 
NusA-AR2 (PDB-ID: 1WCN; grau) und SuhB (PDB-ID: 2QFL; hellblau) sind jeweils in Bänderdarstellung
wiedergegeben. Sekundärstrukurelemente und Termini sind beschriftet. Die auf NusA-AR2 betroffenen Reste 
der Titration von 15N-NusA-AR1-AR2 mit SuhB sind farblich hervorgehoben (moderat betroffen: orange; stark 
betroffen: rot). Für die beiden stark betroffenen C-terminalen As Trp490 und Phe491 ist die Seitenkette gezeigt. 
Die beiden Kästen zeigen das elektrostatische Oberflächenpotential von SuhB (links), bzw. NusA-AR2 (rechts) 
von -3 kT/e- (dunkelrot) bis +3 kT/e- (dunkelblau). Die Abbildung wurde aus Dudenhoeffer et al., 2019 (Abb. 2 
und Abb. S3) entnommen und abgeändert. 

 

 

 

 

 

 

 

 

 

 

 

Die SuhB-Bindungsstelle auf NusA-AR2 überlappt mit der für RNAPαCTD (Schweimer et al., 

2011) und NusG-NTD (Strauß et al., 2016) bestimmten Bindungsstelle auf NusA-AR2. In allen 

Fällen sind auf Seiten von NusA-AR2 die Helix α5* und die beiden C-terminalen As Trp490 

und Phe491 von der Bindung des entsprechenden Partners betroffen. Durch NMR-basierte Ver-

drängungsexperimente wurde gezeigt, dass sich die Bindungsstellen von NusG-NTD und 

RNAPαCTD auf NusA-AR2 überschneiden (Strauß et al., 2016). Um zu überprüfen, ob auch 

die Bindungsstellen von RNAPαCTD und SuhB auf NusA-AR2 überlappen wurden NMR-ba-

sierte Verdrängungsexperimente durchgeführt (Einzelarbeit A, Abb. 3). Hierbei zeigte sich, dass 

sich SuhB und RNAPαCTD durch einen Überschuss des jeweils anderen Proteins von 

NusA-AR2 verdrängen lassen, sodass davon ausgegangen werden kann, dass sich die Bindungs-

stellen von SuhB und RNAPαCTD auf NusA-AR2 überschneiden. 

Die AR2-Domäne von NusA fungiert als autoinhibitorisches Element und verhindert durch Bin-

dung an NusA-SKK eine RNA-Bindung dieser (Schweimer et al., 2011). NMR-basierte Ver-

drängungsexperimente haben gezeigt, dass die RNAPαCTD in der Lage ist NusA-AR2 von 

NusA-SKK zu verdrängen, sodass die Autoinhibition von NusA aufgehoben wird (Schweimer 

et al., 2011). Zur Überprüfung, ob auch NusG-NTD und SuhB in der Lage sind NusA-AR2 von 

NusA-SKK zu verdrängen, wurden NMR-Titrationen von 2H,15N-NusA-SKK mit NusA-AR2 

durchgeführt (Abb. 3-3A) und nachfolgend NusG-NTD (Abb. 3-3B), bzw. SuhB (Abb. 3-3C) 

hinzugegeben. Wie es bereits für die RNAPαCTD beobachtet werden konnte (Schweimer et al., 

2011), zeigte sich auch in Anwesenheit von SuhB bzw. NusG-NTD eine Verdrängung der 

NusA-AR2 von 2H,15N-NusA-SKK.  
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Abbildung 3-3: NusG-NTD und SuhB verdrängen NusA-AR2 von NusA-SKK. (A) Ausschnitt aus dem 
2D-[1H,15N]-BEST-TROSY-Spektrum von 2H,15N-NusA-SKK in Abwesenheit (schwarz) und in Anwesenheit 
von NusA-AR2 (molare Verhältnisse 1:0,5, orange; 1:1, cyan; 1:2, lila; 1:3, gelb; 1:5, rot). Zugeordnete Signale 
sind beschriftet und die Pfeile zeigen die Richtung der Änderung der chemischen Verschiebung einzelner Sig-
nale durch Zugabe von NusA-AR2 (rot) an. (B,C) Ausschnitt aus den 2D-[1H,15N]-BEST-TROSY-Spektren 
des Komplexes von 2H,15N-NusA-SKK (1:0, schwarz) mit NusA-AR2 (1:5, orange) in Anwesenheit steigender 
Konzentrationen von NusG-NTD (B), bzw. SuhB (C) (molare Verhältnisse 1:5:1, cyan; 1:5:2, lila; 1:5:5, gelb; 
1:5:10, rot). Zugeordnete Signale sind beschriftet und die Pfeile zeigen die Richtung der Änderung der chemi-
schen Verschiebung der einzelnen Signale durch Zugabe von NusA-AR2 (orange) sowie von NusG-NTD (rot)
bzw. SuhB (rot) an. Die zu den gezeigten Ausschnitten zugehörigen NMR-Spektren sind in Einzelarbeit A, 
Abb. 4 zu finden. Die Abbildung wurde aus Dudenhoeffer et al., 2019 (Abb. 4) entnommen und abgeändert. 

 

 

 

 

 

 

 

 

 

 

 

 

Da NusA-AR2 und NusA-SKK intramolekular miteinander verknüpft sind, ist eine höhere lo-

kale Konzentration und damit auch eine höhere Interaktionswahrscheinlichkeit der beiden Do-

mänen im Volllängenprotein zu erwarten. Daher wurde die Aufhebung der Autoinhibition auch 

an dem NusA Volllängenprotein untersucht. Hierfür wurde NusA (54,9 kDa) [I,L,V]-markiert 

und 2D-[1H,13C]-Methyl-TROSY-Titrationen mit SuhB (Einzelarbeit A, Abb. 5) sowie 

NusG-NTD (Einzelarbeit A, Abb. S5) durchgeführt. Eine quantitative Auswertung der 

NMR-Titrationen zeigte, dass sowohl durch die Zugabe von SuhB als auch von NusG-NTD, 

NMR-Sonden der SKK-Einheit sowie von NusA-AR2 betroffen waren, sodass in Übereinstim-

mung mit den NMR-basierten Verdrängungsexperimenten eine Aufhebung der Autoinhibition 

von NusA durch SuhB und NusG-NTD angenommen werden kann. 

Für SuhB wurde eine NusB- und boxA-abhängige Rekrutierung an den TEC sowie eine anschlie-

ßende Mitwirkung an der rrn-AT postuliert (Singh et al., 2016). Die Ergebnisse der Einzelar-

beit A zeigen, dass SuhB mit NusA, der RNAP sowie der rrnG-RNA interagiert und stabil in 

den rrn-AT-Komplex integriert wird. Während die Interaktion von SuhB mit NusA über deren 

AR2-Domäne vermittelt wird und zur Aufhebung der Autoinhibition von NusA führt, konnte für 

NusB keine Interaktion mit SuhB gesehen werden, sodass von einer indirekten Abhängigkeit 

ausgegangen werden kann. Die SuhB:NusA-AR2-Interaktion ist nicht essentiell für die Integra-

tion von SuhB in den rrn-AT-Komplex, dennoch könnte NusA-AR2 als Bindungsplattform zur 

Rekrutierung von SuhB an den rrn-AT-Komplex dienen und die SuhB:NusA-AR2-Interaktion 

könnte nachfolgend zur Assemblierung bzw. Stabilisierung des rrn-AT-Komplexes beitragen. 
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NusA wird beim Übergang in die Elongation an den TEC rekrutiert (Mooney et al., 2009a), 

wobei durch Bindung von NusA-AR2 an die RNAPαCTD die Autoinhibition von NusA aufge-

hoben wird (Schweimer et al., 2011). Hierdurch kann eine Bindung von NusA-SKK an den spa-

cer zwischen boxA und boxB der rrn-AT-Sequenz erfolgen (Prasch et al., 2009), welche den 

Zugang für das NusB:NusE-Heterodimer zu boxA (Greive et al., 2005; Nodwell & Greenblatt, 

1993) blockieren bzw. erschweren könnte (Einzelarbeit A, Abb. 6A). SuhB könnte durch Inter-

aktionen mit NusA-AR2, der RNAP und der rrn-AT-Sequenz die NusA-SKK:RNA-Bindung 

derart beeinflussen, dass die boxA-Bindung von NusA-SKK aufgehoben und die Rekrutierung 

des NusB:NusE-Heterodimers an boxA zur Assemblierung des rrn-AT-Komplexes erleichtert 

bzw. erst ermöglicht wird. Ebenso könnte SuhB durch Auflösung der Bindung von NusA-AR2 

an die RNAPαCTD auch eine Repositionierung von NusA in eine AT-stimulierende Konforma-

tion induzieren bzw. durch Inhibition einer NusA-AR2:RNAPαCTD-Interaktion eine AT-stimu-

lierende NusA-Konformation im rrn-AT-Komplex stabilisieren (Einzelarbeit A, Abb. 6B). 

Parallel zu dieser Arbeit wurde eine mittels Röntgenstrukturanalyse bestimmte Struktur des 

SuhB:NusA-AR2-Komplexes (PDB-ID: 6IB) von Huang et al. publiziert, in welcher SuhB, wie 

in dieser Arbeit gezeigt, von NusA-AR2 über deren beiden As Trp490 und Phe491 kontaktiert 

wird. In Übereinstimmung mit den Ergebnissen der Einzelarbeit A konnte auch eine Interaktion 

von SuhB mit der rrnG-RNA gezeigt werden. Weiterführende Studien von Huang et al. legen 

eine Bindung von SuhB an den spacer zwischen boxA und boxB und/oder der boxC der 

rrn-AT-Sequenz nahe und zeigen, dass diese Interaktion essentiell für die Integration von SuhB 

in den rrn-AT-Komplex ist. Des Weiteren wurde auch gezeigt, dass SuhB, wie in dieser Arbeit 

postuliert, die Integration des NusB:NusE-Heterodimers in den rrn-AT-Komplex ermöglicht 

und für das Überlesen Rho-abhängiger Terminatoren durch den rrn-AT-Komplex benötigt wird, 

wobei der AT-Effekt von SuhB nur im Zusammenspiel mit den Nus-Faktoren vermittelt wird 

und hierfür die SuhB:NusA-AR2-Interaktion von Bedeutung ist (Huang et al. 2019). 

 

3.3 λQ-vermittelte Antitermination des Phagen λ 

Neben der rrn-AT in E. coli sind die Nus-Faktoren auch an der λN-AT (siehe Abschnitt 1.6.1) 

und der λQ-AT (siehe Abschnitt 1.6.2) des Phagen λ beteiligt, welche der Replikation seines 

Genoms im Wirtsbakterium E. coli dienen. Im Falle der λQ-AT wird das AT-Protein λQ in der 

Promotorregion pR´ des Phagen-Genoms durch das Zusammenspiel des QBEs (Guo & Roberts, 

2004; Yarnell & Roberts, 1992) mit einer σ70-abhängigen Pause (Nickels et al., 2002; Perdue & 

Roberts, 2010; Ring et al., 1996) und einer EP (Bird et al., 2016; Strobel & Roberts, 2015) an 
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den TEC rekrutiert. Nachfolgend ermöglicht λQ die Transkription der „späten Gene“ des Pha-

gen λ für Packung und Zelllyse durch den TEC (Deighan & Hochschild, 2007) über intrinsische 

und Rho-abhängige Terminatoren hinweg (Luk & Szybalski, 1983). Mutagenese-Studien haben 

gezeigt, dass der N-Terminus von λQ zu dessen AT-Effizienz beiträgt (Deighan & Hochschild, 

2007). Zum anderen legen in-vitro Transkriptionsassays auch einen AT-Effizienz steigernden 

Effekt von NusA auf die λQ-AT nahe (Grayhack et al., 1985), wobei weder etwas über eine 

Wechselwirkung von λQ mit NusA noch über eine Beteiligung der anderen Nus-Faktoren an der 

λQ-AT bekannt ist. Im Rahmen der Einzelarbeit B wurden die [1H,15N]-NMR-Signale von λQ 

zu den zugehörigen As des Peptidrückgrats zugeordnet und mittels NMR-Titrationen untersucht, 

welche Interaktionen λQ mit den Nus-Faktoren eingeht. 

Für λQ war trotz hoher Löslichkeit und ausreichender Langzeitstabilität auch nach Deuterierung 

und unter Nutzung von TROSY-Pulssequenzen das Signal-Rausch-Verhältnis in den zugehöri-

gen 3D-NMR-Spektren zu niedrig, um eine Zuordnung der [1H,15N]-NMR-Signale zu den zuge-

hörigen As des Peptidrückgrats von 2H,13C,15N-λQ durchzuführen. Daher wurde eine um 36 As 

N-terminal deletierte 2H,13C,15N-markierte Variante von λQ (λQΔ36) hergestellt. Die 3D-NMR-

Spektren von 2H,13C,15N-λQΔ36 wiesen ein ausreichend hohes Signal-Rausch-Verhältnis auf, so-

dass eine Zuordnung der [1H,15N]-NMR-Signale zu den zugehörigen As von dessen Peptidrück-

grat möglich war (Biological Magnetic Resonance Data Bank (BMRB)-ID: 28043). Der Ver-

gleich der [1H,15N]-BEST-TROSY-Spektren von λQ mit λQΔ36 (siehe Einzelarbeit B, Abb. 1B) 

zeigt, dass die Signale der 36 N-terminalen As von λQ allesamt chemische Verschiebungen zwi-

schen 7,5 ppm und 8,5 ppm in der 1H-Dimension aufweisen, wie sie typisch für As in unstruk-

turierten Bereichen sind. Zur weiteren Charakterisierung von λQΔ36 wurde mittels der chemi-

schen Verschiebungen für Cα und CO der chemical shift index (CSI) berechnet (Einzelarbeit B, 

Abb. 1C; Wishart et al., 1992; Wishart & Sykes, 1994), welcher Auskunft über die Sekun-

därstruktur gibt. Dieser zeigt, dass definierte Sekundärstrukturen von λQΔ36 erst ab As 66 begin-

nen und diese mit den Sekundärstrukturen in der mittels Röntgenstrukturanalyse bestimmten 

Struktur einer um 38 As N-terminal deletierten Variante von λQ (Vorobiev et al., 2014) über-

einstimmen. Daher kann davon ausgegangen werden, dass der N-Terminus von λQ, wie postu-

liert (Vorobiev et al., 2014), in Lösung unstrukturiert vorliegt. 

Zur Untersuchung von etwaigen Interaktionen von λQ mit den Nus-Faktoren wurden NMR-Tit-

rationen von 15N-λQ mit NusA, NusB, NusEΔ:NusB und NusG durchgeführt (Einzelarbeit B, 

Abb. S3), wobei nur für NusA eine Interaktion mit 15N-λQ gesehen wurde; in Übereinstimmung 

mit Ergebnissen, dass NusA die AT-Effizienz von λQ stimuliert (Grayhack et al., 1985).  
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Abbildung 3-4: Interaktion von λQ mit NusA-AR2. Modell des λQ:NusA-AR2-Komplexes. NusA-AR2 
(PDB-ID: 1WCN; grau) und λQ (PDB-ID: 4MO1; hellblau) sind jeweils in Bänderdarstellung wiedergegeben. 
Betroffene Reste der Interaktion sind farblich hervorgehoben (λQ: moderat betroffen: orange; stark betroffen: 
rot; NusA-AR2: leicht betroffen: gelb; moderat betroffen: orange; stark betroffen: rot). Für Trp490 und Phe491 
ist die Seitenkette gezeigt. Sekundärstrukturelemente und Termini sind beschriftet und das Zn2+-Ion ist als 
cyane Kugel dargestellt. Die Kästen links (λQ), bzw. rechts (NusA-AR2) zeigen die Oberflächendarstellung 
der beiden Proteine (Farbschema wie im Komplex). Die Abbildung wurde aus Dudenhoeffer et al., 2020 
(Abb. 3) entnommen und abgeändert. 

3.3.1 λQ interagiert mit NusA-AR2 und hebt die Autoinhibition von NusA auf  

Wie NMR-Titrationen gezeigt haben, interagiert λQ mit NusA als einzigem Nus-Faktor. Zur 

weitergehenden strukturellen Charakterisierung dieser Interaktion erfolgten NMR-Titrationen 

von λQ mit NusA-NTD (Einzelarbeit B, Abb. 2A,B und Abb. S4A,B), NusA-SKK (Einzelar-

beit B, Abb. S7A,B), NusA-AR1 (Einzelarbeit B, Abb. S7C,D) sowie NusA-AR2 (Einzelar-

beit B, Abb. 3A,B und Abb. S8A,B). Hierbei zeigte sich, dass λQ sowohl mit NusA-NTD (siehe 

Abschnitt 3.3.2) als auch mit NusA-AR2 spezifisch interagiert. Für die Interaktion von λQ mit 

NusA-AR2 wurde durch quantitative Auswertung der zugehörigen NMR-Titrationen die Bin-

dungsflächen auf beiden Proteinen bestimmt. Die von der NusA-AR2-Bindung auf 15N-λQ be-

troffenen Reste finden sich vorwiegend in den Helices α1, α3 und α5, während von der λQ-Bin-

dung auf NusA-AR2 dessen Helix α5* sowie der C-Terminus betroffen sind (Abb. 3-4). In dem 

anhand der ermittelten Bindungsflächen erstellten HADDOCK-Modell (Dominguez et al., 

2003) des NusA-AR2:λQ-Komplexes packt die Helix α5* von NusA-AR2 gegen die Helix α3 

und α5 von λQ, wobei die beiden C-terminalen As Trp490 und Phe491 von NusA-AR2 einen 

zentralen Bestandteil der Interaktionsfläche darstellen (Abb. 3-4). Analog zur Bestimmung des 

KD-Werts der SuhB:NusA-AR2-Interaktion wurde mittels Fluoreszenz-Anisotropie-Titrationen 

von λQ mit Fluorescein-markierten NusA-AR2D443C (Einzelarbeit B, Abb. S8F) der KD-Wert der 

λQ:NusA-AR2-Interaktion auf 268±17 µM bestimmt (Details: siehe Einzelarbeit B). Des Wei-

teren zeigte eine NMR-Titration von 15N-NusA-AR2 mit λQΔ36 (Einzelarbeit B, Abb. S8G-I), 

im Vergleich zu λQ, keine Unterschiede in der Bindungsfläche auf 15N-NusA-AR2, sodass an-

genommen werden kann, dass der N-Terminus von λQ keinen Einfluss auf die Interaktion mit 

NusA-AR2 hat. 
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Abbildung 3-5: λQ verdängt NusA-AR2 von NusA-SKK. (A) Ausschnitt aus den 2D-[1H,15N]-BEST-

TROSY-Spektren der Titration von 2H,15N-NusA-SKK mit NusA-AR2 (molare Verhältnisse 1:0, schwarz; 

1:0,5, orange; 1:1, cyan; 1:2, lila; 1:3, gelb; 1:5, rot). Zugeordnete Signale sind beschriftet und die Pfeile zeigen 

die Richtung der Änderung der chemischen Verschiebung ausgewählter Signale durch Zugabe von NusA-AR2 

(rot) an. (B,C) Ausschnitt aus den 2D-[1H,15N]-BEST-TROSY-Spektren des Komplexes von 
2H,15N-NusA-SKK (1:0, schwarz) mit NusA-AR2 (1:5, cyan) in Anwesenheit steigender Konzentrationen von 

λQ (B), bzw. λQΔ36 (C) (molare Verhältnisse 1:5:1, orange; 1:5:2, lila; 1:5:5, gelb; 1:5:10, rot). Zugeordnete 

Signale sind beschriftet und die Pfeile zeigen die Richtung der Änderung der chemischen Verschiebung aus-

gewählter Signale durch Zugabe von NusA-AR2 (cyan) sowie λQ (rot) bzw. λQΔ36 (rot) an. Die zu den Aus-

schnitten zugehörigen NMR-Spektren sind in Einzelarbeit B, Abb. S11 zu finden. Die Abbildung wurde aus                    

Dudenhoeffer et al., 2020 (Abb. 5) entnommen und abgeändert. 

Die Bindungsfläche von λQ auf NusA-AR2 beinhaltet wie auch für die Interaktion von 

NusA-AR2 mit SuhB (Abb. 3-2), RNAPαCTD (Schweimer et al., 2011) und NusG-NTD 

(Strauß et al., 2016) gesehen die C-terminale Helix α5* und die beiden As Trp490 und Phe491. 

NMR-basierte Verdrängungsexperimente haben gezeigt, dass die Bindungsfläche von 

NusG-NTD (Strauß et al., 2016) bzw. SuhB (Einzelarbeit A, Abb. 3) auf NusA-AR2 mit der 

Bindungsfläche von RNAPαCTD auf NusA-AR2 überlappt. Daher wurden ebenfalls NMR-ba-

sierte Verdrängungsexperimente von λQ mit RNAPαCTD und NusA-AR2 durchgeführt (Ein-

zelarbeit B, Abb.4 und Abb. S10A,B), welche bestätigten, dass sich auch die Bindungsflächen 

von λQ und RNAPαCTD auf NusA-AR2 überschneiden. Da die RNAPαCTD durch Verdrän-

gung der NusA-AR2 von NusA-SKK die Autoinhibition von NusA aufheben kann (Schweimer 

et al., 2011), wurde untersucht, ob λQ ebenfalls hierzu in der Lage ist. In Analogie zu SuhB 

wurde eine NMR-Titration von λQ mit [I,L,V]-NusA durchgeführt, wobei aufgrund von Präzi-

pitation eine Auswertung dieses NMR-Systems nicht möglich war. Ebenso erfolgten analog zu 

den Untersuchungen mit SuhB NMR-basierte Verdrängungsexperimente von 
2H,15N-NusA-SKK mit NusA-AR2 (Abb. 3-5A) und λQ (Abb. 3-5B), bzw. λQΔ36 (Abb. 3-5C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sowohl die Zugabe von λQ als auch von λQΔ36 führte zur Verdrängung der NusA-AR2 von 
2H,15N-NusA-SKK, wie es auch für NusG-NTD (Abb. 3-3B), SuhB (Abb. 3-3C) sowie 

RNAPαCTD (Schweimer et al., 2011) beobachtet werden konnte. Daher liegt eine Aufhebung 
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Abbildung 3-6: Interaktion von λQ mit NusA-NTD. Modell des λQ:NusA-NTD-Komplexes. NusA-NTD 
(PDB-ID: 2KWP; grau) und λQ (PDB-ID: 4MO1; hellblau) sind jeweils in Bänderdarstellung wiedergegeben. 
Betroffene Reste der Interaktion sind farblich hervorgehoben (moderat betroffen: orange; stark betroffen: rot). 
Sekundärstrukturelemente und Termini sind beschriftet und das Zn2+-Ion ist als cyane Kugel dargestellt. In den 
Kästen links (λQ), bzw. rechts (NusA-NTD) sind die beiden Proteine in Oberflächendarstellung wiedergegeben 
(Farbschema wie im Komplex). Die azide Kopfregion von NusA-NTD ist durch eine getrichelte Linie gekenn-
zeichnet. Die Abbildung wurde aus Dudenhoeffer et al., 2020 (Abb. 2) entnommen und abgeändert. 

 

der Autoinhibition von NusA durch λQ unabhängig von dessen N-Terminus nahe, auch wenn 

aufgrund von Präzipitation im NMR-System von [I,L,V]-NusA mit λQ dieses Ergebnis nicht im 

NusA Volllängenprotein bestätigt werden konnte. 

 

3.3.2 λQ interagiert mit NusA-NTD 

Die Bestimmung der mit λQ interagierenden NusA-Domäne zeigte, dass NusA λQ sowohl über 

seine AR2-Domäne als auch seine NTD kontaktiert. Durch quantitative Analyse der zu den 

NMR-Titrationen von λQ mit NusA-NTD (Einzelarbeit B, Abb. 2A,B und Abb. S4) zugehörigen 

2D-[1H,15N]-Korrelationsspektren wurden die Bindungsflächen der beiden Proteine aufeinander 

bestimmt sowie anhand dieser ein HADDOCK-Modell (Dominguez et al., 2003) des 

NusA-NTD:λQ-Komplexes erstellt (Abb. 3-6). Während die von der NusA-NTD-Bindung be-

troffenen Reste auf λQ im C- und N-terminalen Bereich des Zink-Finger-Motivs und in den 

Helices α3, α5 und α6 zu finden sind, ist auf Seiten von NusA-NTD deren azide Kopfregion 

mitsamt der Helix α3* betroffen, welche im NusA-NTD:λQ-Komplex den C- und N-terminalen 

Bereich des Zink-Finger-Motivs von λQ kontaktiert. Darüber hinaus legt eine NMR-Titration 

von 15N-NusA-NTD mit λQΔ36 (Einzelarbeit B, Abb. S5) den Schluss nahe, dass der N-Terminus 

von λQ keinen Einfluss auf die Interaktion mit NusA-NTD hat. 

 

 

 

 

  

 

 

 

 

 

 

Von der Bindung der NusA-Domänen NTD und AR2 sind auf Seiten von λQ in beiden Fällen 

die Helices α3 und α5 betroffen, sodass eine Überlappung der Bindungsflächen beider NusA-Do-

mänen auf λQ naheliegt. Aus diesem Grund wurden NMR-basierte Verdrängungsexperimente 
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mit NusA-NTD, NusA-AR2 und λQ durchgeführt (Einzelarbeit B, Abb. 3D,E und Abb. S9) wel-

che bestätigten, dass sich die Bindungsflächen von NusA-NTD und NusA-AR2 auf λQ über-

schneiden, sodass keine simultane Bindung von einem λQ-Molekül an NusA-NTD und 

NusA-AR2 stattfinden kann. Auf Seiten von NusA-NTD überlappt die für λQ bestimmte Bin-

dungsfläche mit der RNAPαCTD-Bindungsfläche auf NusA-NTD (Guo et al., 2018). Daher 

wurden ebenfalls NMR-basierte Verdrängungsexperimente von NusA-NTD mit RNAPαCTD 

und λQ durchgeführt (Einzelarbeit B, Abb. 3D,E und Abb. S6A,B), wobei λQ und RNAPαCTD 

durch einen Überschuss des jeweils anderen Proteins von NusA-NTD verdrängt werden konnte. 

Daher kann davon ausgegangen werden, dass sich die Bindungsflächen von λQ und RNAPαCTD 

auch auf NusA-NTD überschneiden. 

Die Ergebnisse der Einzelarbeit B zeigen, dass λQ von allen Nus-Faktoren nur mit NusA inter-

agiert. NusA kontaktiert λQ mittels seiner NTD und AR2-Domäne, wobei keine simultane Bin-

dung eines λQ-Moleküls an beide NusA-Domänen möglich ist. Im Falle der Interaktion von λQ 

mit NusA-AR2 ist es denkbar, dass NusA-AR2 als Bindungsplattform zur Rekrutierung von 

λQ-Molekülen an den TEC im Verlaufe der Transkription der „späten“ Gene des Phagen λ fun-

gieren könnte. Darüber hinaus ist λQ in der Lage durch die Interaktion mit NusA-AR2 die Au-

toinhibition von NusA aufzuheben, was wiederum die RNA-Bindung von NusA-SKK und damit 

einhergehend die Rekrutierung von NusA an den λQ-AT-Komplex erleichtern könnte. Da sich 

die Bindungsflächen von λQ und RNAPαCTD auf NusA-NTD und NusA-AR2 überlappen, ist 

es auch möglich, dass λQ durch Interaktion mit der jeweiligen NusA-Domäne deren Bindung an 

die RNAPαCTD auflösen und hierdurch eine Repositionierung von NusA in eine AT-stimulie-

rende Konformation induzieren könnte. Ebenso könnte λQ auch eine Inhibition der 

RNAPαCTD-Bindung durch die jeweilige NusA-Domäne bewirken, sodass eine AT-stimulie-

rende Konformation von NusA im λQ-AT-Komplex stabilisiert werden könnte.  

 

3.3.3 λQ interagiert mit der βFTH und repositioniert NusA-NTD an der RNAP 

Wie in Einzelarbeit B gezeigt, interagiert λQ mit NusA-NTD. Die NusA-NTD bindet ihrerseits 

im hispausierten NusA:TEC-Komplex über die RNAPαCTD sowie die βFTH an die RNAP (Guo 

et al., 2018), wobei die βFTH auch für λQ als Bindungsstelle an die RNAP postuliert wurde 

(Deighan et al., 2008). Daher wurde im Rahmen der Einzelarbeit C die βFTH der E. coli RNAP 

via eines Konstruktes für die NMR-Spektroskopie zugänglich gemacht, um sowohl die Interak-

tion von λQ mit der RNAP strukturell zu charakterisieren, als auch den Einfluss von λQ auf die 

Bindung von NusA-NTD an die RNAP weitergehend zu untersuchen. 
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Um die βFTH der E. coli RNAP (As 897-906 der β-UE) für NMR-basierte Untersuchungen 

zugänglich zu machen wurde ein Konstrukt (βFlap) hergestellt, welches den Sequenzbereich von 

As 829 bis As 1060 der β-UE ohne die beiden i9 Helices (As 937-1040) umfasst (Einzelarbeit C, 

Abb. 1A). Mit einer 2H,13C,15N-markierten Probe von βFlap erfolgte die Zuordnung der 

[1H,15N]-NMR-Signale zu den zugehörigen As des βFlap-Rückgrats. Nachfolgend wurde der 

CSI des βFlap-Konstrukts berechnet (Einzelarbeit C, Abb. 1B; Wishart et al., 1992; Wishart & 

Sykes, 1994). Dieser zeigt, dass die Sekundärstrukturen des βFlap-Konstrukts in guter Überein-

stimmung mit den Sekundärstrukturen der βFlap-Region in der mittels Röntgenstrukturanalyse 

bestimmten Struktur der E. coli RNAP (PDB ID: 4KMU; Molodtsov et al., 2013) sind und die 

βFTH (As 897-906) des βFlap-Konstrukts eine definierte α-Helix ausbildet.  

Die Interaktion von NusA-NTD mit der βFTH der RNAP wurde bereits strukturell charakteri-

siert (Guo et al., 2018). Daher wurde diese Interaktion genutzt, um zu überprüfen, ob das βFlap-

Konstrukt dieselben Interaktionseigenschaften wie die βFlap-Region der RNAP aufweist und 

somit funktional ist. Hierzu wurden NMR-Titrationen von NusA-NTD mit βFlap durchgeführt 

(Einzelarbeit C, Abb. 2) und zur strukturellen Charakterisierung der Interaktion quantitativ aus-

gewertet. Hierbei zeigte sich, dass auf Seiten von βFlap die Interaktion mit NusA-NTD über die 

βFTH vermittelt wird, welche durch die Helices α1, α2 und α4 der NusA-NTD gebunden wird. 

Dieses Ergebnis ist in Übereinstimmung mit der Bindungsfläche der NusA-NTD:βFTH-Interak-

tion in der mittels Kryo-Elektronenmikroskopie bestimmten Struktur des hispausierten 

NusA:TEC-Komplexes (Guo et al., 2018). Daher kann davon ausgegangen werden, dass das 

βFlap-Konstrukt als Modell der βFlap-Region der E. coli RNAP geeignet ist.  

Da die βFTH auch für λQ als Bindungsstelle an die RNAP postuliert wurde (Deighan et al., 

2008), erfolgten NMR-Titrationen von λQ mit dem βFlap-Konstrukt (Einzelarbeit C, Abb. 4A,B 

und Abb. S3A,B), um die Bindung von λQ an die RNAP strukturell zu charakterisieren. Die 

quantitative Analyse der zugehörigen 2D-[1H,15N]-Korrelationsspektren zeigte, dass auf Seiten 

von λQ die von der βFlap-Bindung betroffenen Reste in den Helices α1, α3 und α5 lokalisiert 

sind (Abb. 3-7A), während die Bindungsfläche von λQ auf βFlap die βFTH darstellt 

(Abb. 3-7B). Beide ermittelten Bindungsflächen sind in Übereinstimmung mit der via Muta-

genese und bacterial two-hybrid-Systemen bestimmten Bindungsfläche für die λQ:RNAP-Inter-

aktion (Deighan et al., 2008) und eine NMR-Titration von 15N-βFlap mit λQΔ36 (Einzelarbeit C, 

Abb. S3C) zeigte im Vergleich zu λQ keine Unterschiede im Bindungsmuster auf 15N-βFlap, 

sodass angenommen werden kann, dass der N-Terminus von λQ keinen Einfluss auf die Bindung 

an die βFlap hat. 
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Abbildung 3-7: Interaktion von λQ mit βFlap. λQ (PDB-ID: 4MO1; hellblau) (A) und βflap (PDB-ID: 
4KMU; grau) (B) sind jeweils links in Bänderdarstellung und rechts in Oberflächendarstellung wiedergegeben. 
Betroffene Reste der Interaktion sind farblich hervorgehoben (λQ: moderat betroffen: orange; stark betroffen: 
rot; βFlap: leicht betroffen: gelb; moderat betroffen: orange; stark betroffen: rot). Sekundärstrukturelemente 
und Termini sind beschriftet und das Zn2+-Ion von λQ ist als cyane Kugel dargestellt. Die Abbildung wurde 
aus Einzelarbeit C (Abb. 4) entnommen und abgeändert. 

 

 

 

 

 

 

 

 

Da sowohl für NusA-NTD als auch für λQ die Bindungsfläche auf βFlap die βFTH darstellt und 

λQ ebenfalls mit NusA-NTD interagiert (Abb. 3-6) wurde ein NMR-basiertes Verdrängungsex-

periment mit βFlap und λQ an 2H,15N-NusA-NTD durchgeführt (Einzelarbeit C, Abb. 4C und 

Abb. S4A). Hierbei zeigte sich, dass keine Interaktion von NusA-NTD mit λQ in Anwesenheit 

von βFlap stattfindet, sondern NusA-NTD durch λQ von der βFTH verdrängt wird. Daher kann 

sowohl eine simultane Bindung von λQ und NusA-NTD an die βFTH als auch die Bildung eines 

ternären Komplexes mit NusA-NTD als zentralem Protein ausgeschlossen werden.  

Im hispausierten NusA:TEC-Komplex bindet NusA-NTD an die βFTH und an die RNAPαCTD 

(Guo et al., 2018). Die mittels einer NMR-Titration von [I,L,V]-NusA-NTD mit RNAP (Einzel-

arbeit C, Abb. 3B) bestimmte Bindungsfläche von RNAP auf NusA-NTD zeigt, dass NusA-NTD 

dasselbe Bindungsmuster wie im hispausierten NusA:TEC-Komplex aufweist, also auch die 

core RNAP simultan über die βFTH sowie die RNAPαCTD kontaktiert. Folglich kann davon 

ausgegangen werden, dass die Bindung von NusA-NTD an die βFTH und die RNAPαCTD den 

„normalen“ Bindungsmodus von NusA-NTD an die RNAP darstellt. Um den Einfluss von λQ 

auf die NusA-Positionierung an der RNAP zu untersuchen, wurde daher eine NMR-Titration 

von 2H,15N-NusA-NTD mit RNAPαCTD und βFlap durchgeführt (Abb. 3-8A) und nachfolgend 

λQ (Abb. 3-8B) zugegeben. Bei Zugabe von RNAPαCTD und βFlap zu 2H,15N-NusA-NTD tra-

ten jeweils Änderungen der chemischen Verschiebungen auf, wie sie auch in den binären NMR-

Systemen von 15N-NusA-NTD mit RNAPαCTD (Einzelarbeit C, Abb. S1A) bzw. βFlap (Ein-

zelarbeit C, Abb. 2A) beobachtet werden konnten, sodass davon ausgegangen werden kann, dass 

ein ternärer Komplex assembliert wird. Ebenso sind die Bindungsflächen von RNAPαCTD und 

βFlap auf NusA-NTD im ternären Komplex in Übereinstimmung mit den Interaktionsflächen 

der RNAP auf NusA-NTD im hispausierten NusA:TEC-Komplex (Guo et al., 2018) bzw. der 

core RNAP auf NusA-NTD. Folglich gibt der 2H,15N-NusA-NTD:RNAPαCTD:βFlap-Komplex 

den Bindungszustand von NusA-NTD an der RNAP wieder. Durch Zugabe von λQ zu dem 
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Abbildung 3-8: λQ ist in der Lage NusA-NTD von der βFTH zu verdrängen. (A) NusA-NTD-Bindung an 
die RNAPαCTD und βFlap. (oben) Ausschnitt aus den 2D-[1H,15N]-HSQC-Spektren der Titration von 
2H,15N-NusA-NTD mit RNAPαCTD und βFlap (molare Verhältnisse: 1:0:0, schwarz; 1:2:0, blau; 1:2:2, cyan). 
(unten) Markierung der von der RNAPαCTD-Bindung (leicht betroffen: cyan; moderat betroffen: marineblau; 
stark betroffen: dunkelblau) sowie βFlap-Bindung (leicht betroffen: gelb; moderat betroffen: orange; stark be-
troffen: rot) betroffenen Reste auf die Struktur von NusA-NTD (PDB-ID: 2KWP; hellblau, Oberflächendar-
stellung). (B) NusA-NTD-Bindung an die RNAPαCTD und βFlap in Anwesenheit von λQ. (oben) Ausschnitt 
aus den 2D-[1H,15N]-HSQC-Spektren der Titration von 2H,15N-NusA-NTD mit RNAPαCTD, βFlap und λQ 
(molare Verhältnisse: 1:0:0:0, schwarz; 1:2:0:0, blau; 1:2:2:0 cyan; 1:2:2:2, rot). (unten) Markierung der in 
Anwesenheit von RNAPαCTD, βFlap und λQ betroffenen Reste (leicht betroffen: gelb; moderat betroffen: 
orange; stark betroffen: rot) auf NusA-NTD (PDB-ID: 2KWP; hellblau, Oberflächendarstellung). (C) 
NusA-NTD-Bindung an RNAP in Anwesenheit von λQ (oben) 2D-[1H,13C]-Methyl-TROSY-Spektren der Tit-
ration von [I,L,V]-NusA-NTD mit RNAP und λQ (molare Verhältnisse: 1:0:0, schwarz; 1:1:0, cyan; 
1:1:1, rot). (unten) Markierung der durch Zugabe von λQ betroffenen Reste auf NusA-NTD (PDB-ID: 2KWP; 
hellblau, Oberflächendarstellung). As mit betroffenen ILV-Sonden sind rot und zwei As auf jeder Seite um die 
betroffene ILV-Sonde sind in gelb hervorgehoben, sofern keine nicht betroffene ILV-Sonde in diesem Bereich 
liegt. Ausgewählte Signale in (A-C) sind beschriftet und die Pfeile in (A,B) zeigen die Richtung der Änderung 
der chemischen Verschiebung von Signalen durch Zugabe von RNAPαCTD (blau), βflap (cyan) sowie λQ (rot) 
an. Die azide Kopfregion der NusA-NTD (A-C) ist durch eine getrichelte Linie hervorgehoben. Die zu den in 
(A,B) gezeigten Ausschnitten zugehörigen NMR-Spektren sind in Einzelarbeit C, Abb. S2C bzw. Abb. S4B 
zu finden. Die Abbildung wurde aus Einzelarbeit C (Abb. 3 und Abb. 5) entnommen und abgeändert. 

2H,15N-NusA-NTD:RNAPαCTD:βFlap-Komplex und der anschließenden Bestimmung der Bin-

dungsfläche auf NusA-NTD wurde der Einfluss von λQ auf die NusA-Positionierung an der 

RNAP untersucht. Hierbei zeigte sich, dass NusA-NTD durch λQ von der βFTH verdrängt wird 

und keine Änderungen für die Interaktionsfläche von RNAPαCTD auf NusA-NTD sichtbar sind. 

Der Einfluss von λQ auf die NusA-NTD-Positionierung an der RNAP wurde auch mit der RNAP 

selbst untersucht, indem eine NMR-Titration von [I,L,V]-NusA-NTD mit RNAP durchgeführt 

und λQ hinzugegeben wurde (Abb. 3-8C). 
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Während die Zugabe von RNAP zu [I,L,V]-NusA-NTD zu einem Signalintensitätsverlust führte, 

konnte bei der nachfolgenden Zugabe von λQ eine Zunahme der Intensitäten einzelner Signale 

von [I,L,V]-NusA-NTD beobachtet werden. Daher erfolgte die quantitative Auswertung des 

NMR-Systems von [I,L,V]-NusA-NTD mit RNAP und λQ über die Berechnung der Zunahme 

der Rest-Signalintensitäten dieses NMR-Systems im Vergleich zu dem NMR-System von 

[I,L,V]-NusA-NTD mit RNAP (Details: siehe Einzelarbeit C). Die Markierung der durch 

λQ-Zugabe betroffenen Reste auf die Struktur von NusA-NTD zeigt, dass sich die Anwesenheit 

von λQ nur auf die βFTH-Bindungsfläche auf der NusA-NTD auswirkt, nicht jedoch auf den 

aziden Kopfbereich der NusA-NTD, welcher die Interaktion von NusA-NTD mit der 

RNAPαCTD vermittelt. Dieses Ergebnis ist in Übereinstimmung mit dem Ergebnis für λQ im 
2H,15N-NusA-NTD:RNAPαCTD:βFlap-Komplex, sodass davon ausgegangen werden kann, 

dass λQ in der Lage ist NusA-NTD von der βFTH zu verdrängen.  

 

3.3.4 λQ verdrängt σ70 von der βFTH 

Zur Vermittlung der AT wird λQ in der Promotor-Region pR´ des Phagen λ durch das QBE (Guo 

& Roberts, 2004; Yarnell & Roberts, 1992) an den pausierten TEC rekrutiert, dessen Pausierung 

durch das Zusammenspiel einer σ70-abhängigen Pause (Nickels et al., 2002; Perdue & Roberts, 

2010; Ring et al., 1996) mit einer EP (Bird et al., 2016; Strobel & Roberts, 2015) vermittelt wird 

(siehe Abschnitt 1.6.2). Das Verlassen der σ70-abhängigen Pause geht mit der σ70-Dissoziation 

von der RNAP einher. Es wurden zwei Kräfte für die Dissoziation von σ70 postuliert, die λQ 

vermittelte Destabilisierung der σ70:RNAP-Interaktion (Shi et al., 2019; Yin et al., 2019) sowie 

DNA-scrunching (Strobel & Roberts, 2014). Da σ70
R4 (Geszvain et al., 2004), NusA-NTD (Guo 

et al., 2018) sowie λQ (Deighan et al., 2008) mit der βFTH interagieren wurde untersucht, ob 

λQ bzw. NusA-NTD in der Lage ist σ70 von der βFTH zu verdrängen und somit die Holo-RNAP 

zu destabilisieren.  

Hierzu wurden NMR-basierte Verdrängungsexperimente an 15N-βFlap mit σ70 und NusA-NTD 

(Abb. 3-9A) bzw. λQ (Abb. 3-9B) durchgeführt. Bei Zugabe von σ70 zu 15N-βFlap konnte ein 

starker Signalintensitätsverlust beobachtet werden, welcher auf eine Komplexbildung von 
15N-βFlap mit σ70 schließen lässt. Während die nachfolgende Zugabe von NusA-NTD zu dem 
15N-βFlap:σ70-Komplex zu keinen signifikanten Änderungen der Signalintensitäten führte, 

konnte bei Zugabe von λQ zu dem 15N-βFlap:σ70-Komplex eine Signalintensitätszunahme sowie 

eine Änderung der chemischen Verschiebung einiger zu den As der βFTH zugehörigen Signale 

von 15N-βFlap beobachtet werden. Daher kann davon ausgegangen werden, dass λQ durch Bin-

dung an die βFTH in der Lage ist, σ70 von dieser zu verdrängen. Um den Einfluss von 
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Abbildung 3-9: λQ kann σ70 von der βFTH verdrängen und die σ70:RNAP-Interaktion schwächen. (A,B)

Ausschnitt aus den 2D-[1H,15N]-HSQC-Spektren der Titration von 15N-βFlap mit σ70 und NusA-NTD (A) bzw. 
λQ (B). Molare Verhältnisse 1:0:0, schwarz; 1:1:0, cyan; 1:1:2, rot. Zugeordnete Signale sind beschriftet und 
die Pfeile zeigen die Richtung der Änderung der chemischen Verschiebung ausgewählter Signale durch Zugabe 
von λQ (rot) an. (C,D) 1D-[1H,15N]-HSQC-Titration von 15N-σ70 mit RNAP und NusA-NTD (C) bzw. λQ (D). 
Molare Verhältnisse 1:0:0, schwarz; 1:1:0, cyan; 1:1:5, rot. Die zu den Ausschnitten in (A,B) zugehörigen
NMR-Spektren sind in Einzelarbeit C, Abb. S5 zu finden. Die Abbildung wurde aus Einzelarbeit C (Abb. 6
und Abb. S5) entnommen und abgeändert. 

NusA-NTD und λQ auf die Holo-RNAP, dem physiologisch relevanten System, zu untersuchen, 

wurde σ70 mittels 15N-Markierung für 1D-[1H,15N]-HSQC-basierte Verdrängungsexperimente 

zugänglich gemacht. Durch Zugabe eines äquimolaren Verhältnisses an RNAP zu 15N-σ70 wurde 

die Holo-RNAP assembliert und NusA-NTD (Abb. 3-9C) bzw. λQ (Abb. 3-9D) zu dieser hin-

zugegeben. Die Zugabe von RNAP zu 15N-σ70 führte zu einem starken Signalverlust aufgrund 

der Größenzunahme durch die Holo-RNAP-Bildung, während die nachfolgende Zugabe von 

NusA-NTD keine Änderung der Signalintensität bewirkte. Im Gegensatz hierzu führte die Zu-

gabe von λQ zu dem 15N-σ70:RNAP-Komplex zu einer signifikanten Signalintensitätszunahme, 

sodass angenommen werden kann, dass λQ nicht nur in der Lage ist σ70 von der βFTH zu ver-

drängen, sondern auch den Holo-RNAP-Komplex zu destabilisieren. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zusammenfassend lässt sich festhalten, dass NusA-NTD, wie im hispausierten TEC gesehen, 

auch mit der core RNAP über die RNAPαCTD und die βFTH wechselwirkt und λQ nicht nur 

NusA-NTD, sondern auch σ70 von der βFTH verdrängen sowie den σ70:RNAP-Komplex desta-

bilisieren kann. Die destabilisierende Wirkung von λQ auf den Holo-RNAP-Komplex deutet 

darauf hin, dass λQ die treibende Kraft für die Dissoziation von σ70 und damit zum Verlassen 
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der Promotor-proximalen σ70-abhängigen Pause ist, so wie es auch für das AT-Protein Q21 des 

verwandten Phagen Φ21 angenommen wird (Shi et al., 2019; Yin et al., 2019). λQ ist ebenso in 

der Lage NusA-NTD von der βFTH zu verdrängen, wobei keine Änderungen für die Interakti-

onsfläche von RNAPαCTD auf NusA-NTD sichtbar sind (Abb. 3-8B,C). Es ist daher denkbar, 

dass λQ durch Verdrängung der NusA-NTD von der βFTH eine Repositionierung von NusA in 

eine AT-stimulierende Konformation induziert, wobei NusA-NTD über die RNAPαCTD an der 

RNAP gebunden bleibt, welche als Drehpunkt für die Repositionierung von NusA-NTD an der 

RNAP fungieren könnte; in Übereinstimmung mit Ergebnissen, dass die Interaktion von 

NusA-NTD mit der RNAPαCTD für die AT-Effizienz der λQ-AT relevant ist (Liu et al., 1996). 

Da λQ und RNAPαCTD über dieselbe Bindungsfläche mit NusA-NTD interagieren, wäre es 

auch möglich, dass λQ durch Interaktion mit NusA-NTD die RNAPαCTD-Bindung von 

NusA-NTD auflöst, ohne dass dies über eine Änderung der Interaktionsfläche auf NusA-NTD 

beobachtbar wäre. NMR-basierte Verdrängungsexperimente legen jedoch nahe, dass λQ nur bei 

einem hohen molekularen Überschuss in der Lage ist RNAPαCTD von NusA-NTD (Einzelar-

beit B, Abb. 2D,E und Abb. S6A,B) sowie auch von NusA-AR2 (Einzelarbeit B, Abb. 4 und 

Abb. S10A,B) zu verdrängen. Somit könnte ein hoher molarer Überschuss von λQ zur Dissozi-

ation von NusA von der RNAP führen, wodurch der AT-Effizienz steigernde Effekt von NusA 

inhibiert werden würde; in Übereinstimmung mit Ergebnissen, dass bei dem AT-Mechanismus 

des Phagen Φ82 hohe Konzentrationen von Q82 den stimulierenden Effekt von NusA auf die 

Q82-AT inhibiert (Wells et al., 2016). 

 

3.4 NusA - zentraler Interaktionspartner in Antiterminationsprozessen 

NusA stellt ein zentrales regulatorisches Protein der Transkription dar, welches in vielfältigen 

Prozessen zum Teil gegensätzliche Effekte auf diese ausübt (siehe Abschnitt 1.4.1). Neben der 

Regulation der Elongationsrate des TECs (Zhou et al., 2011) sowie der Stimulation von HP-ver-

mittelten Pausen (Artsimovitch & Landick, 2000; Ha et al., 2010) und der intrinsischen Termi-

nation (Gusarov & Nudler, 2001; Ha et al., 2010; Mondal et al., 2016) zeigen die Ergebnisse 

dieser Arbeit, dass NusA auch ein zentraler Interaktionspartner in AT-Prozessen ist. So konnte 

gezeigt werden, dass NusA nicht nur mit dem AT-Protein λN (Krupp et al., 2019; Said et al., 

2017), sondern auch mit dem AT-Protein λQ (Einzelarbeit B) sowie im Rahmen der rrn-AT in 

E. coli mit SuhB (Einzelarbeit A) interagiert.  

Während NusA-NTD im hispausierten NusA:TEC-Komplex zugleich an die βFTH sowie an die 

RNAPαCTD bindet, bildet in der λN-AT das AT-Protein λN einen ternären Komplex mit 

NusA-NTD und der βFTH aus und löst zugleich die NusA-NTD:RNAPαCTD-Interaktion auf. 
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Die Auflösung der Interaktion von NusA-NTD mit der RNAPαCTD ermöglicht NusA eine ge-

änderte globale Konformation im Vergleich zur hisPause einzunehmen (Abb. 1-6B), welche 

mögliche positive Einflüsse von NusA auf die Faltung von Terminator-HPs inhibieren und/oder 

den RNA-Zugang für Rho blockieren könnte (Guo et al., 2018; Krupp et al., 2019). Im Gegen-

satz zur λN-AT verdrängt in der λQ-AT das AT-Protein λQ NusA-NTD von der βFTH, während 

die Bindung von NusA-NTD an die RNAPαCTD bei einem äquimolaren Verhältnis von λQ 

erhalten bleibt (Abb. 3-8B,C), sodass die RNAPαCTD als Drehpunkt für eine Repositionierung 

von NusA in einen terminationsresistenten Zustand fungieren könnte. Folglich erscheint eine 

Repositionierung von NusA im Vergleich zu deren Konformation im hispausierten 

NusA:TEC-Komplex (Guo et al., 2018) ein gemeinsames Schema der AT-Mechanismen des 

Phagen λ darzustellen. In Übereinstimmung mit den Ergebnissen von Liu et al., welche zeigen, 

dass die NusA-NTD:RNAPαCTD-Interaktion für die Effizienz der λQ-AT, nicht aber für die 

λN-AT-Effizienz relevant ist (Liu et al., 1996), legen die Ergebnisse dieser Arbeit nahe, dass 

NusA-NTD in der λQ-AT und in der λN-AT jeweils eine unterschiedliche Konformation ein-

nimmt und folglich auf unterschiedliche Art und Weise zur AT-Effizienz beitragen kann. 

NusA-AR2 ist in der Lage durch Bildung eines intramolekularen Komplexes mit NusA-KH1 die 

RNA-Bindung von NusA zu inhibieren, wodurch NusA autoinhibiert wird (Schweimer et al., 

2011). Im Rahmen dieser Arbeit wurde mittels NMR-Titrationen von NusA-SKK mit 

NusA-AR2 die Bindungsflächen dieser beiden NusA-Domänen aufeinander bestimmt (Einzel-

arbeit B, Abb. 5A,B und Abb. S11A,B) sowie anhand dieser ein HADDOCK-Modell                

(Dominguez et al., 2003) des autoinhibierten Zustands von NusA-SKK erstellt (Abb. 3-10A). 

Auf Seiten von NusA-AR2 wird die Autoinhibition durch die C-terminale Helix α5 sowie die 

beiden As Tyr490 und Phe491 vermittelt, welche auch an der Interaktion von NusA-AR2 mit 

RNAPαCTD (Schweimer et al., 2011), NusG-NTD (Strauß et al., 2016), SuhB (Abb. 3-2) und 

λQ (Abb. 3-4) beteiligt sind. Mittels NMR-basierter Verdrängungsexperimente konnte in dieser 

Arbeit gezeigt werden, dass neben der RNAPαCTD (Schweimer et al., 2011) auch die 

NusG-NTD (Abb. 3-3B), SuhB (Abb. 3-3C) sowie λQ (Abb. 3-5B) in der Lage sind NusA-AR2 

von NusA-SKK zu verdrängen. Folglich kann angenommen werden, dass SuhB, NusG-NTD 

und λQ als Effektoren wirkend die Autoinhibition von NusA aufheben und hierdurch eine kon-

textabhängige RNA-Bindung von NusA erleichtern bzw. induzieren können.  

NusA bindet nach Verlassen des σ70-Faktors mit seiner NTD und AR2-Domäne an den TEC und 

bleibt während der Elongation an diesen gebunden (Mooney et al., 2009a). Da NusA-AR2 eine 

hohe intramolekulare Flexibilität aufweist (Eisenmann et al., 2005; Said et al., 2017), im TEC 

nur lose an der RNAPαCTD gebunden ist (Guo et al., 2018) und spezifische Interaktionen mit 

den TFs SuhB (Abb. 3-2), λQ (Abb. 3-4) und NusG-NTD (Strauß et al., 2016) eingeht, ist es 
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Abbildung 3-10: NusA als Rekrutierungsplattform in der Transkription. (A) Modell des autoinhibierten 

Zustands von NusA. NusA-AR2 (PDB-ID: 1WCN; blau) ist in Bänderdarstellung und NusA-SKK 

(PDB-ID: 5LM9; grün) ist in Oberflächendarstellung wiedergegeben. Die Seitenketten von Trp490 und 

Phe491 sind in rot hervorgehoben und NusA-NTD sowie NusA-AR1 sind jeweils als grüner Ellipsoid wieder-

gegeben. Der Ausschnitt links zeigt eine Vergrößerung der Bindung von NusA-AR2 an NusA-KH1. (B) NusA 

als Rekrutierungsplattform des TECs. NusA-AR2 (PDB-ID: 1WCN; blau) ist in Bänderdarstellung wiederge-

geben und die Seitenketten der beiden As Trp490 und Phe491 sind in rot hervorgehoben. Alle anderen 

NusA-Domänen sowie Proteine sind als Ellipsoide dargestellt. Ausgewählte Bindungsstellen auf der RNAP 

sind als Ellipsoide, bzw. in Bänderdarstellung hervorgehoben und entsprechend beschriftet. Die blauen Pfeile 

zeigen Interaktionspartner von NusA-AR2 und die grauen Pfeile die Bindungsplattform der durch NusA-AR2 

rekrutierten Proteine auf der RNAP an. Die Abbildung wurde aus Dudenhoeffer et al., 2020 (Abb. 6) entnom-

men und abgeändert. 

ebenso denkbar, dass NusA-AR2 als eine multifunktionale Rekrutierungsplattform für TFs wäh-

rend der Elongation dient (Abb. 3-10B). Die rekrutierten TFs könnten zum einen, wie für λQ 

gezeigt, NusA kontextabhängig repositionieren und damit einhergehend die Effekte von NusA 

auf die Transkription modulieren oder aber, wie für SuhB gezeigt, in regulatorische Komplexe 

integriert werden, welche ihrerseits die RNAP-Aktivität regulieren.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zusammenfassend unterstreichen die Ergebnisse dieser Arbeit die zentrale Rolle von NusA in 

der Regulation der bakteriellen Transkription, wobei NusA, obwohl nicht im rpo-Operon ko-

diert, nicht nur als TF, sondern ähnlich wie der σ-Faktor, als akzessorische UE der RNAP wäh-

rend der Transkription betrachtet werden könnte. 
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4 Abkürzungsverzeichnis 

1D eindimensional 

2D zweidimensional 

3D dreidimensional 

AR acidic repeat 

As Aminosäure 

AT Antitermination 

β´CH β´-clamp helices  

BEST band-selective excitation short transient 

βFTH β-flap-tip helix  

βGL β-gate loop  

BH bridge-helix  

BMRB Biological Magnetic Resonance Data Bank 

bp Basenpaar 

C Cytidin 

CSI chemical shift index 

CTD C-terminale Domäne 

DNA Desoxyribonukleinsäure 

ds doppelsträngig 

E. coli Escherichia coli 

EP elemental pause 

ePEC elemental paused elongation complex 

EPS elemental pause sequence 

G  Guanosin 

hisPause Pause in der Leitsequenz des Histidin-Operons  

HP hairpin 

HSQC heteronuclear single quantum coherence 

[I,L,V] [1H,13C]-Markierung der endständigen Methylgruppen der Aminosäu-

ren Isoleucin, Leucin und Valin in einem deuterierten Protein 

KD Dissoziationskonstante 

kDa Kilodalton 

KH K homology 

Mg-A stabil im aktiven Zentrum der RNAP koordiniertes Mg2+-Ion 



Abkürzungsverzeichnis   

43 

Mg-B gemeinsam mit dem einzubauenden NTP in das aktive Zentrum der 

RNAP eingebrachtes Mg2+-Ion 

MM Molekülmasse 

mRNA messenger RNA 

NMR nuclear magnetic resonance 

nt Nukleotid 

NTD N-terminale Domäne 

NTP Nukleosidtriphospaht 

Nus N-utilization substances 

nut N utilization-site 

PDB-ID protein data bank identification number 

PPi Pyrophosphat 

QBE Q-bindendes Element 

RNA Ribonukleinsäure 

RNAP DNA-abhängige RNA-Polymerase 

RNAPαCTD C-terminale Domäne der α-Untereinheit der RNA-Polymerase 

rRNA ribosomale RNA 

rrn-AT Anitermination der ribosomalen RNA-Operons 

rrn-Operons ribosomale RNA-Operons 

rut Rho utilization-site 

SDS-PAGE Natriumdodecylsulfat-Polyacrylamidgelelektrophorese 

SKK S1-KH1-KH2-Einheit von NusA 

TEC transcription elongation complex 

TF Transkriptionsfaktor 

TH trigger-helix 

TIC transcription initiation complex 

TL trigger-loop  

tRNA transfer RNA 

TROSY transverse relaxation optimized spectroscopy 

U Uridin 

UE Untereinheit 

UP upstream promoter 

Urea-PAGE Urea-Polyacrylamidgelelektrophorese 
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6 Eigenanteil 

Alle Arbeiten wurden von Stefan H. Knauer betreut.  

 

6.1 Einzelarbeit A 

Benjamin R. Dudenhoeffer, Hans Schneider, Kristian Schweimer und Stefan H. Knauer (2019): 

SuhB is an integral part of the ribosomal antitermination complex and interacts with 

NusA. Nucleic Acids Research 47, 6504–6518. 

Die Klonierung der Gene für die Proteine S4 und SuhB sowie deren Expression und Reinigung 

erfolgten unter meiner Anleitung durch Hans Schneider. Die NMR-Experimente wurden von 

Stefan H. Knauer, Kristian Schweimer und mir geplant. Unter meiner Anleitung wurden von 

Hans Schneider die NMR-Titrationen von SuhB mit den Nus-Faktoren durchgeführt, wobei 

diese aufgrund von Präzipitationsproblemen unter geänderten Puffer-Bedingungen von mir in 

meiner Doktorarbeit erneut durchgeführt sowie ausgewertet wurden. Alle NMR-Titrationen mit 

[I,L,V]-NusA ebenso wie alle NMR-basierten Verdrängungsexperimente wurden von mir in 

meiner Doktorarbeit durchgeführt und evaluiert. Die Herstellung einer Cystein-Variante von 

NusA-AR2, deren Fluoreszenz-Markierung und die zugehörigen Fluoreszenz-Anisotropie-Tit-

rationen mit SuhB wurden von mir in meiner Doktorarbeit geplant, durchgeführt und ausgewer-

tet. Die Herstellung der rrnG-RNA wurde von Stefan H. Knauer geplant und von mir in meiner 

Doktorarbeit durchgeführt. Die analytischen GF-Läufe wurden von Stefan H. Knauer geplant, 

durchgeführt und ausgewertet. Alle Abbildungen wurden von mir erstellt und das Manuskript 

wurde von Stefan H. Knauer und mir, mit Beiträgen aller Autoren, verfasst. 

 

6.2 Einzelarbeit B 

Benjamin R. Dudenhoeffer, Jan Borggraefe, Kristian Schweimer und Stefan H. Knauer (2020): 

NusA directly interacts with antitermination factor Q from phage λ. Scientific Reports 10, 

6607-6621. 

Unter Anleitung von Stefan H. Knauer erfolgte die Etablierung von Expressions- und Reini-

gungsprotokollen der um 36 Aminosäuren N-terminal verkürzten Variante von λQ (λQΔ36) in 

Jan Borggraefes Masterarbeit sowie von λQ in meiner Masterarbeit. Die Aufnahmen von 

NMR-Spektren zur Rückgrat-Zuordnung von λQ sowie zur Bestimmung der zugehörigen Re-

laxationsraten wurden von Kristian Schweimer durchgeführt. Die Rückgrat-Zuordnung von λQ 

wurde durch Jan Borggraefe in dessen Masterarbeit begonnen. Unter Anleitung von Kristian 
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Schweimer wurde von mir in meiner Doktorarbeit die Rückgrat-Zuordnung von λQ zu Ende 

geführt sowie die zugehörigen Relaxationsraten bestimmt. Die NMR-Titrationen von λQ bzw. 

λQΔ36 mit den Nus-Faktoren wurden von Stefan H. Knauer geplant und für λQΔ36 in Jan Borg-

graefes sowie für λQ in meiner Masterarbeit durchgeführt. Aufgrund von Präzipitationsproble-

men wurde von mir in meiner Doktorarbeit eine Puffer-Optimierung durchgeführt und unter 

neuen Puffer-Bedingungen Jan Borggraefes sowie meine NMR-Titrationen erneut von mir 

durchgeführt und evaluiert. Die NMR-Titrationen zur Modellierung des autoinhibierten Kom-

plexes von NusA sowie alle NMR-basierten Verdrängungsexperimente wurden von mir in mei-

ner Doktorarbeit geplant, durchgeführt und ausgewertet ebenso wie alle Fluoreszenz-Anisotro-

pie-Titrationen. Alle Abbildungen wurden von mir erstellt und das Manuskript von Stefan H. 

Knauer und mir, mit Beiträgen aller Autoren, verfasst.  

 

6.3 Einzelarbeit C 

Benjamin R. Dudenhoeffer, Marlon Wörner, Jan Bodenschlägel, Kristian Schweimer und Stefan 

H. Knauer: Antitermination factor λQ mediates NusA-NTD rearrangement on RNAP βflap. 

Manuskript. 

In meiner Masterarbeit erfolgte, betreut durch Stefan H. Knauer, die Klonierung, Expression und 

Reinigung des βFlap-Konstrukts der E. coli RNAP. Die NMR-Experimente zur Rückgrat-Zu-

ordnung sowie zur Bestimmung der Relaxationsraten des βFlap-Konstrukts wurden von Kristian 

Schweimer durchgeführt und unter dessen Anleitung von Jan Bodenschlägel ausgewertet. Die 

NMR-Titrationen von βFlap mit NusA-NTD, λQ und λQΔ36 wurden von Stefan Knauer geplant 

und in meiner Masterarbeit von mir durchgeführt. Aufgrund von Präzipitationsproblemen wurde 

von mir in meiner Doktorarbeit eine Puffer-Optimierung durchgeführt und unter meiner Anlei-

tung von Marlon Wörner diese NMR-Titrationen unter geänderten Puffer-Bedingungen erneut 

durchgeführt und ausgewertet. Die NMR-Titrationen von NusA-NTD mit RNAPαCTD, alle 

NMR-Titrationen mit [I,L,V]-NusA-NTD sowie alle NMR-basierten Verdrängungsexperimente 

wurden von mir in meiner Doktorarbeit geplant und unter meiner Anleitung von Marlon            

Wörner in dessen Masterarbeit durchgeführt und evaluiert. Die Planung, Durchführung und Eva-

luation der NMR-basierten Verdrängungsexperimente von σ70, λQ und NusA-NTD an βFlap 

bzw. der RNAP erfolgten meinerseits im Rahmen meiner Doktorarbeit. Alle Abbildungen wur-

den von mir erstellt und das Manuskript von Stefan H. Knauer und mir, mit Beiträgen aller Au-

toren, verfasst.  
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ABSTRACT

The synthesis of ribosomal RNA (rRNA) is a tightly
regulated central process in all cells. In bacteria ef-
ficient expression of all seven rRNA operons relies
on the suppression of termination signals (antitermi-
nation) and the proper maturation of the synthesized
rRNA. These processes depend on N-utilization sub-
stance (Nus) factors A, B, E and G, as well as ri-
bosomal protein S4 and inositol monophosphatase
SuhB, but their structural basis is only poorly under-
stood. Combining nuclear magnetic resonance spec-
troscopy and biochemical approaches we show that
Escherichia coli SuhB can be integrated into a Nus
factor-, and optionally S4-, containing antitermina-
tion complex halted at a ribosomal antitermination
signal. We further demonstrate that SuhB specifically
binds to the acidic repeat 2 (AR2) domain of the multi-
domain protein NusA, an interaction that may be in-
volved in antitermination or posttranscriptional pro-
cesses. Moreover, we show that SuhB interacts with
RNA and weakly associates with RNA polymerase
(RNAP). We finally present evidence that SuhB, the
C-terminal domain of the RNAP �-subunit, and the
N-terminal domain of NusG share binding sites on
NusA-AR2 and that all three can release autoinhi-
bition of NusA, indicating that NusA-AR2 serves as
versatile recruitment platform for various factors in
transcription regulation.

INTRODUCTION

Transcription, the first step in gene expression, is tightly
controlled by a multitude of transcriptional regulators at
all steps of the transcription cycle, i.e. initiation, elongation,
and termination, with RNA polymerase (RNAP) being re-
sponsible for RNA synthesis. Under certain circumstances
termination signals are suppressed by a process called an-
titermination (AT), a ubiquitous mechanism to regulate the
expression of viral genes in bacteria, bacterial genes, and
possibly, genes of archaea and eukaryotes. AT mechanisms

were first discovered in context with bacteriophage �, where
they are essential for the phage’s life cycle as they control
the expression of early and late genes (1). Phage protein
�N combines with Escherichia coli host proteins, the N-
utilization substance (Nus) factors A, B, E, and G, as well
as specific RNA sequences, nutL and nutR, that contain two
protein binding elements, boxA and boxB, and the elonga-
tion complex (EC) (2). In the resulting �N- and Nus factor
containing antitermination complex (TAC) RNAP is mod-
ulated to suppress termination signals (3–7). Nus factors
are not only involved in the life cycle of bacteriophages, but
are required for the correct expression of genes in bacteria.
NusG is member of the only universally conserved family
of transcription factors (8) and, in E. coli, consists of an
N- and a C-terminal domain (NTD, CTD) connected by a
flexible linker (9). NusG-NTD binds to RNAP to increase
its processivity, NusG-CTD serves as interaction platform
for various binding partners, e.g. it interacts with ribosomal
protein S10 to couple transcription and translation or with
termination factor Rho to stimulate Rho-dependent ter-
mination (10,11). During AT NusG-CTD binds to NusE,
which is identical to S10, and anchors the NusB:NusE:boxA
complex to the RNAP (12,13). Highly conserved NusA is
composed of six domains in E. coli and involved in AT
processes (14,15), RNA folding (16), pausing and intrin-
sic as well as Rho-dependent termination (17). NusA-NTD
binds to the � flap tip helix, which forms the mouth of
the RNA exit channel, and modulates pausing and termi-
nation (5,7,18). The following three domains, S1 and K
homology (KH) 1 and KH2, form a compact RNA bind-
ing region called NusA-SKK (19). In E. coli and other � -
proteobacteria, NusA-SKK is followed by two acidic re-
peat (AR) domains, AR1 and AR2 (20). NusA-AR1 binds
�N during �N-dependent AT (21–23). In free NusA NusA-
AR2 interacts with NusA-KH1, autoinhibiting NusA by
preventing RNA binding. This autoinhibition can be re-
leased by interaction of NusA-AR2 with the CTD of the �
subunit of RNAP (�CTD) (24–26). Moreover, NusA-AR2
can bind to NusG-NTD, an interaction that might be in-
volved in NusG recruitment (27).

In many bacteria, Nus factors are also required for the
correct expression of ribosomal RNA (rRNA) genes (6,28).
rRNA and transfer RNA (tRNA) make up more than 95%
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of the total RNA in a bacterial cell and ribosome biosynthe-
sis consumes a major fraction of the energy of the cell (29).
Thus, synthesis, cleavage, and maturation of rRNAs as well
as their assembly with ribosomal proteins need to be tightly
controlled. E. coli harbors seven rRNA operons, each com-
prising the genes coding for 16S, 23S and 5S rRNA. All
operons have a leader sequence upstream of the 16S gene
and a spacer element between the 16S and the 23S genes.
Similar to �N-dependent AT sequences, E. coli rRNA oper-
ons contain boxA and boxB elements, both in the leader and
in the spacer regions, but in reversed order (30–34). The ri-
bosomal (rrn) boxA element is essential for rrn AT, highly
conserved in all seven rrn operons in E. coli (consensus se-
quence: UGCUCUUUA), and differs only slightly from �
boxA (33). The boxA element is specifically recognized by
the NusB:NusE heterodimer (35), with NusE being the ac-
tive AT component while NusB acts as loading factor for
NusE (13,36). boxB is neither a consensus sequence nor re-
quired for rrn AT, but has the potential to form an RNA
hairpin loop structure (33,34). Additionally, a linear, less
well characterized boxC element consisting of an alternat-
ing GU sequence can be found 3′ of boxA in the rrn leader
region or following boxB in lambdoid nut sites (33,34). Sim-
ilar to boxB, boxC is not necessary for rrn AT (33), but a
boxC element can also be found in other species such as
Mycobacterium tuberculosis, where it is part of a binding
site that is recognized by NusA (37).

In bacteria, long non-coding RNAs are target for Rho-
dependent termination. Thus, RNAP is modified at boxA
elements of the leader and the spacer region of rRNA oper-
ons to suppress Rho-dependent termination via assembly
of an rrn TAC that comprises at least NusA, NusB, NusE
and NusG (6,38,39). Complete rrn AT cannot be achieved
by using purified Nus factors in vitro (6), but cell extract
is able to stimulate rrn AT, and ribosomal protein S4 has
been identified as key player in rrn AT (40). Moreover, inosi-
tol monophosphatase SuhB (41) and translation-associated
heat shock protein YbeY (42) are suggested to contribute
to correct rRNA biosynthesis. Although AT has long been
the accepted role for Nus factors in rRNA synthesis, re-
cent studies suggest that the major role of the Nus factor-
and SuhB-modified EC in rRNA operons is to act as RNA
chaperone and to co-ordinate transcription with folding of
the 16S rRNA and processing by RNase III, ensuring the
proper production of 30S subunits (43). Thus, it is unclear
if the predominant role of SuhB and Nus factors is to stim-
ulate rrn AT or to function post-transcriptionally or if they
are essential for both activities as these are not mutually
exclusive. It is proposed that SuhB associates directly with
RNAP (44), maybe in a NusB-dependent manner (41), and
promotes RNA loop formation between elongating RNAP
and the boxA-bound NusB:NusE complex (41). To date, the
structural basis for proper rRNA synthesis ensured by Nus
and other factors remains elusive.

Here, we combined biochemical approaches with
solution-state nuclear magnetic resonance (NMR) spec-
troscopy to demonstrate that SuhB can indeed be part of a
Nus factor-, and optionally S4-, containing EC halted at
an rrn AT site. Although it is not yet clear if the resulting
complex is involved in AT or acts posttranscriptionally, we
will refer to it as rrn-TAC. We show that SuhB specifically

interacts with NusA-AR2, but that it also binds to RNA
as well as to RNAP. Moreover, our analyses reveal that
SuhB, RNAP �CTD and NusG-NTD share binding sites
on NusA-AR2, and that all three interactions release
autoinhibition of NusA, confirming NusA as central
regulator in transcription.

MATERIALS AND METHODS

Cloning and mutagenesis

The genes encoding SuhB and S4 were amplified from chro-
mosomal E. coli DNA by polymerase chain reaction using
the primers listed in Supplementary Table S1. Each gene
was cloned into a pETGB1a expression vector (provided by
Gunter Stier, EMBL Heidelberg, Germany) via BamHI and
NcoI restriction sites resulting in the recombinant plasmids
pETGB1a suhb and pETGB1a s4, respectively. The recom-
binant target proteins carry a hexa-histidine tag followed by
the B1 domain of streptococcal protein G (GB1) and a To-
bacco Etch Virus (TEV) cleavage site at their N-termini.

The gene coding for NusA lacking the AR2 do-
main (amino acids 1–426, NusA�AR2) was amplified from
pTKK19 NusA(1–495) (27) with primers listed in Sup-
plementary Table S1. The gene was cloned into a mod-
ified vector pET19b via NdeI and XhoI restriction sites
(pET19bmod nusA�AR2) so that the resulting fusion pro-
tein harbors a hexa-histidine tag followed by a TEV pro-
tease cleavage site at its N-terminus.

The exchange of D443 in NusA-AR2 by a cysteine was
done according to the QuickChange Site-directed Mutage-
nesis protocol from Stratagene (Stratagene, La Jolla, USA)
using pET19b nusA-AR2 (24) as template and primers
AR2-D443C-FW and AR2-D443C-RV (Supplementary
Table S1), resulting in pET19b nusA-AR2(D443C).

Gene expression and protein purification

Full length NusA was produced as described (27), as
was NusA-NTD (45), NusA-SKK (46), NusA-AR1-AR2
(20), NusA-AR2 (27), NusB (12), NusE�/B (12), NusG
(47), NusG-NTD (47), RNAP (48), �-, �-, �′-, �-subunit
(45) and RNAP �-CTD (20). The production and purifica-
tion of NusA-AR2D443C were the same as for NusA-AR2.

s4 was expressed in E. coli BL21 (� DE3) (Novagen,
Madison, USA) harboring the plasmid pETGB1a s4.
Lysogeny broth (LB) medium supplemented with 30 �g/ml
kanamycin was inoculated with a preculture to an optical
density at 600 nm (OD600) of 0.2 and grown at 37◦C. At
an OD600 of 0.7 expression was induced by addition of 1
mM isopropyl �-D-1-thiogalactopyranoside (IPTG). Cells
were harvested 4 h after induction by centrifugation (6 000
× g, 10 min, 4◦C), resuspended in buffer S4-A (50 mM
tris(hydroxymethyl)aminomethane (Tris)/HCl, pH 7.5, 500
mM NaCl, 10 mM imidazole, 10% (v/v) glycerol, 2 mM
Dithiothreitol (DTT)), and lysed by a microfluidizer (Mi-
crofluidics, Newton, USA). Upon centrifugation (25 000
× g, 30 min, 4◦C) the supernatant was applied to a 5 ml
HisTrap HP chelating column (GE Healthcare, Chalfont St
Giles, UK), which was subsequently washed with buffer S4-
A. Elution was carried out via a step gradient with increas-
ing imidazole concentrations (10 mM–1 M in buffer S4-
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A). Fractions containing His6-Gb1-S4 were combined and
cleaved during overnight dialysis against buffer S4-B (50
mM Tris/HCl, pH 7.5, 400 mM NaCl, 10 mM imidazole,
10% (v/v) glycerol, 2 mM DTT; molecular weight cut-off
(MWCO) 3 500 Da) at 4◦C by TEV protease. The dialysate
was applied to a 5 ml HisTrap HP chelating column con-
nected to a 5 ml Heparin HP column (GE Healthcare,
Munich, Germany). After washing with buffer S4-A, the
HisTrap HP chelating column was removed and the Hep-
arin HP column was eluted with a constant gradient from
400 mM to 1 M NaCl in buffer S4-A. Fractions contain-
ing pure S4 were combined, dialysed against 50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer, pH 7.0,
300 mM NaCl, 150 mM D-glucose, 2 mM DTT (MWCO
3 500 Da) at 4◦C, concentrated by ultrafiltration (MWCO
3 000 Da), shock frozen in liquid nitrogen, and subsequently
stored at −80◦C.

Expression of suhb was carried out in E. coli Rosetta
(� DE3) plysS (Novagen, Madison, USA) containing
pETGB1a suhb. The procedure was the same as for s4, ex-
cept that LB medium was supplemented with 34 �g/ml
chloramphenicol in addition to 30 �g/ml kanamycin. Fur-
thermore, 0.5 mM IPTG was used for induction and cells
were resuspended in buffer SuhB-A (50 mM Tris/HCl, pH
7.5, 150 mM NaCl, 0.5 mM phenylmethane sulfonyl fluo-
ride (PMSF)). Cell lysis and protein purification were anal-
ogous to the procedures described for S4, with buffers as
follows. Elution of the first Ni affinity chromatography was
performed with a step gradient from 0 to 500 mM imida-
zole in buffer SuhB-A. Subsequent dialysis and cleavage by
TEV protease was carried out in buffer SuhB-B (50 mM
Tris/HCl, pH 7.5, 150 mM NaCl). The target protein was
eluted from the Heparin HP column via a constant gradient
with increasing NaCl concentration (150 mM–1 M NaCl
in buffer SuhB-B). Pure SuhB was finally dialysed against
50 mM Tris/HCl, pH 7.5, 500 mM NaCl, 10% (v/v) glyc-
erol, 2 mM DTT (MWCO 10 000 Da). Analytical gel fil-
tration on a Superdex 75 10/300 GL column (GE Health-
care, Munich, Germany) showed that the protein existed as
monomer in solution.

NusA�AR2 was produced in E. coli BL21 (� DE3) har-
boring the plasmid pET19bmod nusA�AR2. The expres-
sion procedure resembled the expression of the s4 gene,
with exception that the LB medium was supplemented with
100 �g/ml ampicillin. For purification, cells were resus-
pended in buffer NusA�AR2-A (20 mM Tris/HCl, pH 7.9,
500 mM NaCl, 5 mM imidazole, 1 mM �-mercaptoethanol
(�-ME)). Cell lysis and the first step of protein purification
(Ni affinity chromatography) were analogous to the proce-
dures described for S4, with a step gradient of 5 mM–1 M
imidazole in buffer NusA�AR2-A. After cleavage by TEV
protease during overnight dialysis at 4◦C against buffer
NusA�AR2-B (20 mM Tris/HCl, pH 8.0, 1 mM �-ME)
(MWCO 10 000 Da) the protein solution was applied to a
HisTrap HP chelating column coupled to a QXL column
(GE Healthcare, Chalfont St Giles, UK). The target protein
was eluted from the QXL column via a constant gradient
with increasing NaCl concentration (150 mM–1 M NaCl in
buffer NusA�AR2-B). Pure NusA�AR2 was dialysed against
50 mM MOPS, pH 7.0, 300 mM NaCl, 150 mM D-glucose, 2
mM DTT (MWCO 3 500 Da) at 4◦C, concentrated by ultra-

filtration (MWCO 10 000 Da), shock frozen in with liquid
nitrogen and stored at −80◦C.

Quality control of recombinant proteins

The purity was checked by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), the absence of
nucleic acids by recording UV/visible spectra on a Nan-
odrop ND-100 spectrometer (PEQLAB, Erlangen, Ger-
many) from 220 to 600 nm and calculating the ratio of
the absorbance at 260 and 280 nm. Concentrations were
determined by measuring the absorbance at 280 nm in a
10 mm quartz cuvette (Hellma, Müllheim, Germany) on a
Biospectrometer basic (Eppendorf, Hamburg, Germany).
The identitiy of SuhB and S4, respectively, was checked
by peptide mass finger printing (Department of Biochem-
istry, University of Bayreuth, Germany). Homogeneity was
ensured by analytical gel filtration on a Superdex 75 or
a Superdex 200 10/300 GL column (GE Healthcare, Mu-
nich, Germany). The folding state was assessed by circular
dichroism (CD) spectroscopy (1 mm quartz cuvette; J-1100,
JASCO, Pfungstadt, Germany) as well as one dimensional
(1D) 1H-NMR spectra in the case of S4 and SuhB.

RNA synthesis and purification

rrnG RNA was produced via T7 RNAP-based in vitro tran-
scription using T7 RNAP variant P226K (T7 RNAPP226K)
to enhance transcription efficiency. The rrnG DNA tem-
plate was chemically synthesized (metabion, Planegg, Ger-
many) and contained a T7 promoter, a GGG sequence
at the transcription start site to enhance transcription ef-
ficiency, and the gene coding for rrnG RNA comprising
boxA, boxB, and boxC (Supplementary Table S1). Tran-
scription reactions were performed in 40 mM Tris/HCl,
pH 8.1, 5 mM DTT, 1 mM spermidine, 28 mM MgCl2,
8% (w/v) polyethylene glycol (PEG) 8 000, 0,01% (v/v)
Triton X-100 containing 100 �M rrnG DNA template, 4
mM NTPs (ATP, GTP, UTP, CTP) and 100 �g/ml T7
RNAPP226K at 37◦C for 4 h. Afterward, the reaction was
stopped via addition of ethylenediaminetetraacetic acid
(EDTA) to a final concentration of 66.8 mM and an ethanol
precipitation was performed. The rrnG RNA was purified
via a preparative 20% acrylamide/8 M urea PAGE and sub-
sequent electro elution. The RNA was dialyzed against wa-
ter, concentrated, lyophilized and stored at −80◦C.

Isotopic labeling of proteins
15N-labeled proteins were produced by growing E. coli cells
in M9 medium (49,50) containing (15NH4)2SO4 (Cortec-
Net, Voisins-Le-Bretonneux, France). For the production
of perdeuterated proteins, E. coli cells were grown in M9
medium (49,50) prepared with increasing amounts of D2O
(25% (v/v), 50% (v/v), 99.9% (v/v) D2O; Eurisotop, Saint-
Aubin, France) with d7-glucose as carbon source. Site-
specific [1H,13C]-labeling of Ile, Leu and Val methyl groups
([I,L,V]-labeling) in perdeuterated proteins was performed
according to published protocols (51), i.e. expression was
carried out as described for the production of perdeuterated
proteins, but 60 mg/l 2-keto-3-d3–4-13C-butyrate and 100
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mg/l 2-keto-3-methyl-d3–3-d1–4-13C-butyrate (both from
Eurisotop, St. Aubin Cedex, France) were added 1 h prior
to induction. Expression and purification were as described
for the production of unlabeled proteins.

NMR experiments

NMR experiments were carried out on Bruker Avance 700
MHz, Bruker Ascend Aeon 900 MHz and Bruker Ascend
Aeon 1 000 MHz spectrometers, equipped with cryogeni-
cally cooled inverse triple resonance probes. Data was pro-
cessed using in-house routines. Two dimensional (2D)/three
dimensional (3D) spectra were visualized and analysed
by NMRViewJ (One Moon Scientific, Inc., Westfield, NJ,
USA), 1D spectra by MatLab (The MathWorks, Inc., Ver-
sion 7.1.0.183). Assignments for the backbone amide res-
onances of NusA-AR2 (20), NusA-AR1-AR2(20), NusA-
SKK (24) and �CTD (24) were taken from previous studies,
the assignment of methyl group signals in full length NusA
were adapted from the assignments of individual domains
(20,24,52).

All spectra were recorded at 298 K with an initial sample
volume of 250 �l, if not stated otherwise. Proteins were in
50 mM MOPS, pH 7.0, 300 mM NaCl, 150 mM D-glucose,
10 mM MgCl2, 2 mM DTT, which was prepared with either
H2O for 15N- and 2H,15N-labeled samples or 99.9% D2O for
[I,L,V]-labeled proteins. 1D spectra and signal intensities of
2D spectra were normalized by protein concentration, num-
ber of scans, and length of the 90◦ proton pulse; the receiver
gain was kept constant.

The SuhB binding surface of NusA-AR2 was determined
by analyzing the signal intensity in all titration steps of
2D spectra quantitatively. For each titration step the ratios
of remaining signal intensities and signal intensities in the
spectrum of the free, labeled protein were calculated, yield-
ing relative signal intensities. The mean value of all relative
signal intensities in each titration step was determined and
thresholds were defined at 1 and 1.5� of the mean value.
Residues with relative signal intensities below these thresh-
olds were classified as moderately or strongly affected, re-
spectively.

Chemical shift changes in methyl-transverse relaxation-
optimized spectroscopy (TROSY)-based interaction stud-
ies were in the fast regime on the chemical shift timescale
and thus analysed by calculating the normalized chemical
shift perturbation (�	norm) according to equation (1) for
[1H,13C] correlation spectra.

�δnorm =
√(

�δ1H
)2 + [

0.25 · (�δ13C
)]2

(1)

where �	 is the resonance frequency difference in ppm.
Leu and Val residues were considered as affected if at

least one of the two signals showed a �	norm ≥0.04 ppm
and only unambiguously assigned signals were used in the
analysis. Affected residues were mapped on the 3D structure
of NusA with the complete amino acids being highlighted
instead of only the methyl group to improve visualization.

Analytical size exclusion chromatography

Analytical size exclusion chromatography on a Superdex
200 Increase 10/300 GL column (GE Helathcare, Munich,

Germany) was used to study interactions. Stock solutions of
proteins and/or nucleic acids were combined to yield mix-
tures of equimolar concentration (50 �M of each compo-
nent; in mixtures containing TACs each component was
present at 21 �M). The sequence of the random RNA is
given in Supplementary Table S1. 100 �l of the mixtures
were incubated for 15 min at room temperature, loaded on
the column and chromatographed at 0.3 ml/min at room
temperature. 0.5 ml fractions were collected and analyzed
by SDS-PAGE (17% PA gels) after trichloracetic acid pre-
cipitation or urea PAGE (20% PA gels, 8 M urea) to reveal
protein and nucleic acid contents, respectively. The iden-
tities of S4 and SuhB were checked by peptide mass fin-
ger printing (Department of Biochemistry, University of
Bayreuth, Germany). Proteins were in 50 mM Na phos-
phate buffer, pH 7.0, 75 mM NaCl, 150 mM D-glucose, 2
mM DTT. Quantitative analysis of the PA gels was carried
out using the Image Lab Software (Bio-Rad Laboratories,
Version 5.2.1).

rrnG-TAC assembly

Assembly of the rrnG-TAC and design of the nucleic
acids were based on published methods (53). First, an
RNA:DNA-hybrid was formed from the template (T) DNA
and the RNA (Supplementary Table S1). The stock so-
lution of T DNA (1 mM and in H2O) was diluted with
TAC buffer (50 mM Na phosphate buffer, pH 7.0, 75 mM
NaCl, 150 mM D-glucose, 2 mM DTT) by 1:1 and mixed
with RNA at an equimolar ratio. The mixture was incu-
bated for 1 min at 95◦C, then for 10 min at 70◦C, and fi-
nally cooled to room temperature within 15 min. RNAP
(typically at 50–100 �M) was added at 1.2 molar excess
over the hybrid, followed by 10 min incubation at room
temperature. Finally, the non-template (NT) DNA strand
(Supplementary Table S1; 1 mM stock solution in H2O; di-
luted 1:2 with TAC buffer) was added at a molar ratio of
1:1.2:3 (T-DNA/RNA-hybrid:RNAP:NT-DNA) and incu-
bated for 10 min at 37◦C.

Fluorescence anisotropy

For fluorescence anisotropy measurements, NusA-
AR2D443C was site-specifically labeled with fluorescein-
5-maleimide (ThermoFisher Scientific, Waltham, USA)
according to the manufacturer’s protocol. In brief, 25 �M
NusA-AR2D443C were incubated with 750 �M fluorescein-
5-maleimide at 4◦C overnight (labeling buffer: 20 mM Na
phosphate, pH 7.0, 150 mM NaCl). The solution was then
applied to a PD MiniTrap Sephadex G-25 gravity column
(GE Healthcare, Munich, Germany) equilibrated with
fluorescence buffer (50 mM MOPS, pH 7.0, 300 mM NaCl,
150 mM glucose, 5 mM DTT) and eluted with fluorescence
buffer to remove non-reacted fluorescein-5-maleimide and
to exchange labeling buffer by fluorescence buffer. Finally,
the degree of labeling and the protein concentration were
determined by UV/vis spectroscopy on a Nanodrop
ND-1000 spectrometer (PEQLAB, Erlangen, Germany).

For the titration of NusA-AR2D443C with SuhB individ-
ual 100 �l samples were prepared for each titration step,
each containing 25 nM labeled NusA-AR2D443C and in-
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creasing concentrations of SuhB up to 600 �M. Measure-
ments were done in black, sterile 96-well microtiter plates
(Brand, Wertheim, Germany) at 25◦C on a Synergy 2 mi-
croplate reader (BioTek, Winooski, USA). Both proteins
were in fluorescence buffer. Four independent measure-
ments were carried out per titration step and the anisotropy
values were averaged. The mean values were plotted against
the SuhB concentration. The data was fitted to a two-
component binding equation describing the binding equi-
librium of a 1:1 binding system to determine the KD value
(54).

Docking

The complex of NusA-AR2 and SuhB was modeled with
the HDOCK server (55) using data from the [1H,15N]-
heteronuclear single quantum coherence (HSQC) titration
of 15N-NusA-AR1-AR2 with SuhB as restraints. Thus,
residues 461, 464, 465, 483, 486, 490 and 491 were defined
as binding site residues. Model 1 of the NMR ensemble of
NusA-AR2 (PDB ID: 1WCN) and chain A of the crystal
structure of SuhB (PDB ID: 2QFL) were used as input.

Programs

The PyMOL Molecular Graphics System (Version 1.7,
Schrödinger, LLC.) was used for the graphical representa-
tion of protein structures.

RESULTS

SuhB integrates into a Nus factor-containing rrn-TAC

SuhB is suggested to be part of the rRNA biosynthesis ma-
chinery, and thus we probed SuhB interactions in a TAC
that is halted at an rrn AT site and that harbors all Nus
factors by analytical gel filtration using a Superdex 200 col-
umn. We produced RNAP, NusA, NusE:NusB, NusG and
SuhB recombinantly in E. coli and generated an rrnG RNA
(68 nucleotides) containing linear boxA and boxC elements
as well as a boxB hairpin (Supplementary Figure S1A) by
in vitro transcription. We used a NusE variant lacking the
ribosome binding loop (NusE�) in complex with NusB to
increase its stability (13) in all interaction studies. SuhB ex-
isted as monomer in solution. To check the integrity of the
rrnG RNA we tested its ability to bind to a NusE�:NusB
heterodimer. The NusE�:NusB complex and rrnG RNA
were mixed in equimolar concentration and NusE�:NusB
coeluted with the RNA (Supplementary Figure S1B), in
agreement with previous findings (12,13,35). Next we as-
sembled a Nus factor- and SuhB-containing TAC resting
at the rrnG AT site (rrnG-TAC). In brief, an EC was as-
sembled using a nucleic acid scaffold (Supplementary Fig-
ure S1A, for details see Materials and Methods) that was
subsequently incubated with all Nus factors and SuhB. All
transcription factors coeluted with RNAP and the rrnG
RNA (Figure 1A), demonstrating that all components form
a complex. However, quantitative analysis revealed that,
in contrast to NusA, NusE�:B, and NusG, only ∼20% of
SuhB coeluted with the rrnG-TAC, indicating that the affin-
ity of SuhB for the rrnG-TAC is lower than that of the
Nus factors. To identify relevant interactions of SuhB in

this complex we tested binary systems by mixing SuhB with
NusA, NusE�:NusB, NusG, RNAP, or RNA in a 1:1 mo-
lar ratio (Figure 1B and Supplementary Figure S1C–F).
Among the Nus factors SuhB coeluted only with NusA, in-
dicating a direct interaction between them (Figure 1B). Us-
ing a NusA variant lacking the AR2 domain (NusA�AR2)
shows that the SuhB:NusA interaction depends on the pres-
ence of AR2 as NusA�AR2 and SuhB eluted separately
(Figure 1C). However, a SuhB- and Nus factor-containing
rrnG-TAC could still form when NusA�AR2 was used in-
stead of full length NusA (Figure 1D), suggesting that the
SuhB:NusA-AR2 interaction is dispensable for SuhB inte-
gration if all components are present simultaneously. SuhB
also coeluted with rrnG RNA (Figure 1E) indicating a di-
rect SuhB:rrnG interaction, in agreement with the sugges-
tion that SuhB functions as RNA chaperone and supports
RNA loop formation during RNA maturation (41). To test
if SuhB exhibits specificity toward rrnG RNA a random
RNA was analysed. The elution profiles of SuhB and the
random RNA overlapped when run separately, but they
were not altered at all when the 1:1 mixture was applied
to the column (Supplementary Figure S1E), indicating that
SuhB might specifically recognize rrnG RNA. This finding
should, however, be corroborated by an orthogonal tech-
nique. Finally, no stable SuhB:RNAP complex could be de-
tected (Supplementary Figure S1F).

Ribosomal protein S4 also contributes to rrn AT (40)
and, indeed, it coeluted with RNAP, rrnG RNA, all Nus
factors, and SuhB when all components were present in
equimolar concentration (Figure 1F), indicating integra-
tion of S4 into a Nus factor- and SuhB-modified rrnG-
TAC. As observed for SuhB, only a fraction of S4 (∼25%)
coeluted with the rrnG-TAC, suggesting that its affinity for
the rrnG-TAC is also lower than that of the Nus factors. A
direct interaction between SuhB and S4 could not be de-
tected (Supplementary Figure S1G).

SuhB binds directly to NusA-AR2

We next aimed to corroborate the finding that SuhB di-
rectly interacts with NusA-AR2 by solution-state NMR
spectroscopy. The addition of full length NusA to 15N-
labeled SuhB led to a significant decrease of SuhB signal
intensity in the 1D [1H,15N]-heteronuclear single quantum
coherence (HSQC) spectrum (Supplementary Figure S2A).
The high transversal relaxation rate of the spins of NusA
(54.9 kDa) strongly affects magnetization transfer efficiency
upon binding, which results in line broadening and thus
ultimately in a decrease of signal intensity. Consequently,
the loss of 15N-SuhB signal intensity suggests a direct
SuhB:NusA interaction. Titrations of 15N-NusE�:NusB,
15N-NusB and 15N-NusG with SuhB demonstrated no
interaction (Supplementary Figure S2B–D), all in agree-
ment with our gel filtration data. To identify the NusA
domain that binds to SuhB, 15N-NusA-NTD, 15N-NusA-
SKK and 15N-NusA-AR1-AR2 were titrated with SuhB
and 2D [1H,15N]-HSQC spectra were recorded after each
step (Figure 2A, B and Supplementary Figure S2E,F). In
the presence of SuhB significant changes were only observ-
able in the spectrum of 15N-NusA-AR1-AR2. The chemi-
cal shift perturbations were small, but the intensity of sev-
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Figure 1. Interaction studies. Analyses of analytical size exclusion chromatography runs by Coomassie-stained SDS-PAGE (proteins, in color) and Tolui-
dine blue-stained urea-PAGE (RNA, in grayscale), monitoring interactions between SuhB, NusA, NusE�/B, NusG and the rrnG-TAC (A), SuhB and NusA
(B), SuhB and NusA�AR2 (C), SuhB, NusA�AR2, NusE�/B, NusG and the rrnG-TAC (D), SuhB and rrnG RNA (E), and SuhB, S4, NusA, NusE�/B,
NusG and the rrnG-TAC (F). Mixtures loaded for each run are indicated in the boxes above the gels. The left lane shows the marker (SDS-PAGE standard
low range, BioRad). Molecular weights (MW) are indicated on the left, bands are identified on the right or between two gels, and complexes formed are
given below the gels. Gels are representative examples of at least two repetitions.

eral signals decreased dramatically, indicating intermediate
chemical exchange on the NMR time scale. Plotting the rel-
ative signal intensity of 15N-NusA-AR1-AR2 in the pres-
ence of 0.5 equivalents of SuhB against the NusA-AR1-
AR2 amino acid position clearly shows that only the in-
tensity of signals corresponding to the NusA-AR2 domain
were affected (Figure 2C), suggesting that SuhB specifically
recognizes and interacts with NusA-AR2, consistent with
the results of the analytical gel filtration.

Mapping of the affected residues on the structure of
NusA-AR2 reveals that they form a continuous patch at

the C-terminal part of NusA-AR2, involving helices �3, �4,
�5 and the loops connecting these helices (Figure 2D). The
electrostatic surface potential of NusA-AR2 is mostly nega-
tive, whereas SuhB exhibits an extensive positively charged
area, a large negatively charged region, and a mostly hy-
drophobic patch, the latter constituting the dimerization in-
terface (Supplementary Figure S3A, B). Based on the af-
fected residues in NusA-AR2 a docking model was gener-
ated without conformational rearrangements. In the lowest
energy model NusA-AR2 binds to the positively charged
area of SuhB via helices �3 and �5, positioning NusA-AR2
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Figure 2. SuhB interacts with NusA-AR2. (A and B) 2D [1H,15N]-HSQC spectra of the titration of 125 �M 15N-NusA-AR1-AR2 with SuhB. Spectra
corresponding to molar ratios 1:0, 1:0.5, 1:1, 1:2 are in black, orange, cyan and red, respectively (stock concentration of SuhB: 471 �M). The dashed
box in (A) indicates the section as in (B). Selected signals are labeled. (C) HSQC-derived relative intensity of NusA-AR1-AR2 in the presence of 0.5
equivalents of SuhB. Orange and red lines indicate thresholds for moderately (1 � of average relative signal intensity) and strongly (1.5 � of average
relative signal intensity) affected signals, respectively. Disappearing signals are indicated by red dots, crosses mark not assigned residues. (D) Model of the
SuhB:NusA-AR2 complex. The model was generated with HDOCK using the chemical shift perturbations of the [1H,15N]-HSQC titration as restraints
for NusA-AR2. The model with the lowest HDOCK score is depicted. SuhB (PDB ID: 2QFL), blue, and NusA-AR2 (PDB ID: 1WCN), gray, are in ribbon
representation. Affected residues from (C) are mapped on NusA-AR2 (moderately affected residues, orange; strongly affected residues, red). Termini and
secondary structure elements are labeled. Panels show the surface representations of SuhB colored according to its electrostatic surface potential (left) and
NusA-AR2 colored as in the complex (right).

opposite the dimerization interface of SuhB (Figure 2D).
NusA-AR2 residues W490 and F491 located in helix �5
pack against the hydrophobic, C-terminal part of SuhB he-
lix �6.

The KD of the SuhB:NusA-AR2 interaction was deter-
mined by fluorescence anisotropy measurements. For this,
D443 in the isolated NusA-AR2 domain, which is located

in helix �2 and thus opposite the SuhB binding site, was
exchanged by a Cys residue, resulting in NusA-AR2D443C.
This NusA-AR2 variant was site-specifically labeled with
fluorescein-5-maleimide and titrated with SuhB (Supple-
mentary Figure S3C), yielding a KD of 83 ± 4 �M. This
rather low affinity may be a result of the high salt concen-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gkz442/5498616 by guest on 03 June 2019

69



8 Nucleic Acids Research, 2019

tration that had to be present in the buffer to avoid precipi-
tation of SuhB in the stock solution.

SuhB, NusG-NTD and �CTD share binding sites on NusA-
AR2

In free NusA the AR2 domain binds to the KH1 domain
of the SKK motif, preventing RNA binding by NusA-
SKK and rendering NusA autoinhibited (24–26). This au-
toinhibition can be relieved by the �CTD of RNAP as
NusA-SKK and �CTD share binding sites on NusA-AR2
(24). NusA-AR2, however, can also bind to NusG-NTD,
an interaction that might be involved in the regulation of
Rho-dependent termination or in the recruitment of NusG
(27). The binding sites for both NusG-NTD and �CTD
on NusA-AR2 involve the C-terminal helix �5 (Supple-
mentary Figure S4). Interestingly, the SuhB binding site of
NusA-AR2 also overlaps with the binding sites for �CTD
and NusG-NTD (Supplementary Figure S4). All interac-
tions are specific for NusA-AR2 and involve helix �5 of
NusA-AR2 with residues W490 and F491 being key deter-
minants (Figure 2C, (24,27)).

To test if interactions of NusA-AR2 with SuhB and
�CTD are competitive, we carried out 2D [1H,15N]-
HSQC-based displacement experiments with spectra be-
ing recorded after each titration step. First, NusA-AR2
was added in equimolar concentration to 15N-�CTD, re-
sulting in chemical shift changes corresponding to 15N-
�CTD:NusA-AR2 complex formation (Figure 3A,B), in
agreement with previous findings (24). Subsequent titra-
tion with SuhB reversed the chemical shift changes (Fig-
ure 3A, B), confirming that SuhB displaces the �CTD from
NusA-AR2. A reverse displacement experiment was per-
formed (Figure 3C, D) where NusA-AR2 was added to
2H,15N-SuhB in a 1:1 molar ratio, leading to chemical shift
perturbations indicating complex formation. Addition of
the �CTD reversed those changes, demonstrating the dis-
placement of SuhB from NusA-AR2. The mutual displace-
ment of SuhB and �CTD from NusA-AR2 indicates similar
affinities for the SuhB:NusA-AR2 and the �CTD:NusA-
AR2 interactions, suggesting that both are physiologically
relevant.

SuhB, NusG-NTD and �CTD can release autoinhibition of
NusA

The �CTD is able to release autoinhibition of NusA by
removing NusA-AR2 from NusA-SKK (24–26). Thus, we
probed if NusG-NTD and SuhB have the same capability
by NMR-based displacement experiments. We first titrated
2H,15N-labeled NusA-SKK with NusA-AR2 and recorded
[1H,15N]-band-selective excitation short-transient trans-
verse relaxation-optimized spectroscopy (BEST-TROSY)
spectra after each titration step to determine the chemi-
cal shift perturbations caused by binding of NusA-AR2 to
the NusA-SKK domain (Figure 4A), which were in agree-
ment with previous data (24). Addition of NusG-NTD
to the preformed 2H,15N-NusA-SKK:NusA-AR2 complex
led to partial reversal of all shifts, indicating displacement of
NusA-AR2 from NusA-SKK (Figure 4B). Similarly, SuhB
was able to displace NusA-AR2 from NusA-SKK (Figure
4C).

The interaction probability of NusA-AR2 with NusA-
SKK may, however, be higher in full length NusA as the
domains are covalently connected resulting in a higher lo-
cal concentration. Thus, we repeated the displacement ex-
periments in the context of the full length protein. Due to
the high molecular mass of the system we used 1H,13C-
labeled methyl groups of Ile, Leu, and Val residues in a
perdeuterated background as NMR-active probes ([I,L,V]-
NusA). SuhB was titrated to [I,L,V]-NusA and methyl-
TROSY spectra were recorded after each titration step (Fig-
ure 5A,B). Normalized changes of the chemical shifts were
calculated to identify affected residues (Supplementary Ta-
ble S2), which were then mapped on the three dimensional
structure of NusA (Figure 5C). Affected residues can only
be found in the C-terminal region of NusA-AR2 and the �-
sheet of the NusA-KH1 subdomain, indicating that SuhB
is able to release NusA autoinhibition as KH1 is the bind-
ing site for the AR2 domain in autoinhibted NusA (24) and
the C-terminal region of NusA-AR2 is the binding site for
SuhB (see Figure 2D). This finding corroborates our gel
filtration data as SuhB is able to interact with NusA even
in the absence of any other factors (Figure 1B). Similarly,
NusG-NTD (Supplementary Table S3 and Supplementary
Figure S5) and the �CTD (Supplementary Table S4 and
Supplementary Figure S6) can release the autoinhibition
of NusA. However, in the presence of the �CTD, several
residues in NusA-NTD are also strongly affected and form
a patch opposite the � flap tip helix binding site (Supple-
mentary Figure S6C), indicating that the �CTD can also
bind to NusA-NTD, in agreement with a cryo electron mi-
croscopy structure of NusA bound to a paused EC where
one �CTD is bound to NusA-AR2 and the other �CTD
interacts with NusA-NTD (18).

SuhB interacts weakly with RNAP

SuhB has been reported to associate with RNAP (44) and
the EC (41,56), but SuhB did not coelute with RNAP
alone in our gel filtration experiments (Supplementary Fig-
ure S1F). Nevertheless, we tested if SuhB can bind to
RNAP by solution-state NMR spectroscopy. We recorded
1D [1H,15N]-HSQC spectra of 15N-SuhB in the absence
and presence of RNAP (Supplementary Figure S7A). Ad-
dition of RNAP led to a significant decrease of 15N-SuhB
signal intensity due to enhanced magnetization relaxation
upon 15N-SuhB:RNAP complex formation. As binding of
SuhB to RNAP was not observable in the gel filtration ex-
periments we conclude that this interaction is only weak
and transient and may be not detectable in non-equilibrium
methods. To identify the interacting RNAP subunit we
added individual RNAP subunits to 15N-labeled SuhB and
recorded 1D or 2D [1H,15N]-HSQC spectra (Supplemen-
tary Figure S7B–E). The spectrum of 15N-SuhB was only
significantly affected in the presence of the � or the �’ sub-
unit, suggesting that SuhB might interact with either or
both simultaneously.

DISCUSSION

Nus factors and their role in the proper expression of rRNA
have been studied for a long time. rrn AT is a documented
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Figure 3. The �CTD and SuhB share binding sites on NusA-AR2. (A and B) [1H,15N]-HSQC displacement of NusA-AR2 from 15N-�CTD by SuhB.
15N-�CTD:NusA-AR2:SuhB = 1:0:0, black; = 1:1:0, orange; = 1:1:1, cyan; = 1:1:2, purple; = 1:1:5, yellow; = 1:1:10, red. Initial concentration of 15N-
�CTD: 200 �M; stock concentrations of NusA-AR2 and SuhB were 941 �M and 597 �M, respectively. The dashed box in (A) indicates the section as in
(B). In (B), selected signals are labeled and arrows show the changes in their chemical shifts upon addition of NusA-AR2 (orange) and SuhB (red). (C and
D) [1H,15N]-BEST-TROSY displacement of NusA-AR2 from 2H,15N-SuhB by �CTD. 2H,15N-SuhB:NusA-AR2:�CTD = 1:0:0, black; = 1:1:0, orange;
= 1:1:1, cyan; = 1:1:2, purple; = 1:1:5, red. Initial concentration of 2H,15N-SuhB: 250 �M; stock concentrations of NusA-AR2 and �CTD were 759 and
793 �M, respectively. The dashed box in (C) indicates the section as in (D). In (D), arrows show the changes in the chemical shifts of selected signals upon
addition of NusA-AR2 (orange) and �CTD (red).

activity of an rrn-TAC that comprises minimally RNAP,
Nus factors and nucleic acids (6). Highly efficient rrn AT,
however, cannot be achieved by this ‘minimal’ rrn-TAC, but
rrn AT is strongly stimulated in the presence of cell extract
(6), indicating that additional factors are involved. There is,
for example, solid evidence that ribosomal protein S4 plays
a central role in rrn AT (40). Despite some functional simi-
larities of �N-dependent and rrn AT (38,57), no central un-
structured component such as �N has yet been identified in
rrn AT. Inositol monophosphatase SuhB and translation-
associated heat shock protein YbeY are also involved in
rRNA biosynthesis (41,42).

Here, we show that SuhB can form a complex with a
Nus factor-containing TAC halted at an rrnG AT site with
the RNA harboring boxA, boxB and boxC motifs (Fig-
ure 1A). This finding is in agreement with in vivo exper-

iments showing that a boxA element and Nus factors re-
cruit SuhB, which then remains associated with RNAP
throughout transcription of rRNA (41). S4 is involved in
rrn AT (40), and we demonstrate that SuhB can also be in-
tegrated into a Nus factor- and S4-containing rrnG-TAC,
but S4 interactions within this complex remain elusive (Fig-
ure 1F). We studied the interactions of SuhB with all com-
ponents in this complex and found that SuhB directly in-
teracts with the AR2 domain of NusA, but highly likely
with no other Nus factor or S4 (Figures 1 and 2 and Sup-
plementary Figures S1 and S2). E. coli SuhB has an inosi-
tol monophosphatase activity, which it exerts––unlike other
inositol monophosphatases––as monomer, although it can
occur in a monomer-oligomer equilibrium in solution (58).
In our experiments SuhB exists as monomer, indicating that
SuhB performs its function as transcription factor in its
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Figure 4. NusG-NTD and SuhB displace NusA-AR2 from NusA-SKK. (A) Interaction of NusA-SKK with NusA-AR2. [1H,15N]-BEST-TROSY spectra
of the titration of 175 �M 2H,15N-NusA-SKK with NusA-AR2. NusA-AR2 was added in a molar ratio of 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, purple;
1:3, yellow; 1:5, red. The dashed box in the top panel indicates the section shown in the bottom panel. Selected signals are labeled and the changes in
their chemical shifts are indicated by arrows. (B) [1H,15N]-BEST-TROSY displacement experiment of NusA-AR2 from 2H,15N-NusA-SKK by NusG-
NTD. 2H,15N-NusA-SKK: NusA-AR2:NusG-NTD = 1:0, black; = 1:5, orange; = 1:5:1, cyan; = 1:5:2, purple; = 1:5:5, yellow; = 1:5:10, red. Initial
concentration of 2H,15N-NusA-SKK: 200 �M; stock concentrations of NusA-AR2 and NusG-NTD were 941 and 1098 �M, respectively. The dashed box
in the top panel indicates the section as in the bottom panel. Selected signals are labeled and arrows show the changes in their chemical shifts upon addition
of NusA-AR2 (orange) and NusG-NTD (red). (C) [1H,15N]-BEST-TROSY displacement experiment of NusA-AR2 from 2H,15N-NusA-SKK by SuhB.
2H,15N-NusA-SKK: NusA-AR2:SuhB = 1:0, black; = 1:5, orange; = 1:5:1, cyan; = 1:5:2, purple; = 1:5:5, yellow; = 1:5:10, red. Initial concentration of
2H,15N-NusA-SKK: 200 �M; stock concentrations of NusA-AR2 and SuhB were 969 �M and 562 �M, respectively. The dashed box in the top panel
indicates the section as in the bottom panel. Selected signals are labeled and arrows show the changes in their chemical shifts upon addition of NusA-AR2
(orange) and SuhB (red).

monomeric state. As there is no requirement for an inositol
monophosphatase activity in E. coli (59), our findings sup-
port the proposal that widely conserved SuhB has two unre-
lated functions with gene regulation being the primary one
(41). The SuhB:NusA-AR2 interaction is dispensable for
SuhB integration into a Nus factor containing rrnG-TAC
if all components are present simultaneously (Figure 1D).
However, SuhB not only interacts with NusA-AR2, but it
also binds to rrnG RNA, in agreement with the finding that
it may act as RNA chaperone to support the formation of
RNA loops formation during RNA maturation (41). Fur-
thermore, NMR experiments indicated that SuhB can also
bind to RNAP (Supplementary Figure S7), although this
interaction is weak and transient as it was not observable
via gel filtration (Supplementary Figure S1F). It has been
reported previously that E. coli SuhB associates with elon-
gating RNAP (41) and binds to � factor-containing RNAP
(44) and that SuhB from Pseudomonas aeroguinosa asso-
ciates with RNAP in vivo (56), but nevertheless it remains
to be determined if the SuhB:RNAP interaction detected
via NMR spectroscopy is specific and of physiological rele-
vance.

Taking together all findings we suggest several functions
for the SuhB:NusA-AR2 interaction during rrn AT (Fig-
ure 6). First, it may be involved in the assembly of the
rrn-TAC (Figure 6A). Although SuhB can be integrated
into a Nus factor-modified rrn-TAC in the absence of the
AR2 domain (Figure 1D), the SuhB:NusA-AR2 interac-
tion might, nevertheless, contribute to SuhB recruitment
if not all components are present at the same time, but if
the rrn-TAC is assembled in a stepwise manner, as known
from other TACs. The �N-dependent TAC, for example,
is assembled cooperatively and involves binary interactions
that are occasionally not stable when studied in isolation
(5,7). However, as SuhB binds to rrnG RNA we hypoth-
esize that the RNA:SuhB interaction is the key player in
SuhB recruitment, in agreement with reports that SuhB is
incorporated in a NusB/boxA-dependent manner (41). No
direct interaction between SuhB and NusB could be de-
tected in vitro (Supplementary Figures S1C and S2B), im-
plying that this dependence is most likely indirect. Alter-
natively, the SuhB:NusA-AR2 interaction could promote
the recruitment of other components of the rrn-TAC during
the stepwise assembly of the complex, e.g. the NusB:NusE
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Figure 5. SuhB releases autoinhibition of NusA. (A and B) [1H,13C]-methyl-TROSY spectra of the titration of 25 �M [I,L,V]-NusA with SuhB. SuhB was
added in a molar ratio of 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, purple; 1:3, yellow; 1:5, red (concentration of SuhB stock: 343 �M). The boxed region
in (A) indicates the section as in (B). Selected signals are labeled. (C) Structure of NusA in ribbon representation. Linker regions are indicated by dashed
lines. Ile, Leu, and Val residues with assigned methyl groups are shown as sticks with carbon atoms of the methyl groups as black spheres. If a methyl group
was affected upon addition of SuhB (�	norm ≥ 0.04 ppm) the whole residue was colored in red (see also Supplementary Table S2). PDB IDs: NusA-NTD:
2KWP, SKK-AR1: 5LM9, NusA-AR2: 1WCN.

Figure 6. Scheme of the possible functions of the SuhB:NusA-AR2 interaction during rrn AT. The SuhB:NusA-AR2 interaction may be involved in the
assembly of the SuhB- and Nus factor-containing rrn-TAC (A) or in suppressing Rho-dependent termination by repositioning of NusA (B). SuhB (blue)
is depicted in surface, NusA-AR2 (green) in ribbon representation. Important binding sites on RNAP are highlighted in ribbon representation. The solid
arrow in (A) illustrates the �CTD:NusA-AR2 interaction and thus the competition of the �CTD and SuhB for NusA-AR2, the dashed arrow in (B)
indicates the putative SuhB:RNAP interaction. �-FTH: � flap tip helix, �’-CH: �’ clamp helices. PDB IDs: SuhB: 2QFL, NusA-AR2: 1WCN.
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heterodimer. The NusB:NusE complex binds specifically
to boxA (12,35), whereas the regions upstream and down-
stream of boxA constitute a binding site for NusA-SKK
(46). In a �N-dependent TAC NusA-SKK and NusB:NusE
can bind simultaneously to RNA (5,7) as the order of boxA
and boxB is reversed as compared to rRNA operons (33).
NusA is recruited early during transcription (60) and could
thus hinder the access of NusB:NusE to boxA via two ways:
(i) NusA could bind in its autoinhbited state to RNAP
via NusA-NTD, sterically blocking access to boxA, or
(ii) upon release of autoinhibition by the �CTD, NusA-
SKK could bind to the regions flanking boxA, masking the
NusB:NusE binding site. SuhB binds to rrnG RNA (Fig-
ure 1E), interacts with NusA-AR2 (Figure 2) and can even
release autoinhibition of NusA (Figure 5), and may conse-
quently alter the RNA binding properties of NusA. Thus,
the SuhB:NusA-AR2 interaction might affect the overall
conformation of NusA or directly the NusA-SKK:RNA in-
teraction in a way that removes NusA from boxA, allowing
recruitment of NusB:NusE. Finally, the SuhB:NusA-AR2
interaction may additionally stabilize the rrn-TAC during
processive AT. If the SuhB:NusA-AR2 interaction remains
stable throughout complete transcription of rRNA and if
SuhB establishes specific contacts with RNAP remains to
be determined.

Second, the SuhB:NusA-AR2 interaction could modify
RNAP into a termination-resistant state (Figure 6B) via dif-
ferent ways: (i) SuhB could affect the positioning of NusA
on RNAP. During elongation NusA-NTD interacts with
the � flap tip helix at the RNA exit channel while it is
concomitantly bound by one of the �CTDs (18). The sec-
ond �CTD interacts with NusA-AR2, tethering NusA to
the RNAP in a defined conformation with limited flexibil-
ity (18,46). As indicated by the displacement experiments
the affinity of the SuhB:NusA-AR2 and the NusA-AR2:
�CTD interaction is similar (Figure 3), and the concen-
tration of SuhB is approximately half the concentration
of RNAP molecules (61). Thus, SuhB might displace the
�CTD from NusA-AR2 and consequently change the con-
formation and consequently influence the positioning of
NusA, a principle reminiscent of �N-dependent AT (5,7).
How this rearrangement could contribute to suppressing
Rho-dependent termination remains elusive, although one
may speculate that NusA blocks accession of Rho to its re-
cruitment site on the RNA. (ii) SuhB itself could prevent
recruitment of Rho by interacting with RNA and thus ster-
ically blocking the Rho binding site of the RNA.

A recent study showed that Nus factors and SuhB can act
as RNA chaperones and suggested that this function may
be their major role at rRNA operons, ensuring the proper
folding of 16S RNA and thus being critical for the biogen-
esis of the 30S subunit (43). Our results demonstrate that
SuhB can be integrated into a Nus factor-containing rrn-
TAC, a complex that may be involved in rrn AT as well as
in post-transcriptional processes in rRNA biosynthesis. If
the SuhB:NusA-AR2 interaction is required for both RNA
chaperone and AT activity or just one of them needs to be
determined as does the question if further factors are in-
volved in rrn AT. More general, as boxA elements, which
recruit NusB:NusE, are widespread, the regulation by Nus
factors and SuhB may not be limited to rRNA operons, but

may play a role in the expression of many genes in diverse
bacterial species, including autoregulation of Nus factors
(62).

NusA-AR1 and NusA-AR2 share a high sequence iden-
tity of 31.5% and exhibit nearly identical structures (root
mean square deviation of main chain atoms: 1.2 Å) with
a very similar electrostatic potential surface (20). Never-
theless, SuhB exclusively recognizes NusA-AR2 (Figure 2).
This binding specificity can probably be attributed to the
presence of two residues in the C-terminal helix �5 of
NusA-AR2, W490 and F491. In NusA-AR1, a Leu (L414)
and an Ala (A415) residue can be found at corresponding
positions. NusG-NTD and the �CTD also specifically bind
to NusA-AR2 (24,27), while �N only interacts with NusA-
AR1 (20,22). The interaction surfaces on NusA-AR2 with
�CTD, NusG-NTD, and SuhB overlap and all involve he-
lix �5 (Supplementary Figure S4), in particular residues
W490 and F491. The NusA-AR2 domain constitutes the
very C-terminus of NusA and all domains are connected
via linkers conferring NusA high intramolecular flexibil-
ity. When attached to RNAP via NusA-NTD and to RNA
via NusA-SKK, the AR domains can still move virtually in-
dependently. This together with the high specificity suggests
that NusA-AR2 may serve as versatile and efficient recruit-
ment platform for various transcription factors in E. coli
and other � -proteobacteria. Upon recruitment, these fac-
tors may then be made available to interactions with other
factors or RNAP to be integrated into regulatory transcrip-
tion complexes. Moreover, NusA-AR2 shares some features
with the acidic activation domains (ADs) found in eukary-
otic transcription activators. Similar to NusA, these tran-
scription factors usually exhibit a modular structure, com-
prising at least one DNA binding domain and one AD, the
latter being essential for the interaction with other tran-
scription factors, RNAP or coactivators (63). Generally,
ADs show no apparent sequence conservation and are usu-
ally intrinsically disordered regions (IDRs) in the absence of
binding partners, but, like NusA-AR2, they interact with
structurally diverse binding partners (64). ADs are classi-
fied according to the preponderance of certain amino acids
with the so called acidic ADs containing clusters of nega-
tively charged amino acids (‘acidic blobs’) and consequently
a negative net charge (65,66). Although acidic ADs are en-
riched in acidic amino acids their interaction with binding
partners does usually not rely on these residues (67). In-
stead, specific recognition is mediated via short motifs of
bulky hydrophobic residues in the IDRs that are occasion-
ally presented on one side of one or two �-helices which
form in the presence of a binding partner (68–71). This
recognition mode is reminiscent of NusA-AR2 where W490
and F491, which are located on one side of helix �5 in
the mainly negatively charged domain, are the key deter-
minants for the interaction with SuhB, �CTD and NusG-
NTD.

Autoinhibition is an important regulatory mechanism
that is widespread in nature (72). Intramolecular interac-
tions between different regions of a polypeptide that may
even be coupled to conformational changes inhibit the func-
tion of at least one of these regions. This negative regula-
tion limits activation of the protein/enzyme to certain phys-
iological conditions and alters the activity of proteins in-
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volved in diverse cellular processes, ranging from transcrip-
tion factors (73) to E3 ubiquitin ligases (74) and protein
kinases (75). In NusA the AR2 domain binds to the KH1
domain of the RNA binding SKK motif, preventing RNA
binding and thus autoinhibiting NusA to allow context-
dependent RNA binding (24,25). NusA autoinhibition can
be released by the �CTD (24), NusG-NTD (27) and SuhB
that all bind to NusA-AR2 (Figure 5, Supplementary Fig-
ures S5 and S6). The ability of NusA-AR2 to specifically
recognize various other transcription factors and the fact
that these interactions can activate NusA underline the cen-
tral role of NusA in transcription regulation.
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Supplementary Table S 1: Oligonucleotides. 

            name sequence 5´-3´ source 

 Fw_suhB CATGCCATGGGAATGCATCCGATGCTGAACATC Biolegio, 
 Nijmegen, NL  Rv_suhB CGCGGATCCTTAACGCTTCAGAGCGTCGC 

 Fw_s4 CATATGGCAAGATATTTGGGTAAGC 
Purimex, 

 Grebenstein, D  Rv_s4 GGATCCTTACTTGGAGTAAAGCTCGACG 

 Fw_nusAΔar2 GGAATTCCATATGAACAAAGAAATTTTGGCTGTAGTTG Metabion, 
 Steinkirchen, D 

 
 Rv_nusAΔar2 CCGCTCGAGTTAACCGAGGCTTTCCTGGGC 

 AR2-D443C-FW CTTGAAGGGGTAGATCGTTGTTTGGCATTCAAACTGGCCG 

 AR2-D443C-RV CGGCCAGTTTGAATGCCAAACAACGATCTACCCCTTCAAG 

 Template_ 

 rrnG-RNA 

CCCACACAGATTGTCTGATAAATTGTTAAAGAGCAGTGCC
GCTTCGCTTTTTCTCAGCGGCGCGGCCCTATAGTGAGTCG
TATTA 

 T-DNA_TAC 
ATCCGTATCTTCGAGTGCCCACACAGATTGTCTCATAAAT
TGTTAAAGAGCAGTGCCGC 

 NT-DNA_TAC 
GCGGCACTGCTCTTTAACAATTTATCAGACTTGTCCACGC
TCGTCTCGAAGATACGGAT 

       random RNA UUUUUGAGUCUGCGGCGCGCG  
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Supplementary Table S2: Interaction of NusA with SuhB. Normalized chemical shift changes of 

assigned [I,L,V]-NusA methyl groups upon addition of SuhB (molar ratio 1:5). Residues were defined 

as affected if Δδnorm ≥ 0.04 (highlighted in grey). 

 

NusA domain amino acid number Δδnorm 

NTD 

  V9γ2 0.0219 
  I43δ 0.0032 
  L63δ1 0.0013 
  L63δ2 0.0020 
  V65γ1 0.0010 
  I75δ 0.0002 
  L87δ1 0.0014 
  I97δ 0.0074 

SKK 

  I150δ 0.0036 
  V179γ1 0.0000 
  V179γ2 0.0011 
  I211δ 0.0036 
  I221δ 0.0010 
  I236δ 3.3561 
  V238γ1 0.0022 
  V262γ1 0.0032 

AR1 

  I356δ 0.0295 
  L363δ1 0.0040 
  L363δ2 0.0020 
  I365δ 0.0045 
  V372γ1 0.0062 
  L373δ1 0.0044 
  L373δ2 0.0058 
  V374γ1 0.0094 
  L384δ1 0.0025 
  L384δ2 0.0068 
  L392δ2 0.0092 
  I395δ 0.0050 
  I417δ 0.0039 

AR2 

  L444δ1 0.0032 
  L444δ2 0.0036 
  V453γ2 0.0042 
  L456δ1 0.0027 
  L459δ2 0.0069 
  I464δ 0.0521 
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Supplementary Table S3: Interaction of NusA with NusG-NTD. Chemical shift changes of assigned 

[I,L,V]-NusA methyl groups upon addition of NusG-NTD (molar ratio 1:5). Residues were defined as 

affected if Δδnorm ≥ 0.04 (highlighted in grey). 

 

NusA domain amino acid number Δδnorm 

NTD 

 V9γ2 0.0200 
 I43δ 0.0049 
 L63δ1 0.0050 
 L63δ2 0.0066 
 V65γ1 0.0042 
 I75δ 0.0072 
 L87δ1 0.0042 
 I97δ 0.0055 

SKK 

 I150δ 0.0055 
 V179γ1 0.0063 
 V179γ2 0.0062 
 I211δ 0.0052 
 I221δ 0.0043 
 I236δ 3.3561 
 V238γ1 0.0051 
 V262γ1 0.0034 

AR1 

 I356δ 0.0046 
 L363δ1 0.0076 
 L363δ2 0.0008 
 I365δ 0.0017 
 V372γ1 0.0065 
 L373δ1 0.0080 
 L373δ2 0.0003 
 V374γ1 0.0082 
 L384δ1 0.0055 
 L384δ2 0.0010 
 L392δ2 0.0049 
 I395δ 0.0136 
 I417δ 0.0070 

AR2 

 L444δ1 0.0054 
 L444δ2 0.0067 
 V453γ2 0.0054 
 L456δ1 0.0057 
 L459δ2 0.0072 
 I464δ 0.0081 
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Supplementary Table S4: Interaction of NusA with RNAP α-CTD. Normalized chemical shift 

changes of assigned [I,L,V]-NusA methyl groups upon addition of RNAP α-CTD (molar ratio 1:5). 

Residues were defined as affected if Δδnorm ≥ 0.04 (highlighted in grey).  

 

NusA domain amino acid number Δδnorm 

NTD 

 V9γ2 0.0278 
  I43δ 3.4673 
  L63δ1 0.0062 

  L63δ2 5.4665 
  V65γ1 0.0105 
  I75δ 3.3834 
  L87δ1 0.0318 
  I97δ 3.3739 

SKK 

  I150δ 0.0060 
  V179γ1 0.0030 
  V179γ2 0.0050 
  I211δ 0.0052 
  I221δ 0.0044 
  I236δ 0.0117 
  V238γ1 0.0089 
  V262γ1 0.0050 

AR1 

  I356δ 0.0242 
  L363δ1 0.0072 
  L363δ2 0.0010 
  I365δ 0.0038 
  V372γ1 0.0091 
  L373δ1 0.0040 
  L373δ2 0.0011 
  V374γ1 0.0178 
  L384δ1 0.0063 
  L384δ2 0.0050 
  L392δ2 0.0027 
  I395δ 0.0297 
  I417δ 0.0072 

 AR2 

  L444δ1 0.0097 
  L444δ2 0.0121 
  V453γ2 0.0085 
  L456δ1 0.0453 
  L459δ2 0.0198 
  I464δ 0.0574 
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Supplementary Figure S1: Interaction studies. (A) Scheme of the rrnG-EC. For details on the 

assembly see Material and Methods. (B-G) Analyses of analytical size-exclusion chromatography 

runs by Coomassie-stained SDS-PAGE (proteins, in color) and Toluidine blue-stained urea-PAGE 

(RNA, in grayscale), monitoring interactions between NusEΔ/B and rrnG RNA (B), SuhB and NusEΔ/B 

(C), SuhB and NusG (D), SuhB and a random RNA (E), SuhB and RNAP (F), and SuhB and S4 (G). 

Mixtures loaded for each run are indicated in the boxes above the gels. The left lane shows the 

marker (SDS-PAGE standard low range, BioRad). Molecular weights (MW) are indicated on the left, 

bands are identified on the right, and complexes formed are given below the gels. Gels are 

representative examples of at least two repetitions. When testing an interaction between SuhB and 

RNAP (panel F) a protein coeluted with the RNAP subunits whose MW might correspond to the one of 

SuhB (left gel, bottom row), but analysis by peptide mass fingerprinting revealed that this protein is a 

degradation product of the RNAP β subunit. 
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Supplementary Figure S2: SuhB interacts with NusA, but not with NusB, NusEΔ/B, or NusG. (A) 1D 

[1H,15N]-HSQC spectra of [2H,15N]-SuhB in the absence (black) and presence (molar ratio 1:1, cyan; 

molar ratio 1:2, red) of NusA (stock concentration 437 µM). (B-D) [1H,15N]-HSQC spectra of 15N-NusB 

(B), 15N-NusEΔ/B (C), and 15N-NusG (D) in the absence (black) or presence (molar ratio 1:1, cyan; 

molar ratio 1:2, red) of SuhB (stock concentration of SuhB: 491 µM (B), 470 µM (C), 469 µM (D)). 

(E,F) [1H,15N]-HSQC spectra of 15N-NusA-NTD (E) and [1H,15N]-BEST-TROSY spectra of 2H,15N-

NusA-SKK (F) in the absence (black) or presence (molar ratio 1:1, cyan; molar ratio 1:2, red) of SuhB.  

Labelled proteins were initially present at 125 µM. 
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Supplementary Figure S3: SuhB:NusA-AR2 interaction. (A,B) Electrostatic surface potentials of 

NusA-AR2 (A) and SuhB (B) coloured from -3 kT/e- (red) to +3 kT/e- (blue). (C) Determination of 

SuhB:NusA-AR2D443C binding affinity by fluorescence anisotropy measurements. 25 nM fluorescent 

labelled NusA-AR2D443C was titrated with SuhB. For each titration step the mean value of four 

individual titrations is plotted against the SuhB concentration. The standard deviation is shown as 

bars. The curve represents the best fit to a two-component binding equation, yielding a KD value of 

83±4 µM. 
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Supplementary Figure S4: Binding surfaces of SuhB (A), NusG-NTD (B), and αCTD (C) on NusA-

AR2. NusA-AR2 (grey; PDB ID: 1WCN) is in surface (top) and ribbon (bottom) representation (PDB ID: 

1WCN). Residues affected by binding as determined by [1H,15N]-HSQC titrations are colour-coded. 

Slightly affected, yellow; moderately affected, orange; Strongly affected, red. The side chains of 

strongly affected residues are depicted as sticks. Termini, secondary structure elements, and selected 

residues are labelled. Binding data for NusG-NTD and αCTD were taken from refs. (1) and (2), 

respectively. 
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Supplementary Figure S5: NusG-NTD releases autoinhibition of NusA. (A,B) [1H,13C]-Methyl-

TROSY spectra of the titration of 25 µM  [I,L,V]-NusA with NusG-NTD. NusG-NTD was added in a 

molar ratio of 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, purple; 1:3, yellow; 1:5, red (concentration of 

NusG-NTD stock: 920 µM). The boxed region indicates the section as in (B). Selected signals are 

labelled. (C) Structure of NusA in ribbon representation. Linker regions are indicated by dashed lines. 

Ile, Leu, and Val residues with assigned methyl groups are shown as sticks with carbon atoms of the 

methyl groups as black spheres. If a methyl group was affected upon addition of NusG-NTD (Δδnorm ≥ 

0.04 ppm) the whole residue was coloured in red (see also Supplementary Table S3). PDB IDs: 

NusA-NTD: 2KWP, SKK-AR1: 5LM9, NusA-AR2: 1WCN. 
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Supplementary Figure S6: αCTD releases autoinhibition of NusA. (A,B) [1H,13C]-Methyl-TROSY 

spectra of the titration of 25 µM  [I,L,V]-NusA with αCTD. αCTD was added in a molar ratio of 1:0, 

black; 1:0.5, orange; 1:1, cyan; 1:2, purple; 1:3, yellow; 1:5, red (concentration of αCTD stock: 293 

µM). The boxed region indicates the section as in (B). Selected signals are labelled. (C) Structure of 

NusA in ribbon representation. Linker regions are indicated by dashed lines. Ile, Leu, and Val 

residues with assigned methyl groups are shown as sticks with carbon atoms of the methyl groups as 

black spheres. If a methyl group was affected upon addition of αCTD (Δδnorm ≥ 0.04 ppm) the whole 

residue was coloured in red (see also Supplementary Table S4). PDB IDs: NusA-NTD: 2KWP, SKK-

AR1: 5LM9, NusA-AR2: 1WCN. 
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Supplementary Figure S7: SuhB binds to the β and β’ subunit of RNAP.  (A) 1D [1H,15N]-HSQC 

spectra of 2H,15N-SuhB in the absence (black, 50 µM 2H,15N-SuhB) and presence of RNAP (cyan, 

molar ratio 1:1, 31 µM 2H,15N-SuhB; red, molar ratio1:2, 18 µM 2H,15N-SuhB). (B-D) 1D [1H,15N]-

HSQC spectra of 50 µM 2H,15N-SuhB in the absence (black) and presence of the RNAP α subunit (B), 

the RNAP β subunit (C), or the RNAP β’ subunit (D) (molar ratio 1:1, cyan; 1:2, red). Stock 

concentrations: α subunit, 313 µM; β subunit, 98 µM; β’ subunit, 225 µM. (E) 2D [1H,15N]-HSQC 

spectra of 125 µM 15N-ω subunit in the absence (black) and presence of the SuhB (molar ratio 1:1, 

cyan; 1:2, red; stock concentration SuhB: 720 µM). 

  

89



	 13	

SUPPLEMENTARY REFERENCES 

1. Strauß,M., Vitiello,C., Schweimer,K., Gottesman,M., Rösch,P. and Knauer,S.H. (2016) 
Transcription is regulated by NusA:NusG interaction. Nucleic Acids Res., 44, 5971–5982. 

2. Schweimer,K., Prasch,S., Sujatha,P.S., Bubunenko,M., Gottesman,M.E. and Rösch,P. (2011) 
NusA interaction with the α subunit of E. coli RNA polymerase is via the UP element site and releases 
autoinhibition. Structure, 19, 945–954. 

 

90



Einzelarbeiten  Einzelarbeit B 

91 

 

7.2 Einzelarbeit B 

Benjamin R. Dudenhoeffer, Jan Borggraefe, Kristian Schweimer und Stefan H. Knauer (2020): 

NusA directly interacts with antitermination factor Q from phage . Scientific Reports 10, 

6607-6621. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1Scientific RepoRtS |         (2020) 10:6607  | https://doi.org/10.1038/s41598-020-63523-5

www.nature.com/scientificreports

nusA directly interacts with 
antitermination factor Q from 
phage λ
Benjamin R. Dudenhoeffer1, Jan Borggraefe1,2,3, Kristian Schweimer1 & Stefan H. Knauer1*

Antitermination (At) is a ubiquitous principle in the regulation of bacterial transcription to suppress 
termination signals. in phage λ antiterminator protein Q controls the expression of the phage’s late 
genes with loading of λQ onto the transcription elongation complex halted at a σ-dependent pause 
requiring a specific DNA element. The molecular basis of λQ-dependent At and its dependence on 
n-utilization substance (nus) A is so far only poorly understood. Here we used solution-state nuclear 
magnetic resonance spectroscopy to show that the solution structure of λQ is in agreement with the 
crystal structure of an N-terminally truncated variant and that the 60 residues at the N-terminus are 
unstructured. We also provide evidence that multidomain protein nusA interacts directly with λQ via its 
N-terminal domain (NTD) and the acidic repeat (AR) 2 domain, with the λQ:NusA-AR2 interaction being 
able to release NusA autoinhibition. The binding sites for NusA-NTD and NusA-AR2 on λQ overlap 
and the interactions are mutually exclusive with similar affinities, suggesting distinct roles during 
λQ-dependent At, e.g. the λQ:nusA-ntD interaction might position nusA-ntD in a way to suppress 
termination, making nusA-ntD repositioning a general scheme in At mechanisms.

Transcription of all cellular genomes is mediated by evolutionary related multisubunit RNA polymerases 
(RNAPs)1. RNA synthesis is a discontinuous process that underlies tight regulation by various transcription fac-
tors that bind to RNAP, affecting its processivity. In Gram-negative bacteria the core RNAP consists of five subu-
nits (2 x α, β, β’, ω). The flap region of the β subunit forms the outer wall of the RNA exit channel with the β flap tip 
helix (βFTH) at the top of this region being able to regulate the width of the channel, making it a key regulatory 
element2–8.

Antitermination (AT) is a ubiquitous mechanism to suppress termination signals and is widely used in bacte-
ria. AT has first been described for bacteriophage λ where it controls the expression of early and late genes, being 
thus essential for the life cycle of the phage9. Phage λ uses two AT mechanisms which involve either antitermina-
tor protein N or antiterminator protein Q. In λN-dependent AT the intrinsically disordered protein N is recruited 
to elongating RNAP by an AT signal in the nascent RNA and forms a complex with RNAP and the Escherichia coli 
(E. coli) host factors N-utilization substances (Nus) A, B, E, and G6,7. In this transcription AT complex (TAC) λN 
repositions NusA and remodels the βFTH, enabling the TAC to read through termination signals by preventing 
the formation of pause/terminator hairpins6,7.

In λQ-dependent AT protein λQ requires a λQ binding element (QBE) on the DNA for recruitment and is 
loaded onto RNAP halted at an adjacent sigma-dependent promoter-proximal pause site10,11. Recent cryo elec-
tron microscopy (EM) studies of the AT mechanism of protein Q from phage 21, Q21, revealed that two Q21 
proteins engage with RNAP in a Q21-TAC, one of which forms a torus at the RNA exit channel, narrowing it to 
prevent the formation of pause/terminator hairpins12,13. Currently, over 15,000 lambdoid bacteriophage Q pro-
teins have been identified, which can be grouped into three families (Q21 family: Pfam PF06530, λQ family: Pfam 
PF03589, and Q82 family: Pfam PF06323), and crystal structures of Q21 and an N-terminally truncated variant 
of λQ are available12–14. Although all Q proteins are encoded by genes located at equivalent positions in bacteri-
ophage genomes and perform the same regulatory function they show neither significant amino acid sequence 
nor significant 3D structural similarity to each other, suggesting that the mechanism by which they mediate AT 
may be different.

1Biopolymers, University of Bayreuth, Universitätsstraße 30, 95447, Bayreuth, Germany. 2Present address: Institute 
of Physical Biology, Heinrich-Heine-University, Universitätsstraße 1, 52428, Jülich, Germany. 3Present address: 
Institute of Complex Systems, Forschungszentrum Jülich, Wilhelm-Johnen-Straße, 52428, Jülich, Germany. *email: 
stefan.knauer@uni-bayreuth.de
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AT does not only play a role in the life cycle of bacteriophages but is necessary for the expression of certain 
bacterial genes15,16. In ribosomal AT, for example, RNAP pauses at an AT signal and a TAC is formed that contains 
Nus factors A, B, E, and G as well as further components such as ribosomal protein S4 and inositol monophos-
phatase SuhB17–20. If this TAC is only responsible for AT or also involved in posttranscriptional activities, e.g. 
RNA maturation, is yet unclear.

Thus, Nus factors are key players in transcription regulation with NusG being a representative of the only 
class of transcription factors that is conserved in all three kingdoms of life21. E. coli NusG consists of two flex-
ibly connected domains, an N-terminal and a C-terminal domain (NTD, CTD), respectively (Supplementary 
Fig. 1a)22. NusG-NTD has a mixed α/β topology and binds to the β’ clamp helices of RNAP, increasing its pro-
cessivity, whereas NusG-CTD forms a five-stranded β-barrel that can interact with different binding partners 
(reviewed in23). For example, NusG-CTD is able to bind termination factor Rho, resulting in stimulation of 
Rho-dependent termination24–26, or to ribosomal protein S10 so that NusG serves as physical linker between 
RNAP and the ribosome to couple transcription and translation24. S10 consists of one domain with mixed α/β 
topology and is a moonlighting protein, i.e. it is identical to transcription factor NusE, if it is not part of the 
ribosome (Supplementary Fig. 1b). In this case NusE forms a heterodimer with NusB (Supplementary Fig. 1b), 
an α-helical, one-domain protein. During λN-dependent AT the NusE:NusB complex recognizes specifically a 
boxA element on the RNA with both NusE and NusB making contacts to the RNA27,28. NusE is the active com-
ponent in processive AT whereas NusB supports loading of NusE to the transcription machinery27. NusG-CTD 
can interact with NusE and thus anchors the NusE:NusB:boxA complex to the RNAP6,7,24. NusG-mediated teth-
ering of NusE:NusB:boxA to the RNAP might also be important for ribosomal AT17,18. The multidomain protein 
NusA (Supplementary Fig. 1c) is highly conserved in bacteria and regulates pausing and termination2,29, AT 
processes30–32, and RNA folding33. NusA-NTD binds to the βFTH2,6,7 and to the CTD of one of the RNAP α 
subunits (αCTD)2, whereas the following three domains (S1, K homology (KH)1, KH2) form the compact RNA 
binding motif SKK34. In E. coli and other γ-proteobacteria NusA has two acidic repeat (AR) domains, AR1 and 
AR2, at its C-terminus35. NusA-AR1 interacts with λN36–38, whereas NusA-AR2 serves as recruitment platform 
for various transcription factors such as the αCTD39, NusG-NTD40, and SuhB17,18. NusA is regulated via autoinhi-
bition as NusA-AR2 binds to the KH1 domain, preventing RNA binding by NusA-SKK39,41,42. This autoinhibition 
may be released by RNAP αCTD to activate RNA binding by NusA39, by SuhB during ribosomal AT17,18 or by 
NusG-NTD, a process that might be play a role during NusG recruitment, in resynchronization of transcrip-
tion:translation coupling or in modulation of termination efficiency40.

Nus factors are involved in various AT mechanisms. It has been demonstrated that NusA is able to stimulate 
Q-dependent AT in phage 8243 and it has been suggested that NusA promotes recruitment of Q in phage λ32. Here, 
we used solution-state nuclear magnetic resonance (NMR) spectroscopy to provide conclusive evidence that of 
all Nus factors only NusA interacts directly with λQ, establishing interactions via its NTD and AR2 domain. As 
NusA-NTD and λQ share binding sites on RNAP, the NusA-NTD:λQ interaction might be responsible for reposi-
tioning of NusA, stimulating λQ-mediated AT. We show that binding of λQ to NusA-AR2 releases autoinhibition 
of NusA, implying that NusA-AR2 is not only a versatile interaction platform for various transcription partners, 
but suggesting that NusA may be regarded as regulatory subunit of RNAP that substitutes the sigma factor.

Results
the solution structure of λQ. The 60 residues at the N-terminus of λQ are highly polar and are suggested 
to be disordered as, until now, only the crystal structure of a λQ variant lacking 38 residues at the N-terminus 
could be determined and even the electron density of this deletion variant was only interpretable starting at 
residue 62 (Fig. 1a)14. As the N-terminus, however, might have a functional role we used solution-state NMR 
spectroscopy to study the full length protein. The [1H,15N]-band-selective excitation short-transient transverse 
relaxation optimized spectroscopy (BEST-TROSY) spectrum of 15N-labeled λQ showed good signal disper-
sion (Fig. 1b) and perfectly superimposes with the spectrum of a λQ deletion variant lacking 36 residues at the 
N-terminus (λQΔ36). Additional signals in the spectrum of the full length protein are all located between 7.5 and 
8.5 ppm in the proton dimension, typical for random coil structures, suggesting that the N-terminus is indeed 
disordered in solution (Fig. 1b). Using λQΔ36 we assigned 75.4% of the amide backbone and 78.4% of the Cα 
backbone signals (Fig. 1a). Unassigned residues are especially located at the N-terminus, at the C-terminal end 
of helix α3 (aa 108–120) and in the center of helix α6 (aa 189–198). The chemical shift index (CSI) of Cα and CO 
atoms is in perfect agreement with the crystal structure (Fig. 1c), demonstrating that the three-dimensional (3D) 
structures in solution and in the crystal are identical. Analytical gel filtration showed that protein solutions of λQ 
and λQΔ36 were homogeneous, giving molecular weights of 30 kDa and 17 kDa for λQ and λQΔ36, respectively 
(theoretical molecular mass: 23 kDa and 16 kDa), indicating that both proteins exist as monomers in solution 
(Supplementary Fig. 2a). Next, we determined the 15N relaxation behavior of λQΔ36 by NMR spectroscopy at 
16.8 T magnetic field strength (Supplementary Fig. S2b) to characterize the overall tumbling of the protein. We 
obtained averaged 15N relaxation rates of 0.84 ± 0.06 s−1 and 19.5 ± 0.6 s−1 for R1 and R2, respectively. Assuming 
isotropic tumbling, these rates correspond to a rotation correlation time τc of 14 ± 1 ns, which suggests a molec-
ular weight of ~23 kDa. This result supports the conclusion that the protein is a monomer in solution. The fact 
that the experimentally determined molecular weights of λQ and λQΔ36 are slightly larger than the theoretical 
values for the monomeric proteins might be attributed to the facts that (i) both have an unstructured N-terminus 
(60 and 30 amino acids, respectively) and (ii) both have an elongated shape, i.e. both do not behave like perfectly 
globular proteins.

λQ directly interacts with nusA. Nus factors are involved in both λN-dependent and ribosomal AT. 
They are part of huge nucleoprotein complexes that modify RNAP into a termination-resistant state, so-called 
TACs6,7,17,18,20. Efficient λQ-dependent AT requires at least NusA44, which is thought to stabilize binding of 
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λQ to the TEC32. Thus, we used solution-state NMR spectroscopy to test if λQ directly interacts with any of 
the Nus factors. We titrated 15N-labeled λQ with individual Nus factors and recorded one-dimensional (1D) 
[1H,15N]-heteronuclear single quantum coherence (HSQC) and two-dimensional (2D) [1H,15N]-BEST-TROSY 
spectra (Supplementary Fig. 3). For NusE we employed a protein variant which lacks the ribosome binding loop 
(NusEΔ), and which is in complex with NusB to increase solubility27. Only the presence of NusA (54.9 kDa) led 
to a significant change in the spectra of 15N-λQ (Supplementary Fig. 3), namely the signal intensity of 15N-λQ 
was significantly decreased upon addition of NusA (Supplementary Fig. 3a). Slower tumbling leads to increased 
transverse relaxation rates, which results in line broadening and thus ultimately in a decrease of signal intensity of 
15N-λQ signals. Consequently, the loss of 15N-λQ signal intensity suggests a direct λQ:NusA interaction.

λQ binds to nusA-ntD. In order to identify the region of NusA that binds to λQ we carried out 
[1H,15N]-HSQC-based titrations of λQ and the individual domains of NusA with 1D and 2D spectra being 
recorded after each titration step. Titration of 15N-λQ with NusA-NTD led to a significant change of the 15N-λQ 
spectrum (Fig. 2a and Supplementary Fig. 4a), indicating complex formation. Likewise 15N-NusA-NTD signals 
were substantially affected in the presence of λQ (Fig. 2b and Supplementary Fig. 4b). In both titrations the sig-
nal intensity of the labeled protein was decreased non-uniformly upon addition of the binding partner whereas 
chemical shift perturbations were only small, suggesting intermediate or slow chemical exchange on the NMR 

Figure 1. Structure of λQΔ36. (a) Ribbon representation of the crystal structure of a λQ truncation variant 
lacking 38 residues at the N-terminus, electron density was only interpretable starting at residue 62 (PDB ID: 
4MO1; gray). Termini and secondary structure elements are labeled. Unassigned amide backbone signals are 
shown in black, the Zn2+ is highlighted as cyan sphere. The PyMOL Molecular Graphics System (Version 1.7, 
Schrödinger, LLC.; https://pymol.org) was used for visualization. (b) Overlay of [1H,15N]-BEST-TROSY spectra 
of 15N-λQ (red) and 15N-λQΔ36 (black). (c) Chemical shift index (CSI) for Cα and CO of λQΔ36 vs. secondary 
structure of the crystal structure (PDB ID: 4MO1). The missing residues due to non-interpretable electron 
density are indicated in red, the loop region is shown in cyan.
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time scale. Thus, in both titrations the change of signal intensity was analysed quantitatively by calculating the 
relative signal intensity of the 15N-labeled protein in the presence of one equivalent of the non-labeled binding 
partner (for details see Material and Methods). In brief, we defined the relative intensity as ratio of the normalized 
remaining signal intensity of the 15N-labeled protein in the presence of the binding partner to the normalized 
signal intensity of the free labeled protein. The relative intensity was plotted against the corresponding amino acid 
position (Fig. 2a,b) and thresholds at 1.5 σ and 1.0 σ of the mean relative signal intensity were used to identify 
strongly and moderately affected residues, respectively, which were then mapped onto the 3D structures of λQ 
and NusA-NTD (Fig. 2c). λQ residues affected by NusA-NTD binding form two continuous patches. The first 
patch involves residues located in α3 and α5, the second patch contains residues at C- and N-terminal parts of 

Figure 2. NusA interacts with λQ via its NTD. (a) (top) Section of [1H,15N]-BEST-TROSY spectra of the 
titration of 250 µM 15N-λQ with NusA-NTD (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). Selected signals are 
labeled. (bottom) Relative intensity of 15N-λQ signals in the presence of one equivalent NusA-NTD. Orange 
and red lines indicate thresholds for moderately (1.0 σ of average relative signal intensity) and strongly (1.5 σ 
of average relative signal intensity) affected signals, respectively. The dashed line represents the mean relative 
intensity, error bars are given as black vertical lines. (b) (top) Section of [1H,15N]-HSQC spectra of the titration 
of 175 µM 15N-NusA-NTD with λQ (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). Selected signals are labeled. 
(bottom) Relative intensity of 15N-NusA-NTD signals in the presence of one equivalent λQ with error bars. 
Thresholds as in (a). (c) Model of the λQ:NusA-NTD complex. The model was generated with the HADDOCK 
2.2 server (https://haddock.science.uu.nl/services/HADDOCK2.2/) using affected residues as determined 
via NMR spectroscopy as restraints (see Supplementary Table 1). The model with the lowest HADDOCK and 
Z-score is depicted. λQ (PDB ID: 4MO1, lightblue) and NusA-NTD (PDB ID: 2KWP, gray) are shown in ribbon 
representation. Affected residues are colored (moderately affected residues, orange; strongly affected residues, 
red). Termini and secondary structure elements are labeled. Panels show the surface representations of λQ 
(left) and NusA-NTD (right) colored as in the complex. The PyMOL Molecular Graphics System (Version 1.7, 
Schrödinger, LLC.; https://pymol.org) was used for visualization. (d) αCTD detaches NusA-NTD from 15N-λQ. 
Sections of [1H,15N]-BEST-TROSY spectra are shown. Molar ratios: 15N-λQ:NusA-NTD: αCTD = 1:0:0, black; 
=1:2:0, cyan; 1:2:2, orange; 1:2:4, red. Initial concentration of 15N-λQ: 250 µM. Selected signals are labeled, 
arrows indicate chemical shift changes upon addition of NusA-NTD (cyan) and αCTD (red). (e) λQ removes 
NusA-NTD from 15N-αCTD. Sections of [1H,15N]-HSQC spectra are shown. Molar ratios: 15N-αCTD:NusA-
NTD:λQ = 1:0:0; black; =1:2:0; cyan; 1:2:2; orange; 1:2:4, purple; 1:2:6, yellow; 1:2:10, red. Initial concentration 
of 15N-αCTD: 250 µM. Selected signals are labeled, arrows indicate chemical shift changes upon addition of 
NusA-NTD (cyan) and λQ (red).
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the Zn-binding motif (Fig. 2c, left inset). NusA-NTD residues affected by binding of λQ are primarily located in 
the acidic head region and the upper part of the body region at the convex side of NusA-NTD. Due to insufficient 
long-term stability we did not record intermolecular nuclear Overhauser effect (NOE) interactions. Thus a dock-
ing model was generated based on the affected residues in both proteins and without allowing conformational 
rearrangements (Supplementary Fig. 4c-e). In the lowest energy model (Fig. 2c) the acidic head of NusA-NTD 
contacts the Zn-finger of λQ and the upper part of the NusA-NTD body interacts with the second patch of λQ, 
giving an overall interface area of 1050 Å².

We also checked if the unstructured N-terminus of λQ is involved in NusA-NTD binding by titrat-
ing 15N-NusA-NTD with λQΔ36 and recorded a 2D [1H,15N]-HSQC spectrum after each titration step 
(Supplementary Fig. 5a). Like in the titration with full length λQ the intensity of 15N-NusA-NTD signals was 
significantly decreased in the presence of λQΔ36, and the relative signal intensity in the equimolar titration step 
was plotted against the amino acid position of NusA-NTD (Supplementary Fig. 5b). Mapping of the affected 
residues onto the NusA-NTD structure (Supplementary Fig. 5c) resulted in the same binding site as identified 
in the titration with full length λQ, indicating that the N-terminus of λQ does not influence the interaction with 
NusA-NTD.

λQ and RnApαctD share binding sites on nusA-ntD. NusA-NTD contacts two regions of RNAP, 
the βFTH and the αCTD2. The λQ binding site is located on the convex side of NusA-NTD, overlapping with the 
binding site for RNAP αCTD2, thus suggesting that binding of λQ and αCTD might be competitive. To test if 
the interactions of αCTD and λQ with NusA-NTD are mutual exclusive, we performed NMR-based competition 
experiments with [1H,15N]-HSQC spectra being recorded after each titration step. First, NusA-NTD was added in 
a two-fold molar excess to 15N-Q, resulting in signal changes typical for 15N-λQ:NusA-NTD complex formation 
(Fig. 2d and Supplementary Fig. 6a; see also Fig. 2a). Subsequent titration with αCTD reversed the signal changes 
(both chemical shift changes and loss of signal intensity), demonstrating that αCTD binds to NusA-NTD, detach-
ing it from λQ. To confirm this finding we carried out a reverse experiment where NusA-NTD was added to 
15N-αCTD in a 1:2 molar ratio, leading to chemical shift perturbations that indicate complex formation. Addition 
of λQ reversed those changes, indicating that λQ removes NusA-NTD from αCTD by complexing it (Fig. 2e and 
Supplementary Fig. 6b). These results imply that the λQ:NusA-NTD and αCTD:NusA-NTD interactions are 
mutually exclusive and have similar affinities, which, in turn, suggests that both interactions are physiologically 
relevant. We excluded a direct αCTD:λQ interaction as the titration of 15N-λQ with αCTD did not alter the spec-
tra of 15N-λQ (Supplementary Fig. 6c).

λQ does not interact with NusA-SKK and NusA-AR1. Having identified NusA-NTD as interaction 
partner of λQ we tested next if also NusA-SKK binds to it. We titrated 15N-labeled λQ with NusA-SKK and vice 
versa and recorded 1D- and 2D-[1H,15N] correlation spectra after each titration step (Supplementary Fig. 7a,b). 
Even in the presence of a twofold molar excess of the unlabeled binding partner no significant changes were 
observable in the spectra of the labeled protein, excluding a direct NusA-SKK:λQ interaction. Using the same 
approach we asked if λQ binds to NusA-AR1, which contacts λN in λN-dependent AT36–38, but again, no direct 
interaction could be detected (Supplementary Fig. 7c,d).

λQ binds to NusA-AR2. Finally, we tested if λQ interacts with NusA-AR2. Upon addition of NusA-AR2 
to 15N-λQ the 1D and 2D spectra of 15N-λQ changed significantly (Fig. 3a and Supplementary Fig. 8a). As in 
the titration of 15N-λQ with NusA-NTD, the intensity of 15N-λQ signals decreased non-uniformly whereas only 
slight chemical shift perturbation were observable. Thus, we analyzed the change of signal intensity quantitatively. 
The relative intensity of 15N-λQ signals in the presence of two equivalents NusA-AR2 was plotted against the 
amino acid sequence of λQ and affected residues were identified by using thresholds at 1.5 and 1.0 σ of the mean 
relative intensity (Fig. 3a). In contrast, the titration of 15N-NusA-AR2 with λQ resulted in significant chemical 
shift perturbations and normalized chemical shift changes (Δδnorm) were plotted against the amino acid sequence 
of NusA-AR2 (Fig. 3b and Supplementary Fig. 8b). To visualize binding surfaces affected residues were mapped 
on the 3D structures of λQ and NusA-AR2 (Fig. 3c). λQ residues affected by NusA-AR2 binding are located 
opposite the Zn binding motif and the flexible arm, and strongly affected residues can be found predominantly 
in helices α3 and α5.

The λQ binding site of NusA-AR2 is located at the C-terminal part of the domain and comprises helix α5*, 
with W490 and F491 being strongly affected. These two residues are known to be responsible for the specific rec-
ognition of other transcription regulators such as αCTD39, NusG-NTD40, or SuhB17,18. As for the λQ:NusA-NTD 
complex, we did not record intermolecular NOE interactions due to insufficient long-term stability of λQ. 
Based on the identified binding surfaces a docking model of the λQ:NusA-AR2 complex was generated with-
out allowing conformational rearrangements (Supplementary Fig. 8c-e). In the lowest energy model (Fig. 3c) 
helix α5* of NusA-AR2 packs against helices α3 and α5 of λQ so that W490 and F491 are central parts of the 
interface, which comprises a total area of 1230 Å². Finally, we determined the KD for the λQ:NusA-AR2 com-
plex by fluorescence anisotropy measurements using NusA-AR2D443C, a NusA-AR2 variant where D443, located 
opposite the λQ binding site, is substituted by a Cys18. NusA-AR2D443C was labeled site-specifically with fluo-
rescein5-maleimide and titrated with λQ, giving a KD of 268 ± 17 µM (Supplementary Fig. 8f). Repeating the 
HSQC-based titration of 15N-NusA-NTD with λQΔ36 resulted in the same binding surface as determined for 
full length λQ (Supplementary Fig. 8g-i), suggesting that the unstructured N-terminus of λQ is not involved in 
NusA-AR2 binding. This finding was corroborated by fluorescence anisotropy measurements as the affinity of the 
NusA-AR2D443C:λQΔ36 interactions was determined to be 271 ± 27 µM (Supplementary Fig. 8j).
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NusA-NTD and NusA-AR2 share binding sites on λQ. In summary, λQ is able to establish interactions 
with NusA-NTD and NusA-AR2 and comparison of their binding sites on λQ suggests that they are partially 
overlapping, involving residues located in helices α3 and α5. To test if binding of NusA-NTD and NusA-AR2 
is indeed competitive, we carried out 2D [1H,15N]-HSQC-based competition experiments with spectra being 
recorded after each titration step. First, λQ was added in a two-fold molar excess to 15N-NusA-NTD, result-
ing in changes of the 15N-NusA-NTD spectrum typical for 15N-NusA-NTD:λQ complex formation (Fig. 3d and 
Supplementary Fig. 9a). Subsequent titration with NusA-AR2 reversed those changes partially (Fig. 3d), demon-
strating that NusA-AR2 complexes λQ, detaching it from NusA-NTD. To corroborate this finding we formed 

Figure 3. NusA interacts with λQ via its AR2 domain. (a) (top) Section of [1H,15N]-BEST-TROSY spectra 
of the titration of 250 µM 15N-λQ with NusA-AR2. NusA-AR2 (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). 
Selected signals are labeled. (bottom) Relative intensity of 15N-λQ signals in the presence of two equivalents 
NusA-AR2. Error bars are given as black vertical lines. Orange and red lines indicate thresholds for moderately 
(1.0 σ of average relative signal intensity) and strongly (1.5 σ of average relative signal intensity) affected signals, 
respectively. The dashed line represents the mean relative intensity. (b) (top) Section of [1H,15N]-HSQC spectra 
of the titration of 250 µM 15N-NusA-AR2 with λQ (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). Selected signals 
are labeled. (bottom) Normalized chemical shift changes of 15N-NusA-AR2 upon addition of two equivalents 
λQ. Yellow, orange, and red lines indicate thresholds for slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately 
(0.08 ppm ≤ Δδnorm < 0.12 ppm) and strongly (Δδnorm ≥ 0.12 ppm) affected signals. (c) Model of the 
λQ:NusA-AR2 complex. The model was generated using the HADDOCK 2.2 server (https://haddock.science.
uu.nl/services/HADDOCK2.2/) with the affected residues as determined by NMR spectroscopy as restraints 
(see Supplementary Table 1). The model with the lowest HADDOCK score is depicted. λQ (PDB ID: 4MO1, 
lightblue) and NusA-AR2 (PDB ID: 1WCN, gray) are in ribbon representation. Affected residues are colored 
(λQ: moderately affected residues, orange; strongly affected residues, red; NusA-AR2: slightly affected residues, 
yellow; moderately affected residues, orange; strongly affected residues, red). Termini and secondary structure 
elements are labeled. Panels show the surface representations of λQ (left) and NusA-AR2 (right) colored as in 
the complex. The PyMOL Molecular Graphics System (Version 1.7, Schrödinger, LLC.; https://pymol.org) was 
used for visualization. (d) NusA-AR2 removes λQ from 15N-NusA-NTD. Sections of [1H,15N]-HSQC spectra 
are depicted. Molar ratios: 15N-NusA-NTD:λQ:NusA-AR2 = 1:0:0, black; =1:2:0, cyan; 1:2:2, orange; 1:2:4, red. 
Initial concentration of 15N-NusA-NTD: 250 µM. Selected signals are labeled, arrows indicate the chemical shift 
changes upon addition of λQ (cyan) and NusA-AR2 (red). (e) NusA-NTD detaches λQ from 15N-NusA-AR2. 
Sections of [1H,15N]-HSQC spectra are shown. Molar ratios: 15N-NusA-AR2:λQ:NusA-NTD = 1:0:0; black; 
=1:2:0; cyan; 1:2:2; orange; 1:2:4, purple; 1:2:6, yellow; 1:2:10, red. Initial concentration of 15N-NusA-AR2: 
250 µM. Selected signals are labeled, arrows show changes of chemical shifts upon addition of λQ (cyan) and 
NusA-NTD (red).
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a 15N-NusA-AR2:λQ complex (molar ratio 1:2) leading to chemical shift perturbations of the 15N-NusA-AR2 
signals that confirm λQ binding (Fig. 3e and Supplementary Fig. 9b). Upon addition of NusA-NTD the chem-
ical shifts shifted back towards their position in the spectrum of free 15N-NusA-AR2 (Fig. 3e), showing that 
NusA-NTD binds to λQ while removing it from NusA-AR2. Thus, the λQ:NusA-NTD and the λQ:NusA-AR2 
interactions are mutually exclusive with similar affinities.

λQ and RnApαCTD share binding sites on NusA-AR2. In free NusA the AR2 domain binds to the 
KH1 domain of the SKK motif, preventing RNA binding by NusA-SKK and rendering NusA autoinhibited39,41,42. 
This autoinhibition can be released by the αCTD of RNAP as NusA-SKK and αCTD share binding sites on 
NusA-AR239. NusA-AR2, however, can also bind to NusG-NTD, an interaction that might be involved in the 
regulation of Rho-dependent termination or in the recruitment of NusG40, and to SuhB17,18. The NusA-AR2:SuhB 
complex formation is suggested to play a role in the transcriptional or posttranscriptional regulation of ribosomal 
AT. Interestingly, the binding sites for NusG-NTD, SuhB, and αCTD as well as λQ on NusA-AR2 all involve the 
C-terminal helix α5 and overlap. Moreover, it has been demonstrated that the interactions of NusA-AR2 with 
NusG-NTD, αCTD, and SuhB are competitive18.

To show that also λQ competes with NusG-NTD, αCTD, and SuhB for NusA-AR2 binding we tested if the 
complexes λQ:NusA-AR2 and αCTD:NusA-AR2 are mutually exclusive by 2D NMR-based competition experi-
ments with spectra being recorded after each titration step. First, NusA-AR2 was added in a twofold molar excess 
to 15N-λQ, resulting in changes of the 15N-λQ spectrum corresponding to 15N-λQ:NusA-AR2 complex forma-
tion. Subsequent titration with the αCTD reversed both the chemical shift changes and the loss of signal intensity, 
showing that the αCTD detaches NusA-AR2 from λQ by binding to it (Fig. 4a and Supplementary Fig. 10a). 
To confirm this result we performed another competition experiment where λQ was titrated to a preformed 
15N-αCTD:NusA-AR2 complex (molar ratio 1:2). The addition of λQ reversed partially the chemical shift pertur-
bations caused by the 15N-αCTD:NusA-AR2 complex formation (Fig. 4b and Supplementary Fig. 10b), demon-
strating that λQ can bind to NusA-AR2 in order to remove it from the αCTD. Together with previous data18,40 
this finding leads to the conclusion that the NusA-AR2 binding sites for αCTD, λQ, NusG-NTD, and SuhB 
largely overlap, rendering the interactions of these binding partners with NusA-AR2 competitive. Finally, the KD 
value of the αCTD:NusA-AR2 interaction was determined by fluorescence anisotropy measurements using the 
NusA-AR2D443C variant to be 8±1 µM (Supplementary Fig. 10c), in agreement with a previous report39. Thus, the 
affinity of the NusA-AR2D443C:αCTD interaction is significantly higher than the one of the NusA-AR2D443C:λQ 
interaction, which explains why λQ is able to detach NusA-AR2 only partially from the αCTD (Fig. 4).

λQ may release the autoinhibition of nusA. NusA-AR2 binding sites for αCTD, NusG-NTD and SuhB 
not only overlap, but all these factors are able to remove NusA-AR2 from NusA-SKK, releasing autoinhibition 
of NusA18,39,41. Thus, we explored if λQ has the same ability employing NMR-based displacement experiments. 

Figure 4. αCTD and λQ share binding sites on NusA-AR2. NMR-based competition experiments of λQ, 
αCTD, and NusA-AR2. (a) NusA-AR2 is detached from 15N-λQ by αCTD. Sections of [1H,15N]-BEST-TROSY 
spectra are shown. Molar ratios: 15N-λQ:NusA-AR2:αCTD = 1:0:0, black; =1:2:0, cyan; 1:2:2, orange; 1:2:4, red. 
Initial concentration of 15N-λQ: 250 µM. Selected signals are labeled, arrows indicate chemical shift changes 
upon addition of NusA-AR2 (cyan) and αCTD (red). (b) λQ removes NusA-AR2 partially from 15N-αCTD. 
Sections of [1H,15N]-HSQC spectra are depicted. Molar ratios: Molar ratios: 15N-αCTD:NusA-AR2:λQ = 1:0:0; 
black; =1:2:0; cyan; 1:2:2; orange; 1:2:4, purple; 1:2:6, yellow; 1:2:10, red. Initial concentration of 15N-αCTD: 
250 µM. Selected signals are labeled and arrows show changes in chemical shifts upon addition of NusA-AR2 
(cyan) and λQ (red).
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In control experiments we titrated 2H,15N-labeled NusA-SKK with NusA-AR2 and vice versa and recorded 1D 
and 2D [1H,15N] correlation spectra after each titration step to determine the chemical shift perturbations caused 
by NusA-AR2:NusA-SKK complex formation on both sides (Fig. 5a,b and Supplementary Fig. 11a,b). For both 
titrations normalized chemical shift perturbations were plotted against the amino acid sequence of the labeled 
protein (Fig. 5a,b) and mapped on the 3D structures (Fig. 5c). The identified binding surfaces were in agreement 
with previous data39, i.e. the C-terminal part of NusA-AR2 is affected as well as the KH1 domain of NusA-SKK. 
Based on the normalized changes of the chemical shifts we estimated the affinity of the NusA-SKK:NusA-AR2 
interaction to be <341 µM (Supplementary Fig. 11c). In an alternative approach we determined the KD value by 
fluorescence anisotropy measurement employing the NusA-AR2D443C variant, yielding a slightly lower affinity 
(279 ± 17 µM; Supplementary Fig. 11d), similar to the one of the NusA-AR2D443C:λQ interaction. As no structure 
of autoinhibited NusA is available we performed NMR-guided docking using the results of the HSQC titrations 

Figure 5. λQ releases autoinhibition of NusA. (a) (top) Sections of [1H,15N]-BEST-TROSY spectra of the 
titration of 300 µM 2H,15N-NusA-SKK with NusA-AR2 (molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2 
purple; 1:5 yellow; 1:7.5 red; stock concentration of NusA-AR2: 1.5 mM). Selected signals are labeled. (bottom) 
Normalized chemical shift perturbations of 2H,15N-NusA-SKK signals upon addition of 7.5 equivalents 
NusA-AR2. Yellow, orange, and red lines indicate thresholds for slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), 
moderately (0.08 ppm ≤ Δδnorm < 0.12 ppm) and strongly (Δδnorm ≥ 0.12 ppm) affected signals. (b) (top) 
Sections of [1H,15N]-HSQC spectra of the titration of 200 µM 15N-NusA-AR2 with NusA-SKK (molar ratios: 
1:0, black; 1:0.5, orange; 1:1, cyan; 1:2 purple; 1:5 yellow; 1:7.5 red; stock concentration of NusA-SKK: 500 µM). 
Selected signals are assigned. (bottom) Normalized chemical shift changes of 15N-NusA-AR2 upon addition of 
7.5 equivalents NusA-SKK. Thresholds as in (b). (c) Model of the NusA-SKK:NusA-AR2 complex. The model 
was generated with the HADDOCK 2.2 server (https://haddock.science.uu.nl/services/HADDOCK2.2/) 
using affected residues as determined by NMR spectroscopy as restraints (see Supplementary Table 1). The 
model with the lowest HADDOCK score and Z-score is depicted. NusA-AR2 (PDB ID: 1WCN, lightblue) and 
NusA-SKK (PDB ID: 5LM9, gray) are in ribbon representation. Affected residues are colored (slightly affected 
residues, yellow; moderately affected residues, orange; strongly affected residues, red). Termini and secondary 
structure elements are labeled. Panels show the surface representations of NusA-AR2 (left) and NusA-SKK 
(right), colored as in the complex, whereby the KH1 domain is highlighted in dark gray. The PyMOL Molecular 
Graphics System (Version 1.7, Schrödinger, LLC.; https://pymol.org) was used for visualization. (d) λQ and (e) 
λQΔ36 detach NusA-AR2 from 2H,15N-NusA-SKK. Sections of [1H,15N]-BEST-TROSY are shown. Molar ratios: 
2H,15N-NusA-SKK: NusA-AR2:λQ/λQΔ36 =1:0:0, black; =1:5:0, orange; =1:5:1, cyan; =1:5:2, purple; =1:5:5, 
yellow; =1:5:10, red. Initial concentration of 2H,15N-NusA-SKK: 175 µM. Selected signals are labeled and arrows 
indicate chemical shift changes upon addition of NusA-AR2 (cyan) and λQ/λQΔ36 (red).
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and without allowing for conformational changes to obtain a model of the NusA-SKK:NusA-AR2 complex 
(Fig. 5c). NusA-AR2 packs tightly against the KH1 domain via its C-terminal helix with an interaction surface of 
1230 Å2, blocking the RNA binding site. Addition of λQ to a preformed 2H,15N-NusA-SKK:NusA-AR2 complex 
(molar ratio 1:2) led to a partial reversal of all signal shifts (Fig. 5d and Supplementary Fig. 11e). This finding is in 
agreement with the KD values of the NusA-SKK:NusA-AR2 and NusA-AR2:λQ interactions and indicates that λQ 
binds to NusA-AR2 releasing NusA-SKK at the same time, thus being compatible with the release of NusA auto-
inhibition by λQ. However, one must bare in mind that isolated NusA domains were used in these experiments 
and that the affinity of NusA-AR2 for NusA-SKK might be higher in the full length protein due to an increased 
local concentration. Consequently, our results are in agreement with a λQ-induced release of autoinhibition of 
NusA, but not final prove. NMR-based approaches using the full length NusA protein failed due to stability issues. 
Repeating the competition experiment with λQΔ36 confirmed that the N-terminus is not required for this func-
tion of λQ (Fig. 5e and Supplementary Fig. 11f).

Discussion
Q-dependent AT is the second mechanism lambdoid phages use to suppress termination signals. N-mediated 
AT is the best studied AT mechanism by now whereas only little is known about AT relying on Q. Only recently, 
the structural basis for AT involving Q from bacteriophage 21 has been deciphered12,13. However, as mentioned 
before, Q proteins can be grouped into three families, Q21, Q82, and λQ, and these families show no significant 
amino acid sequence similarity and only very little similarity in the 3D structure (with structural information 
being available only for Q21 and a truncated version of λQ)12–14. Consequently, the molecular mechanisms they 
use to achieve AT might be completely different, despite the fact that all Q proteins seem to bind to or in the vicin-
ity of the βFTH in order to affect pausing and termination12,13,43,45. One striking difference between Q21 and λQ 
is for example that the latter has a long N-terminal region with unknown function that has been suggested to be 
unstructured. Moreover, two distinct activities have been suggested for Q82, namely antipausing and RNA occlu-
sion, which may both play a role in Q82 function43. Finally, it is known that Nus factors are involved in other AT 
mechanisms such as N-mediated and ribosomal AT6,7,15,17,18. At least NusA has been demonstrated to influence Q 
function in phages λ and 82, although the dependency of Q activity on NusA differs32,43,44,46. Thus, we set out to 
identify possible interactions of λQ with Nus factors.

Using solution-state NMR spectroscopy we assigned secondary structure elements of λQΔ36 and found that 
the solution structure is in good agreement with the crystal structure of an N-terminal truncation variant of 
λQ missing 38 amino acids (Fig. 1). Structural similarity to Q21 and region 4 of σ70 factor is limited to the 
helix-turn-helix (HTH) motif formed by helices α5 and α612,13,47,48, which might be involved in the recognition of 
the QBE14. Moreover, we confirmed that residues 1–66 are indeed unstructured (Fig. 1). It has been proposed that 
at least two molecules of λQ are involved in the AT process11 and NMR spectroscopy and analytical SEC indicate 
that λQ and λQΔ36 exist as monomers in solution, suggesting that the N-terminus does not induce oligomeriza-
tion. This implies several scenarios: (i) dimerization/oligomerization occurs upon DNA binding or loading to the 
paused TEC, similar to Q2112,13, (ii) several Q proteins are involved in AT, but do not interact with each other, or 
(iii) λQ acts as monomer that contacts both suggested binding sites in the QBE on the DNA11.

Q proteins bind to/near the βFTH of RNAP in order to exert their AT function12,13,45 and Q21 has been shown 
to form a nozzle at the RNA exit channel through which the nascent RNA is guided, preventing the formation 
of pause or termination hairpins12,13, i.e. AT can proceed without the need of any other factors. In contrast, Q82 
is supposed to form a shield for the exiting RNA in a NusA-dependent manner43 and also λQ-dependent AT is 
stimulated by NusA32,44,46. Thus, we asked if λQ makes direct interactions with any of the Nus factors and we show 
that λQ only interacts with NusA, contacting the NTD and the AR2 domain. In neither case the N-terminus 
of λQ is involved in the interaction so that its function remains elusive. Interestingly, the λQ binding sites for 
NusA-NTD and NusA-AR2 overlap so that NusA-NTD and NusA-AR2 binding are mutually exclusive (Fig. 6a,b), 
as confirmed by competition experiments, suggesting similar affinities and thus distinct roles for these complexes 
in λQ-dependent AT. Moreover, the NusA binding sites involve (at least partially) the HTH motif (Fig. 6c) so that 
NusA interaction might interfere with DNA binding and might thus be relevant only once λQ is loaded to the 
TEC, in agreement with the fact that NusA is usually recruited after the σ factor has left the TEC49. If more than 
one λQ molecule is loaded to the TEC, interactions with NusA-NTD, NusA-AR2 and DNA would be possible 
simultaneously.

The NusA-AR2:λQ interaction might have various regulatory roles. It could (i) stabilize the TAC, (ii) promote 
the engagement of λQ with the TAC, in agreement with a previous hypothesis32, (iii) mediate NusA loading if 
NusA enters the TAC after λQ, (iv) alter the RNA binding properties of NusA by releasing autoinhibition, or (v) 
recruit further λQ molecules in the course of transcription, which might be necessary as the late gene region in 
phage λ comprises 26 kb, (vi) a combination of several of these possible functions.

During transcriptional pausing NusA-NTD interacts with βFTH and the αCTD, the latter interaction involv-
ing NusA-NTD helices α3 and parts of the preceding loop2. Thus the NusA-NTD:αCTD binding site overlaps 
with the NusA-NTD:λQ interaction surface and both interactions are mutually exclusive as demonstrated by 
NMR-based competition experiments (Fig. 2d,e), but λQ does not directly bind to αCTD (Supplementary 
Fig. 6c). Interestingly, the absence of the αCTD affects the ability of NusA to stimulate λQ-dependent AT42, 
suggesting that the NusA-NTD:αCTD and NusA-NTD:λQ interactions have relevant roles in λQ-dependent AT.

NusA-NTD, λQ, and σ region 4 bind to the βFTH, competing for this binding site2,45,50. Thus, we hypothesize 
that upon loading λQ establishes contacts with the βFTH as σ region 4 has already been disengaged from its 
position in the initiation complex at this stage, as shown for Q2112,13. Our NMR data and a mutagenesis analy-
sis14 suggest that λQ, βFTH, and NusA-NTD cannot form a ternary complex as λQ binding sites for βFTH and 
NusA-NTD overlap, so that binding is competitive. In this case simultaneous contacts of λQ to the βFTH and 
NusA-NTD would only possible if more than one molecule λQ is present.
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Processive λN-mediated AT involves repositioning of NusA-NTD6,7 and a similar mechanism has been 
suggested for ribosomal AT17,18. Although the structures of TACs and antiterminators, the time of antitermi-
nator recruitment and the recruitment signals differ in Q-dependent, N-dependent, and ribosomal AT mecha-
nisms6,7,12,13,51 the repositioning of NusA-NTD might be a general scheme in AT. Thus, based on our findings we 
speculate that once recruited to the βFTH λQ may alter the usual NusA:RNAP and/or NusA:RNA contacts, which 
would finally result in a positioning of NusA-NTD in a way that may prevent the formation of pause and termina-
tion hairpins and thus enhances elongation, rendering Q-dependent AT, just like λN-dependent AT, processive6,7.

NusA is a central transcriptional regulator and well conserved in bacteria. It is a multidomain protein, but 
only NusA from E. coli and some other γ-proteobacteria contains the two AR domains at the C-terminus35. In 
its isolated form, NusA is autoinhibited as NusA-AR2 binds to the KH1 domain of the SKK motif39, preventing 
RNA binding by SKK (Fig. 6d). Regulation via autoinhibition is a common scheme in the regulation of all kinds 
of biochemical processes. In general, autoinhibition describes the negative regulation by intramolecular inter-
actions of different regions of the polypeptide chain, that may even be coupled to conformational changes, and 
that inhibit the function of at least one of the regions52,53. Only under certain circumstances, e.g. the binding of a 
specific effector, autoinhibition is released and the protein/enzyme is activated. On NusA-AR2 NusA-SKK bind-
ing involves the same region as the interaction with λQ (Figs. 3c and 5c), SuhB18, NusG-NTD40, and αCTD39. 
Moreover, all known interaction partners of NusA-AR2 are able to release the autoinhibition of NusA and may 
thus serve as NusA activators. This activation may occur in binary complexes or when NusA is bound to RNAP 
via NusA-NTD.

Figure 6. NusA functions during transcription regulation. (a-c) Interaction surfaces of λQ (λQ in surface 
representation, gray, PDB ID: 4MO1). Residues affected by NusA-NTD binding are colored in green (a; this 
study), NusA-AR2 binding in blue (b; this study), and βFTH and DNA binding in yellow and red, respectively 
(c; data taken from14). (d) Model of the autoinhibited state of NusA. NusA-AR2 (PDB ID: 1WCN, blue) is in 
ribbon, NusA-SKK (PDB ID: 5LM9, green) in surface representation, NusA-NTD and NusA-AR1 are depicted 
as green ellipsoids. The panel shows a magnification of the boxed region with W490 and F491 of NusA-AR2 
as red sticks. (e) Scheme of possible roles of NusA. NusA-AR2 is shown in ribbon representation (PDB ID: 
1WCN, blue) with W490 and F491 as red sticks, all other NusA domains and proteins are shown as ellipsoids 
and labeled. Selected RNAP binding sites are depicted in ribbon representation and labeled. Blue arrows 
indicate interactions of NusA-AR2 with other transcription factors, gray arrows show interactions with RNAP 
(the interaction of SuhB with RNAP requires further investigation and is displayed as dashed arrow). β’ clamp 
helices, β’CH. The PyMOL Molecular Graphics System (Version 1.7, Schrödinger, LLC.; https://pymol.org) was 
used for visualization of protein structures.
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NusA-AR1 and NusA-AR2 have nearly identical structures with 31.5% sequence identity and contain predom-
inantly acidic residues, resulting in a very similar electrostatic potential surface35. Nevertheless, each AR domain 
is able to recognize specific targets. NusA-AR1 specifically binds to antiterminator protein N from phage λ35,37, 
whereas several binding partners interact with NusA-AR2, e.g. λQ (Fig. 3), SuhB17,18, NusG-NTD40, and αCTD39. 
Interestingly, all these binding partners have overlapping binding sites on NusA-AR2, all involving helix α5, and 
all probably relying on a similar recognition mechanism based on the neighboring aromatic residues W490 and 
F491, located at the very C-terminus (Supplementary Fig. 12). A Leu (L414) and an Ala (A415) residue can be 
found at corresponding positions in NusA-AR1.

NusA is composed of several domains with the AR2 domain forming the C-terminus. As all domains are con-
nected via flexible linkers, NusA has a high intramolecular flexibility, i.e. even when NusA is bound to RNAP via 
its NTD and the SKK motif to RNA during transcription, the AR2 domains can still move virtually independently. 
Thus, the AR2 domain may serve as flexible and versatile recruitment platform that allows the specific recruit-
ment for various transcription factors in E. coli and other γ-proteobacteria (Fig. 6e), as suggested earlier18. Once 
bound to NusA-AR2 these regulators may stay at the AR2 domain or may be handed over to RNAP or other parts 
of the transcription machinery.

NusA has multiple, sometimes even opposing, functions, which are context- and regulator-dependent, rang-
ing from pause-stimulation to AT. NusA is recruited early in transcription elongation49 and its NTD occupies 
the same position as region 4 of the σ factor, i.e. it binds to the βFTH, which constitutes a part of the wall of the 
RNA exit channel2. By interacting with the βFTH NusA-NTD may affect the widening of the RNA exit channel, 
modulating the transcription speed2,6,7. Additionally, NusA-NTD is contacted by one of the αCTDs2, suggesting 
that NusA-NTD would still be tethered to RNAP even if the NusA-NTD:βFTH contact was lost (e.g. if a λQ pro-
tein is bound to the βFTH). As discussed above, the AR2 domain is able to establish highly specific contacts to 
other transcription factors, allowing their specific recruitment to the RNAP and thus facilitate the modulation of 
RNAP activity. Taken together, the early recruitment of NusA, its tuneable function and its ability for the specific 
recruitment of various other transcription regulators not only underline the central role of NusA in transcription 
regulation, but imply that NusA may be regarded as auxiliary/additional RNAP subunit, similar to the σ factor, 
although not being encoded in the rpo operon.

Methods
cloning and mutagenesis. The gene encoding λQ was amplified from the plasmid pUC57_lambdaq 
obtained from GenScript (Piscataway, NJ, USA; the gene was codon-optimized; additionally, an NcoI restric-
tion site was introduced permitting the generation of a λQ deletion variant lacking 36 amino acids at the 
N-terminus (see below) without changing the amino acid sequence) by polymerase chain reaction using the 
primers Q-PciI-FW (5′-gcacatgtcccgcctggaatccgtggcaaaatttcac-3′; PciI restriction site in bold) and Q-XhoI-RV 
(5′-gctcgagtcagcgggtaacggcattcagg -3′; XhoI restriction site in bold; both primers were obtained from Metabion, 
Martinsried, Germany) and cloned into the pETGB1a expression vector (provided by Gunter Stier, EMBL 
Heidelberg, Germany) via PciI and XhoI restriction sites, resulting in the recombinant plasmid pETGB1a_lamb-
daq. The gene coding for the Q variant lacking the 36 N-terminal residues, λQΔ36, was obtained by restriction of 
pUC57_lambdaq with NcoI and XhoI and cloned into pETGB1a (pETGB1a_lambdaqdNΔ36). Both recombinant 
target proteins have a hexa-histidine tag, the B1 domain of streptococcal protein G (GB1), and a Tobacco Etch 
Virus (TEV) cleavage site at their N-termini.

Gene expression and protein purification. Production of NusA was carried out as described40, as was 
production of NusA-NTD54, NusA-SKK55, NusA-AR137, NusA-AR240, NusA-AR2D443C 18, NusB28, NusEΔ:B28, 
NusG56, and αCTD35.

Expression of λq was carried out in E. coli Rosetta (DE3) plysSRARE (Novagen, Madison, USA) harboring 
the plasmid pETGB1a_lambdaq. Lysogeny broth (LB) medium (supplemented with 34 μg/ml chloramphenicol 
and 30 μg/ml kanamycin) was inoculated with an overnight preculture to an optical density at 600 nm (OD600) 
of 0.2 and incubated at 37 °C. When the culture reached an OD600 of 0.5 the temperature was decreased to 25 °C 
and overexpression was induced by addition of 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at an 
OD600 of 0.7. Four hours after induction cells were harvested by centrifugation (6,000 × g, 10 min, 4 °C), resus-
pended in buffer Q-A (50 mM Tris(hydroxymethyl)aminomethane (Tris)/HCl, pH 7.4, 250 mM NaCl, 5 mM 
Dithiothreitol (DTT)), and lyzed using a microfluidizer (Microfluidics, Newton, USA). The lysate was cleared by 
centrifugation (75,000 × g, 30 min, 4 °C) and the crude extract was filtrated (0.45 µm filter) before being applied to 
a 5 ml HisTrap HP column (GE Healthcare, Chalfont St Giles, UK) loaded with Zn2+ instead of Ni2+-Ions. Upon 
washing with buffer Q-A elution was carried out via a step gradient with increasing imidazole concentrations 
(10 mM–500 mM in buffer Q-A). Fractions that contained His6-Gb1-λQ were combined and dialyzed against 
buffer Q-A (molecular weight cut-off (MWCO) 3,500 Da) at 4 °C overnight in the presence of TEV protease. The 
dialysate was loaded on a 5 ml HisTrap HP column (loaded with Zn2+) coupled to a 5 ml Heparin HP column (GE 
Healthcare, Munich, Germany) and the columns were washed with buffer Q-A. Subsequently, the HisTrap HP 
chelating column was removed and the Heparin HP column was eluted using a constant gradient from 250 mM 
to 1 M NaCl in buffer Q-A. Fractions that contained λQ protein were combined and dialyzed against buffer 
Q-B (50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH 6.5, 300 mM NaCl, 150 mM D-Glucose, 
5 mM DTT; MWCO 3,500 Da) at 4 °C. The protein was polished by a gel filtration step using a Superdex75 10/600 
column (GE Healthcare, Munich, Germany) and buffer Q-B. Fractions containing pure λQ were concentrated by 
ultrafiltration (MWCO 3,000 Da), shock frozen in liquid nitrogen, and stored at −80 °C. The production of λQΔ36 
was carried out analogously.
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Analytical gel filtration of λQ and λQΔ36. Analytical gel filtration was carried out using a Superdex 75 
10/300 GL column (GE Healthcare, Munich, Germany; 20 mM Tris/HCl (pH 7.5), 150 mM NaCl, 5% (v/v) glyc-
erol). In order to estimate the molecular weights of λQ and λQΔ36 a standard curve was generated using aprotinin 
(6.5 kDa; Sigma-Aldrich, Darmstadt, Germany), ribonuclease (13.7 kDa; GE Healthcare, Munich, Germany), 
carbonic anhydrase (29.0 kDa; GE Healthcare, Munich, Germany), ovalbumin (43 kDa; GE Healthcare, Munich, 
Germany), and albumin (66.0 kDa; Sigma-Aldrich, Darmstadt, Germany). 250 µg protein were applied per run.

Quality control of recombinant proteins. The quality of proteins used in this study was assessed 
based on the guidelines established by ARBRE-MOBIEU and P4EU (https://arbre-mobieu.eu/guidelines-on- 
protein-quality-control/). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 
check the purity of proteins. UV/visible spectra from 220–340 nm were recorded on a Nanodrop ND-100 spec-
trometer (PEQLAB, Erlangen, Germany) to ensure the absence of nucleic acids and aggregation. In order to 
determine concentrations the absorbance at 280 nm was measured in a 10 mm quartz cuvette (Hellma, Müllheim, 
Germany) on a Biospectrometer basic (Eppendorf, Hamburg, Germany). Identity was confirmed by peptide mass 
fingerprinting (Department of Biochemistry, University of Bayreuth, Germany) and homogeneity was ensured 
by analytical gel filtration using a Superdex 75 or a Superdex 200 10/300 GL column (GE Healthcare, Munich, 
Germany). Circular dichroism (CD) spectroscopy (1 mm quartz cuvette; J-1100, JASCO, Pfungstadt, Germany) 
was performed to assess the folding state (the folding state of unlabeled λQ and λQΔ36 was additionally checked 
by recording one dimensional 1H-NMR spectra).

isotopic labeling of proteins. Isotopic labeling was essentially based on published protocols54. To pro-
duce uniformly 15N- or 15N,13C-labeled proteins E. coli cells were grown in minimal medium M957,58 containing 
(15NH4)2SO4 (CortecNet, Voisins-Le-Bretonneux, France) or (15NH4)2SO4 and 13C-glucose (Campro Scientific, 
Berlin, Germany) as sole source for nitrogen or carbon, respectively. For expression of λq and λqΔ36 Fe(III) citrate 
and the trace element solution were omitted, but ZnCl2 was added to a final concentration of 4 mg/ml. Deuterated 
proteins were produced by growing E. coli cells in M9 medium57,58 which was prepared with stepwise increasing 
amounts of D2O (25% (v/v), 50% (v/v), 99.9% (v/v) D2O; Eurisotop, Saint-Aubin, France). Expression and purifi-
cation protocols were the same as for proteins produced in LB medium.

nMR spectroscopy. NMR experiments were performed at 298 K on Bruker Avance 700 MHz, Bruker Ascend 
Aeon 900 MHz, and Bruker Ascend Aeon 1 000 MHz spectrometers, all being equipped with cryogenically cooled 
inverse triple resonance probes. The experimental setup and data analysis was done essentially as described18. 
Samples contained 10% (v/v) D2O for locking and were in 3 mm tubes with an initial volume of 250 µl, if not 
stated otherwise. In-house routines were used for data conversion and processing, MatLab (The MathWorks, Inc., 
Version 7.1.0.183) was used for visualization and analysis of one-dimensional (1D) spectra and NMRViewJ (One 
Moon Scientific, Inc., Westfield, NJ, USA) to visualize and analyze two-dimensional (2D) and three-dimensional 
(3D) spectra. Assignments for the backbone amide resonances of NusA-AR235, NusA-AR159, NusA-SKK39, 
αCTD39, and NusA-NTD54 were taken from previous studies.

For resonance assignment of the λQΔ36 backbone BEST-TROSY-based triple resonance experiments60–62 
were recorded using 5 mm tubes (500 µl sample volume) with the 2H,13C,15N-labeled protein (270 µM) being in 
25 mM MES (pH 7.0), 100 mM NaCl, 5 mM DTT. 15N-longitudinal and transverse relaxation rates of λQΔ36 were 
recorded with a 15N-labeled sample at 298 K and 700.2 MHz 1H frequency using standard methods63. Relaxation 
delays were fitted to a monoexponential decay by NMRViewJ (One Moon Scientific, Inc., Westfield, NJ, USA). 
The rotation correlation time was determined using the TENSOR 2 package64 assuming an isotropic model for 
molecular tumbling. Only residues located in rigid regions were used in the analysis. The error of R1 and R2 was 
set to 5% and 8%, respectively, according to ref. 65.

For interaction studies and competition experiments proteins were in 50 mM MOPS, pH 6.5, 300 mM NaCl, 
150 mM D-Glucose, 5 mM DTT (exception: 5 mm tubes were used to study the interaction of NusA-SKK with 
NusA-AR2 with proteins being in 50 mM MOPS, pH 6.5, 100 mM NaCl, 150 mM D-Glucose, 5 mM DTT). Either 
[1H,15N]-HSQC or [1H,15N]-BEST-TROSY experiments were used to record [1H,15N] correlation spectra. To 
compare 1D spectra we normalized them by receiver gain, length of the 90° proton pulse, number of scans, and 
protein concentration.

[1H,15N] correlation-based titrations (either HSQC or BEST-TROSY) were analyzed quantitatively by calcu-
lating either changes in intensity or changes in chemical shifts. If chemical shift changes were in the fast regime 
of chemical exchange we calculated the normalized chemical shift perturbation (Δδnorm) according to Eq. (1).

δ δ δΔ = Δ + . ⋅ ΔH N( ) [0 1 ( )] (1)norm
1 2 15 2

with Δδ being the resonance frequency difference in ppm.
Plotting of Δδnorm against the amino acid position of the labeled protein and introduction of thresholds at 0.04 

ppm, 0.08 ppm, and 0.12 ppm allowed the identification of slightly, moderately, and strongly affected residues. In 
order to determine dissociation constants (KD) from these titrations we analyzed the normalized chemical shift 
changes (in Hz) and fitted a two-state model (Eq. 2) to the chemical shift change of amide protons showing fast 
exchange in the chemical shift timescale.
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with Δν being the normalized resonance frequency difference (Hz), ΔνEnd the normalized resonance frequency 
difference between free and fully bound protein (Hz), r the ratio of unlabeled to labeled protein, and [P]0 the 
total concentration of 15N-labeled protein (the decrease of [P]0 due to dilution was taken into account during 
fitting). Fitting was done using MatLab (The MathWorks, Inc., Version 7.1.0.183) with KD and ΔνEnd being fitting 
parameters.

If the system was in slow or intermediate chemical exchange the signal intensities were analyzed quantitatively 
as described66. In brief, signal intensities were normalized by receiver gain, length of the 90° proton pulse, number 
of scans, and protein concentration. In order to eliminate an intensity decrease due to slight precipitation signals 
within one spectrum were normalized to the most intense signal. Subsequently, we calculated the relative signal 
intensity in each titration step, i.e. the ratio of the remaining, normalized signal intensity of the spectrum of the 
respective titration step to the normalized signal intensity of the spectrum of the free, labeled protein. The error 
was calculated based on the standard deviation of the noise level applying error propagation. Then, we calculated 
the mean value of all relative signal intensities in each titration step and residues with relative signal intensities 
below thresholds at 1 and 1.5 σ of the mean value were classified as moderately or strongly affected, respectively.

fluorescence anisotropy measurements. Fluorescence anisotropy measurements were per-
formed as described18. Site-specific labeling of NusA-AR2D443C with fluorescein-5-maleimide (ThermoFisher 
Scientific, Waltham, USA) was done according to the manufacturer’s protocol, i.e. after incubation of 25 µM 
of NusA-AR2D443C with 750 µM fluorescein-5-maleimide in labeling buffer (20 mM Na phosphate, pH 7.0, 
150 mM NaCl) at 4 °C overnight the solution was loaded on a PD MiniTrap Sephadex G-25 gravity column 
(GE Healthcare, Munich, Germany) equilibrated with fluorescence buffer (50 mM Na-P, pH 6.5, 100 mM NaCl, 
150 mM glucose, 5 mM DTT, 0.05% (v/v) Tween). Elution was carried out with fluorescence buffer. The protein 
concentration and the degree of labeling were determined by UV/vis spectroscopy on a Nanodrop ND-1000 
spectrometer (PEQLAB, Erlangen, Germany) according to the manufacturer’s protocol.

For each titration step individual 100 µl samples were prepared with each sample containing 25 nM labeled 
NusA-AR2D443C and increasing concentrations of unlabeled protein. All proteins were in fluorescence buffer and 
measurements were done in black, sterile 96-well microtiter plates (Brand, Wertheim, Germany) at 25 °C in a 
Synergy 2 microplate reader (BioTek, Winooski, USA). Four independent replicates were prepared per titration 
step and the anisotropy values were averaged. Finally, the mean anisotropy values were plotted against the titrant 
concentration and anisotropy data was fitted to a two-state binding model (Eq. 3) using GraFit 5.0 (Erithacus 
Software; http://www.erithacus.com/grafit/index.html).
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where A is the measured anisotropy, AS the anisotropy of labeled NusA-AR2D443C, Acomplex the anisotropy 
of the complex, [complex] the concentration of the complex, [S]0 and [P]0 the total concentrations of labeled 
NusA-AR2D443C and the titrant, respectively, KD the dissociation constant, and R the ratio of the fluorescence 
intensities of fully bound and free substrate at 520 nm.

Docking. The complexes λQ:NusA-NTD, λQ:NusA-AR2, and NusA-AR2:NusA-SKK were modeled with the 
HADDOCK 2.2 server (https://haddock.science.uu.nl/services/HADDOCK2.2/)67 using H-N correlation data 
from NMR titrations as restraints (Supplementary Table 1). The size of interaction interfaces was calculated via 
the “Protein interfaces, surfaces and assemblies” service PISA at the European Bioinformatics Institute (http://
www.ebi.ac.uk/pdbe/prot_int/pstart.html68.

Visualization of protein structures. The PyMOL Molecular Graphics System (Version 1.7, Schrödinger, 
LLC.; https://pymol.org) was used for graphical representations of protein structures.

Data Availability
The chemical shift assignment of λQΔ36 were deposited in the Biological Magnetic Resonance Data Bank 
under the accession code 28043. We generated models of the λQ:NusA-NTD, the λQ:NusA-AR2, and the 
NusA-SKK:NusA-AR2 complex. Coordinates for λQ, NusA-NTD, NusA-SKK, and NusA-AR2 are available in 
the Protein Data Bank (PDB; 4MO1, 2KWP, 5LM9, 1WCN), the coordinates of the best complex models are 
provided as Supplementary data. Other data and materials are available from the corresponding author upon 
reasonable request.

Received: 20 November 2019; Accepted: 27 March 2020;
Published: xx xx xxxx

References
 1. Werner, F. & Grohmann, D. Evolution of multisubunit RNA polymerases in the three domains of life. Nat. Rev. Microbiol. 9, 85–98 

(2011).
 2. Guo, X. et al. Structural Basis for NusA Stabilized Transcriptional Pausing. Mol. Cell 69, 816–827.e4 (2018).

104



1 4Scientific RepoRtS |         (2020) 10:6607  | https://doi.org/10.1038/s41598-020-63523-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

 3. Ha, K. S., Toulokhonov, I., Vassylyev, D. G. & Landick, R. The NusA N-terminal domain is necessary and sufficient for enhancement 
of transcriptional pausing via interaction with the RNA exit channel of RNA polymerase. J. Mol. Biol. 401, 708–725 (2010).

 4. Ma, C. et al. RNA polymerase-induced remodelling of NusA produces a pause enhancement complex. Nucleic Acids Res. 43, 
2829–2840 (2015).

 5. Geszvain, K., Gruber, T. M., Mooney, R. A., Gross, C. A. & Landick, R. A hydrophobic patch on the flap-tip helix of E.coli RNA 
polymerase mediates sigma(70) region 4 function. J. Mol. Biol. 343, 569–587 (2004).

 6. Said, N. et al. Structural basis for λN-dependent processive transcription antitermination. Nat. Microbiol. 2, 17062 (2017).
 7. Krupp, F. et al. Structural Basis for the Action of an All-Purpose Transcription Anti-termination Factor. Mol. Cell 74, 143–157.e5 

(2019).
 8. Kang, J. Y. et al. RNA Polymerase Accommodates a Pause RNA Hairpin by Global Conformational Rearrangements that Prolong 

Pausing. Mol. Cell 69, 802–815.e1 (2018).
 9. Gottesman, M. E. & Weisberg, R. A. Little lambda, who made thee? Microbiol. Mol. Biol. Rev. 68, 796–813 (2004).
 10. Strobel, E. J. & Roberts, J. W. Regulation of promoter-proximal transcription elongation: enhanced DNA scrunching drives λQ 

antiterminator-dependent escape from a σ70-dependent pause. Nucleic Acids Res. 42, 5097–5108 (2014).
 11. Guo, J. & Roberts, J. W. DNA binding regions of Q proteins of phages lambda and phi80. J. Bacteriol. 186, 3599–3608 (2004).
 12. Shi, J. et al. Structural basis of Q-dependent transcription antitermination. Nat. Commun. 10, 2925 (2019).
 13. Yin, Z., Kaelber, J. T. & Ebright, R. H. Structural basis of Q-dependent antitermination. Proc. Natl. Acad. Sci. USA 116, 18384–18390 

(2019).
 14. Vorobiev, S. M. et al. Structure of the DNA-binding and RNA-polymerase-binding region of transcription antitermination factor 

λQ. Structure 22, 488–495 (2014).
 15. Squires, C. L., Greenblatt, J., Li, J., Condon, C. & Squires, C. L. Ribosomal RNA antitermination in vitro: requirement for Nus factors 

and one or more unidentified cellular components. Proc. Natl. Acad. Sci. USA 90, 970–974 (1993).
 16. Baniulyte, G. et al. Identification of regulatory targets for the bacterial Nus factor complex. Nat. Commun. 8, 2027 (2017).
 17. Huang, Y.-H., Said, N., Loll, B. & Wahl, M. C. Structural basis for the function of SuhB as a transcription factor in ribosomal RNA 

synthesis. Nucleic Acids Res. 47, 6488–6503 (2019).
 18. Dudenhoeffer, B. R., Schneider, H., Schweimer, K. & Knauer, S. H. SuhB is an integral part of the ribosomal antitermination complex 

and interacts with NusA. Nucleic Acids Res. 47, 6504–6518 (2019).
 19. Torres, M., Condon, C., Balada, J. M., Squires, C. & Squires, C. L. Ribosomal protein S4 is a transcription factor with properties 

remarkably similar to NusA, a protein involved in both non-ribosomal and ribosomal RNA antitermination. EMBO J. 20, 3811–3820 
(2001).

 20. Singh, N. et al. SuhB Associates with Nus Factors To Facilitate 30S Ribosome Biogenesis in Escherichia coli. MBio 7, e00114 (2016).
 21. Werner, F. A nexus for gene expression-molecular mechanisms of Spt5 and NusG in the three domains of life. J. Mol. Biol. 417, 13–27 

(2012).
 22. Mooney, R. A., Schweimer, K., Rösch, P., Gottesman, M. & Landick, R. Two structurally independent domains of E. coli NusG create 

regulatory plasticity via distinct interactions with RNA polymerase and regulators. J. Mol. Biol. 391, 341–358 (2009).
 23. Artsimovitch, I. & Knauer, S. H. Ancient Transcription Factors in the News. MBio 10, e01547–18 (2019).
 24. Burmann, B. M. et al. A NusE:NusG complex links transcription and translation. Science 328, 501–504 (2010).
 25. Mitra, P., Ghosh, G., Hafeezunnisa, M. & Sen, R. Rho Protein: Roles and Mechanisms. Annu. Rev. Microbiol. 71, 687–709 (2017).
 26. Lawson, M. R. et al. Mechanism for the regulated control of transcription by a universal adapter protein. Mol. Cell 71, 1–12 (2018).
 27. Luo, X. et al. Structural and functional analysis of the E. coli NusB-S10 transcription antitermination complex. Mol. Cell 32, 791–802 

(2008).
 28. Burmann, B. M., Luo, X., Rösch, P., Wahl, M. C. & Gottesman, M. E. Fine tuning of the E. coli NusB:NusE complex affinity to BoxA 

RNA is required for processive antitermination. Nucleic Acids Res. 38, 314–326 (2010).
 29. Artsimovitch, I. & Landick, R. Pausing by bacterial RNA polymerase is mediated by mechanistically distinct classes of signals. Proc. 

Natl. Acad. Sci. USA 97, 7090–7095 (2000).
 30. Friedman, D. I. & Baron, L. S. Genetic characterization of a bacterial locus involved in the activity of the N function of phage 

lambda. Virology 58, 141–148 (1974).
 31. Vogel, U. & Jensen, K. F. NusA is required for ribosomal antitermination and for modulation of the transcription elongation rate of 

both antiterminated RNA and mRNA. J. Biol. Chem. 272, 12265–12271 (1997).
 32. Yarnell, W. S. & Roberts, J. W. The phage lambda gene Q transcription antiterminator binds DNA in the late gene promoter as it 

modifies RNA polymerase. Cell 69, 1181–1189 (1992).
 33. Pan, T., Artsimovitch, I., Fang, X. W., Landick, R. & Sosnick, T. R. Folding of a large ribozyme during transcription and the effect of 

the elongation factor NusA. Proc. Natl. Acad. Sci. USA 96, 9545–9550 (1999).
 34. Worbs, M., Bourenkov, G. P., Bartunik, H. D., Huber, R. & Wahl, M. C. An extended RNA binding surface through arrayed S1 and 

KH domains in transcription factor NusA. Mol. Cell 7, 1177–1189 (2001).
 35. Eisenmann, A., Schwarz, S., Prasch, S., Schweimer, K. & Rösch, P. The E. coli NusA carboxy-terminal domains are structurally 

similar and show specific RNAP- and lambdaN interaction. Protein Sci. 14, 2018–2029 (2005).
 36. Mah, T. F., Li, J., Davidson, A. R. & Greenblatt, J. Functional importance of regions in Escherichia coli elongation factor NusA that 

interact with RNA polymerase, the bacteriophage lambda N protein and RNA. Mol. Microbiol. 34, 523–537 (1999).
 37. Prasch, S. et al. Interaction of the intrinsically unstructured phage lambda N Protein with Escherichia coli NusA. Biochemistry 45, 

4542–4549 (2006).
 38. Bonin, I. et al. Structural basis for the interaction of Escherichia coli NusA with protein N of phage lambda. Proc. Natl. Acad. Sci. USA 

101, 13762–13767 (2004).
 39. Schweimer, K. et al. NusA interaction with the α subunit of E. coli RNA polymerase is via the UP element site and releases 

autoinhibition. Structure 19, 945–954 (2011).
 40. Strauß, M. et al. Transcription is regulated by NusA:NusG interaction. Nucleic Acids Res. 44, 5971–5982 (2016).
 41. Mah, T. F., Kuznedelov, K., Mushegian, A., Severinov, K. & Greenblatt, J. The alpha subunit of E. coli RNA polymerase activates RNA 

binding by NusA. Genes Dev. 14, 2664–2675 (2000).
 42. Liu, K., Zhang, Y., Severinov, K., Das, A. & Hanna, M. M. Role of Escherichia coli RNA polymerase alpha subunit in modulation of 

pausing, termination and anti-termination by the transcription elongation factor NusA. EMBO J. 15, 150–161 (1996).
 43. Shankar, S., Hatoum, A. & Roberts, J. W. A transcription antiterminator constructs a NusA-dependent shield to the emerging 

transcript. Mol. Cell 27, 914–927 (2007).
 44. Yang, X. J., Goliger, J. A. & Roberts, J. W. Specificity and mechanism of antitermination by Q proteins of bacteriophages lambda and 

82. J. Mol. Biol. 210, 453–460 (1989).
 45. Deighan, P., Diez, C. M., Leibman, M., Hochschild, A. & Nickels, B. E. The bacteriophage lambda Q antiterminator protein contacts 

the beta-flap domain of RNA polymerase. Proc. Natl. Acad. Sci. USA 105, 15305–15310 (2008).
 46. Grayhack, E. J., Yang, X. J., Lau, L. F. & Roberts, J. W. Phage lambda gene Q antiterminator recognizes RNA polymerase near the 

promoter and accelerates it through a pause site. Cell 42, 259–269 (1985).
 47. Campbell, E. A. et al. Crystal structure of Escherichia coli sigmaE with the cytoplasmic domain of its anti-sigma RseA. Mol. Cell 11, 

1067–1078 (2003).
 48. Campbell, E. A. et al. Structure of the bacterial RNA polymerase promoter specificity sigma subunit. Mol. Cell 9, 527–539 (2002).

105



1 5Scientific RepoRtS |         (2020) 10:6607  | https://doi.org/10.1038/s41598-020-63523-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

 49. Mooney, R. A. et al. Regulator trafficking on bacterial transcription units in vivo. Mol. Cell 33, 97–108 (2009).
 50. Kuznedelov, K. et al. A role for interaction of the RNA polymerase flap domain with the sigma subunit in promoter recognition. 

Science 295, 855–857 (2002).
 51. Kang, J. Y. et al. Structural basis of transcription arrest by coliphage HK022 Nun in an Escherichia coli RNA polymerase elongation 

complex. Elife 6, e25478 (2017).
 52. Burmann, B. M. et al. An α helix to β barrel domain switch transforms the transcription factor RfaH into a translation factor. Cell 

150, 291–303 (2012).
 53. Zuber, P. K., Schweimer, K., Rösch, P., Artsimovitch, I. & Knauer, S. H. Reversible fold-switching controls the functional cycle of the 

antitermination factor RfaH. Nat. Commun. 10, 702 (2019).
 54. Drögemüller, J. et al. Exploring RNA polymerase regulation by NMR spectroscopy. Sci. Rep. 5, 10825 (2015).
 55. Prasch, S. et al. RNA-binding specificity of E. coli NusA. Nucleic Acids Res. 37, 4736–4742 (2009).
 56. Burmann, B. M., Scheckenhofer, U., Schweimer, K. & Rösch, P. Domain interactions of the transcription-translation coupling factor 

Escherichia coli NusG are intermolecular and transient. Biochem. J. 435, 783–789 (2011).
 57. Sambrook, J. & Russel, D. W. Molecular Cloning: A Laboratory Manual. vol. 3 (Cold Spring Harbor Press, 2001).
 58. Meyer, O. & Schlegel, H. G. Biology of aerobic carbon monoxide-oxidizing bacteria. Annu. Rev. Microbiol. 37, 277–310 (1983).
 59. Eisenmann, A., Schwarz, S., Rösch, P. & Schweimer, K. Sequence-specific 1H, 13C, 15N resonance assignments and secondary 

structure of the carboxyterminal domain of the E. coli transcription factor NusA. J Biomol NMR 28, 193–194 (2004).
 60. Favier, A. & Brutscher, B. Recovering lost magnetization: polarization enhancement in biomolecular NMR. J. Biomol. NMR 49, 9–15 

(2011).
 61. Bax, A. & Grzesiek, A. Methodological advances in protein NMR. Acc. Chem. Res. 26, 131–138 (1993).
 62. Sattler, M., Schleucher, J. & Griesinger, C. Heteronuclear multidimensional NMR experiments for the structure determination of 

proteins in solution employing pulsed field gradients. Prog. Nucl. Magn. Reson. Spectrosc. 34, 93–158 (1999).
 63. Kay, L. E., Torchia, D. A. & Bax, A. Backbone dynamics of proteins as studied by nitrogen-15 inverse detected heteronuclear NMR 

spectroscopy: application to staphylococcal nuclease. Biochemistry 28, 8972–8979 (1989).
 64. Dosset, P., Hus, J.-C., Blackledge, M. & Marion, D. Efficient analysis of macromolecular rotational diffusion from heteronuclear 

relaxation data. J. Biomo.l NMR 16, 23–28 (2000).
 65. Rossi, P. et al. A microscale protein NMR sample screening pipeline. J. Biomol. NMR 46, 11–22 (2010).
 66. Drögemüller, J. et al. Determination of RNA polymerase binding surfaces of transcription factors by NMR spectroscopy. Sci. Rep. 5, 

16428–16441 (2015).
 67. de Vries, S. J., van Dijk, M. & Bonvin, A. M. J. J. The HADDOCK web server for data-driven biomolecular docking. Nat. Protoc. 5, 

883–897 (2010).
 68. Krissinel, E. & Henrick, K. Inference of macromolecular assemblies from crystalline state. J. Mol. Biol. 372, 774–797 (2007).

Acknowledgements
We thank Ramona Heissmann, Ulrike Persau, and Andrea Hager for excellent technical assistance and the 
Northern Bavarian NMR Centre (NBNC) for access to the NMR spectrometers. This work was supported by 
the German Research Foundation (Ro617/21–1 to Paul Rösch). The open access charge was funded by German 
Research Foundation and the University of Bayreuth in the funding program open access publication.

Author contributions
S.H.K. supervised the project. The experiments were designed by S.H.K., K.S., and B.R.D. J.B., B.R.D., and K.S. 
made the assignment of λQΔ36 (the corresponding NMR experiments were carried out by K.S.). All interactions 
studies and competition experiments were performed by B.R.D., and data was analyzed and evaluated by B.R.D. 
and S.H.K. B.R.D. and S.H.K. carried out the docking runs and S.H.K. and B.R.D. wrote the manuscript with 
input from all authors.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63523-5.
Correspondence and requests for materials should be addressed to S.H.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

106



	 1	

Supplementary Information 

NusA directly interacts with antitermination factor 

Q from phage λ  

Benjamin R. Dudenhoeffer1, Jan Borggräfe1,2, Kristian Schweimer1, Stefan H. Knauer1,* 

 

1Biopolymers, University of Bayreuth, Universitätsstraße 30, 95447 Bayreuth, Germany 

2Current address: 

Institute of Physical Biology, Heinrich-Heine-University, Univeristätsstraße 1, 40225 

Düsseldorf, Germany 

Institute of Complex Systems, Forschungszentrum Jülich, Wilhelm-Johnen-Straße, 52428 

Jülich, Germany  

 

 

*Correspondence to: stefan.knauer@uni-bayreuth.de  

 

  

107



	 2	

Supplementary Table 1: Structures and active residues used in docking to model the 

complexes λQ:NusA-NTD, λQ:NusA-AR2, and NusA-AR2:NusA-SKK.  

complex Input structures Active residues 

λQ:NusA-NTD λQ: 4MOI, chain A 

NusA-NTD: 2KWP, 

model 1 

λQ:  84, 86, 102, 111, 112, 117, 119, 121, 124, 

127, 146, 147, 150, 158, 160, 161, 162, 163, 

168, 183, 185, 186 

NusA-NTD: 27, 34, 37, 38, 39, 44, 57, 61, 73, 

75, 77, 80, 83, 84, 87, 95 

λQ:NusA-AR2 λQ: 4MOI, chain A 

NusA-AR2: 1WCN, 

model 1 

λQ: 71, 72, 75, 95, 96, 102, 103, 111, 112, 117, 

125, 149, 161, 163, 177, 180, 183, 200 

NusA-AR2: 462, 463, 476, 483, 487, 489, 490, 

491, 492, 494, 495 

NusA-AR2:NusA-SKK NusA-AR2: 1WCN, 

model 1 

NusA-SKK: 5LM9 (the 

structure also includes 

NusA-AR1) 

NusA-AR2: 461, 463, 464, 465, 466, 476, 480, 

482, 483, 484, 486, 490, 491, 492, 493 

NusA-SKK: 165, 168, 170, 171, 173, 181, 212, 

229, 234, 235, 236, 249, 252, 253, 254, 258, 

259, 260, 261, 262, 263, 264, 266, 267, 268, 

270, 271, 273, 275, 276, 288, 289, 317, 318, 

319, 326, 327, 342, 346 
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Supplementary Figure 1: Structures of Nus factors. The structures of NusG (a), the 

NusB:NusEΔ complex (b), and NusA (c) are shown in ribbon representation, domains are 

color-coded, and flexible linkers are depicted as dashed lines. Termini are labeled and 

interaction partners are indicated. PDB IDs: NusG-NTD, 2K06; NusG-CTD, 2JVV; NusB: 

NusEΔ, 3D3B; NusA-NTD, 2KWP; NusA-SKK-AR1, 5LM9; NusA-AR2, 1WCN. The 

PyMOL Molecular Graphics System (Version 1.7, Schrödinger, LLC.; https://pymol.org) was 

used for visualization. 
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Supplementary Figure 2: Characterization of λQ and λQΔ36. (a) Analytical gel filtration 

using a Superdex 75 10/300 GL column. (Left) Chromatograms of λQ and λQΔ36. (Right) 

Standard curve generated with aprotinin, ribonuclease, carbonic anhydrase, ovalbumin, and 

albumin (empty black circles). The molecular weights of λQ (black filled circle) and λQΔ36 

(red filled circle) were determined as 30 kDa and 17 kDa, respectively. (b) Determination of 

relaxation rates R1 (top) and R2 (bottom) of 15N-λQΔ36. Red triangles mark residues for which 

no relaxation rates could be determined. 
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Supplementary Figure 3: λQ interacts with NusA, but not with NusB, NusEΔ, or NusG. 

2D [1H,15N]-BEST-TROSY spectra of 125 µM 15N-λQ in the absence (black) and presence 

(molar ratio 1:1, cyan; 1:2, red) of NusA (a), NusB (b), NusB:NusEΔ (c), and NusG (d). 

Corresponding 1D [1H,15N]-HSQC spectra are shown as insets. 
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Supplementary Figure 4: λQ directly interacts with NusA-NTD. (a) 2D [1H,15N]-BEST-

TROSY spectra of the titration of 250 µM 15N-λQ with NusA-NTD (molar ratios: 1:0, black; 

1:1, cyan; 1:2 red). The dashed box indicates the section shown in Fig. 2a. Corresponding 1D 

[1H,15N]-HSQC spectra are shown as inset. (b) 1D and 2D [1H,15N]-HSQC spectra of the 

titration of 175 µM 15N-NusA-NTD with λQ (molar ratios: 1:0, black; 1:1, cyan; 1:2). The 

dashed box in (b) indicate the sections shown in Fig. 2b. (c-e) Models of the λQ:NusA-NTD 

complex. The models were generated with by docking (HADDOCK 2.2 server 

(https://haddock.science.uu.nl/services/HADDOCK2.2/) using the affected residues as 

restraints. The three clusters with the lowest Z and HADDOCK scores are shown (increasing 

values from (c) to (e)) with each cluster having three superimposed structures. The proteins 

are depicted in ribbon representation, the Zn2+ ion is shown as cyan sphere. PDB IDs: λQ, 

4MOI; NusA-NTD, 2KWP. The PyMOL Molecular Graphics System (Version 1.7, 

Schrödinger, LLC.; https://pymol.org) was used for visualization. 
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Supplementary Figure S5: λQΔ36 directly interacts with NusA-NTD.  (a) 1D and 2D 

[1H,15N]-HSQC spectra of the titration of 175 µM 15N-NusA-NTD with λQΔ36 (molar ratios: 

1:0, black; 1:1, cyan; 1:2). The dashed box in (a) indicate the section marks the section shown 

on the right. (b) Relative intensity of NusA-NTD signals in the presence of one equivalent 

λQΔ36. Orange and red lines indicate thresholds for moderately (1.0 σ of average relative 

signal intensity) and strongly	 (1.5 σ of average relative signal intensity) affected signals, 

respectively. Error bars are given as black vertical lines. (c) Mapping of the affected residues 

on NusA-NTD (PDB ID: 2KWP, gray in surface representation). Moderately affected 

residues, orange; strongly affected residues, red. The PyMOL Molecular Graphics System 

(Version 1.7, Schrödinger, LLC.; https://pymol.org) was used for visualization. 
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Supplementary Figure 6: The αCTD of RNAP and λQ share binding sites on NusA-

NTD. (a) αCTD detaches NusA-NTD from 15N-λQ. 2D [1H,15N]-BEST-TROSY spectra are 

shown. Molar ratios: 15N-λQ:NusA-NTD:αCTD = 1:0:0, black; =1:2:0, cyan; 1:2:2, orange; 

1:2:4, red. Initial concentration of 15N-λQ: 250 µM. The dashed box indicates the section 

shown in Fig. 2d. (b) NusA-NTD is removed from 15N-αCTD by λQ. 2D [1H,15N]-HSQC 

spectra are depicted. Molar ratios: 15N-αCTD:NusA-NTD:λQ = 1:0:0; black; =1:2:0; cyan; 

1:2:2; orange; 1:2:4, purple; 1:2:6, yellow; 1:2:10, red. Initial concentration of 15N-αCTD: 

250 µM. The dashed box corresponds to the section shown in Fig. 2e. (c) [1H,15N]-BEST-

TROSY spectra of the titration of 125 µM 15N-λQ with αCTD (molar ratios: 1:0, black; 1:1, 

cyan; 1:2, red). The inset shows corresponding 1D [1H,15N]-HSQC spectra. 
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Supplementary Figure 7: λQ interacts with neither NusA-SKK nor NusA-AR1. (a) 1D 

[1H,15N]-HSQC and 2D [1H,15N]-BEST-TROSY spectra of the titration of 125 µM 15N-λQ 

with NusA-SKK (molar ratios: 1:0, black; 1:1, cyan; 1:2). (b) 1D [1H,15N]-HSQC and 2D 

[1H,15N]-BEST-TROSY spectra of the titration of 125 µM 2H,15N-NusA-SKK with λQ (molar 

ratios: 1:0, black; 1:1, cyan; 1:2 red). (c) 1D [1H,15N]-HSQC and 2D [1H,15N]-BEST-TROSY 

spectra of the titration of 175 µM 15N-λQ with NusA-AR1 (molar ratios: 1:0, black; 1:1, cyan; 

1:2 red). (d) 1D and 2D [1H,15N]-HSQC spectra of the titration of 125 µM 15N-NusA-AR1 

with λQ (molar ratios: 1:0, black; 1:1, cyan; 1:2 red).  
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Supplementary Figure 8: λQ interacts directly with NusA-AR2. (a) 1D [1H,15N]-HSQC 

and 2D [1H,15N]-BEST-TROSY spectra of the titration of 250 µM 15N-λQ with NusA-AR2 
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(molar ratios: 1:0, black; 1:1, cyan; 1:2 red). The dashed box indicates the section shown in 

Fig. 3a. (b) 1D and 2D [1H,15N]-HSQC spectra of the titration of 250 µM 15N-NusA-AR2 

with λQ (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). The dashed box marks the section 

depicted in Fig. 3b. (c-e) Models of the λQ:NusA-AR2 complex. The models were generated 

by docking using the affected residues as restraints (the HADDOCK 2.2 server 

(https://haddock.science.uu.nl/services/HADDOCK2.2/). The three clusters with the lowest Z 

and HADDOCK scores are shown (increasing values from (c) to (e)) with each cluster 

comprising three superimposed structures. The proteins are depicted in ribbon representation, 

the Zn2+ ion as cyan sphere. PDB IDs: λQ, 4MOI;NusA-AR2, 1WCN. The PyMOL 

Molecular Graphics System (Version 1.7, Schrödinger, LLC.; https://pymol.org) was used for 

visualization. (f) Determination of the KD of the λQ:NusA-AR2D443C interaction by 

fluorescence anisotropy measurements. The standard deviation is shown as vertical bars. The 

curve represents the best fit to a two-component binding equation, yielding a KD value of 

268±17 µM. Fitting was performed with GraFit 5.0 (Erithacus Software; 

http://www.erithacus.com/grafit/index.html). (g) 1D and 2D [1H,15N]-HSQC spectra of the 

titration of 250 µM 15N-NusA-AR2 with λQΔ36 (molar ratios: 1:0, black; 1:1, cyan; 1:2 red). 

The dashed box indicates the section shown on the right. Selected signals are assigned, arrows 

indicating chemical shift changes during the titration. (h) Normalized chemical shift changes 

of NusA-AR2 upon the addition of two equivalents λQΔ36. Yellow, orange, and red lines 

indicate thresholds for slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately (0.08 ppm ≤ 

Δδnorm < 0.12 ppm) and strongly (Δδnorm ≥ 0.12 ppm) affected signals, respectively. (i) 

Mapping of the affected residues from (h) on the structure of NusA-AR2 (PDB ID: 1WCN, 

gray, in surface representation). Slightly affected residues, yellow; Moderately affected 

residues, orange; strongly affected residues, red. The PyMOL Molecular Graphics System 

(Version 1.7, Schrödinger, LLC.; https://pymol.org) was used for visualization. (j) 

Determination of the affinity of the λQΔ36:NusA-AR2D443C interaction by fluorescence 
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anisotropy measurements. Representation as in (f). The curve represents the best fit to a two-

component binding equation, yielding a KD value of 268±17 µM. Fitting was performed with 

GraFit 5.0 (Erithacus Software; http://www.erithacus.com/grafit/index.html). 

 

  

118



	 13	

 

Supplementary Figure 9: NMR-based competition experiments of λQ, NusA-NTD and 

NusA-AR2. (a) NusA-AR2 detaches λQ from 15N-NusA-NTD. 2D [1H,15N]-HSQC spectra 

are shown, dashed boxes indicate the sections shown in Fig. 3d. Molar ratios: 15N-NusA-

NTD:λQ:NusA-AR2 = 1:0:0, black; =1:2:0, cyan; 1:2:2, orange; 1:2:4, red. Initial 

concentration of 15N-NusA-NTD: 250 µM. (b) λQ is removed from 15N-NusA-AR2 by NusA-

NTD. 2D [1H,15N]-HSQC spectra are depicted with the dashed box marking the region shown 

in Fig. 3e. Molar ratios: 15N-NusA-AR2:λQ:NusA-NTD = 1:0:0; black; =1:2:0; cyan; 1:2:2; 

orange; 1:2:4, purple; 1:2:6, yellow; 1:2:10, red. Initial concentration of 15N-NusA-AR2: 

250 µM.  
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Supplementary Figure 10: The αCTD and λQ share binding sites on NusA-AR2. (a) 

Removal of NusA-AR2 from 15N-λQ by αCTD. 2D [1H,15N]-BEST-TROSY spectra are 

shown, the dashed box indicates the region shown in Fig. 4a. Molar ratios: 15N-λQ:NusA-

AR2:αCTD = 1:0:0, black; =1:2:0, cyan; 1:2:2, orange; 1:2:4, red. Initial concentration of 

15N-λQ: 250 µM. (b) λQ detaches NusA-AR2 from 15N-αCTD. 2D [1H,15N]-HSQC spectra 

are depicted, the dashed box marks the section magnified in Fig. 4b. Molar ratios: 15N-

αCTD:NusA-AR2:λQ = 1:0:0; black; =1:2:0; cyan; 1:2:2; orange; 1:2:4, purple; 1:2:6, yellow; 

1:2:10, red. Initial concentration of 15N-αCTD: 250 µM. (c) Determination of the affinity of 

the αCTD:NusA-AR2D443C interaction by fluorescence anisotropy measurements. The 

standard deviation is shown as bars. The curve represents the best fit to a two-component 

binding equation, yielding a KD value of 8±1 µM. Fitting was performed with GraFit 5.0 

(Erithacus Software; http://www.erithacus.com/grafit/index.html). 
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Supplementary Figure 11: NusA autoinhibition can be released by λQ. (a) 1D [1H,15N]-

HSQC and 2D [1H,15N]-BEST-TROSY spectra of the titration of 300 µM 2H,15N-NusA-SKK 

with NusA-AR2 (molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2 purple; 1:5 yellow; 

1:7.5 red; concentration of NusA-AR2 stock: 1.5 mM). The dashed box marks the section 

shown in Fig. 5a. (b) 1D and 2D [1H,15N]-HSQC spectra of the titration of 200 µM 15N-

NusA-AR2 with NusA-SKK (molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2 purple; 1:5 

yellow; 1:7.5 red; concentration of NusA-SKK stock: 500 µM). The dashed box corresponds 

to the region shown in Fig. 5b. (c) Determination of the affinity of the NusA-AR2:NusA-SKK 

interaction based on the titration of 15N-NusA-AR2 with NusA-SKK. Titration curves for 

selected residues of 15N-NusA-AR2 are shown. The individual curves representing the best fit 

to a two-component binding equation, yielding an average KD value of <341 µM. (d) 

Determination of the KD of the NusA-SKK:NusA-AR2D443C interaction by fluorescence 

anisotropy measurements. 25 nM fluorescent labeled NusA-AR2D443C was titrated with NusA-

SKK. For each titration step the mean value of four individual titrations is plotted against the 
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NusA-SKK concentration. The standard deviation is shown as bars. The curve represents the 

best fit to a two-component binding equation, yielding a KD value of 279±17 µM. (e) λQ 

removes NusA-AR2 from 2H,15N-NusA-SKK. 2D [1H,15N]-BEST-TROSY spectra are shown 

and the dashed box indicates the section shown in Fig. 5d. Molar ratios: 2H,15N-NusA-

SKK:NusA-AR2:λQ =1:0, black; =1:5, orange; =1:5:1, cyan; =1:5:2, purple; =1:5:5, yellow; 

=1:5:10, red. Initial concentration of 2H,15N-NusA-SKK: 175 µM. (f)  λQΔ36 detaches NusA-

AR2 from 2H,15N-NusA-SKK. 2D [1H,15N]-BEST-TROSY spectra are depicted, the dashed 

box marks the region shown in Fig. 5e. Molar ratios: 2H,15N-NusA-SKK:NusA-AR2:λQΔ36 

=1:0, black; =1:5, orange; =1:5:1, cyan; =1:5:2, purple; =1:5:5, yellow; =1:5:10, red. Initial 

concentration of 2H,15N-NusA-SKK: 175 µM.  
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Supplementary Figure 12: NusA-AR2 interacts with various interaction partners. NusA-

AR2 binding surfaces of NusG-NTD (a), αCTD (b), SuhB (c) and λQ (d) are shown. NusA-

AR2 (gray; PDB ID: 1WCN) is in surface (top) and ribbon (bottom) representation. Residues 

affected by binding as determined by [1H,15N]-HSQC titrations are color-coded (slightly 

affected, yellow; moderately affected, orange; strongly affected, red). The side chains of 

strongly affected residues are depicted as sticks. Termini, secondary structure elements, and 

selected residues are labeled. Binding data for NusG-NTD, SuhB and αCTD were taken from 

references 1–3. The PyMOL Molecular Graphics System (Version 1.7, Schrödinger, LLC.; 

https://pymol.org) was used for visualization. 
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ABSTRACT 

A common mechanism of transcription regulation is antitermination (AT) where termination 

signals are suppressed. Phage λ uses AT to regulate the expression of its late genes in 

Escherichia coli. In this process AT protein λQ binds to RNA polymerase (RNAP) and AT 

efficiency is enhanced by N-utilization substance (Nus) factor A. Here we used solution-state 

nuclear magnetic resonance spectroscopy to decipher the molecular basis of λQ-dependent AT 

and the role of NusA. We provide structural evidence that λQ directly interacts with the flap tip 

helix (FTH) of RNAP, and that it competes with both the σ70 factor and the N-terminal domain 

(NTD) of NusA for binding to the FTH. Our results indicate that λQ-dependent displacement of 

σ70 from the FTH may destabilize the holo RNAP to promote pause escape, and that λQ may 

induce a rearrangement of NusA-NTD on RNAP, suggesting that NusA-repositioning is a 

general scheme in AT.  
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INTRODUCTION 

The central enzyme of transcription is RNA polymerase (RNAPs), which catalyzes the synthesis 

of RNA based on a DNA template in a transcription cycle consisting of initiation, elongation, 

and termination. All cellular genomes are transcribed by multisubunit RNAPs that are conserved 

in all domains of life with RNAPs from Gram negative bacteria being the simplest 

representatives, comprising five subunits (2xα,β,β´,ω) 1,2. Bacterial RNAPs have to bind σ factor 

as only the resulting holoenzyme is capable of promoter-specific initiation. In Escherichia coli 

(E. coli) σ70 is responsible for the recognition of housekeeping gene promoters3. It consists of 4 

conserved sequence regions (σ70
R1-4) that can be divided into subregions 1.1, 1.2, 2.1, 2.2, 2.3, 

2.4, 3.0, 3.1, 3.2, 4.2, and 4.2 and which fold into four structural domains (σ70
1.1, σ70

2, σ70
3, σ70

4) 

connected by flexible linkers. Additionally, a non-conserved region (σ70
NCR) is located between 

σ70
R1.2 and σ70

R2.1 
4,5. In the holoenzyme σ70 establishes various contacts with the RNAP, e.g. 

σ70
R1.2, σ70

R2.1, and σ70
R2.2 interact with the clamp helices of the RNAP β´ subunit (β´ CH) 6 and 

σ70
R4.1 and σ70

R4.2  bind to the flap-tip helix (FTH) of the flap domain of the RNAP β subunit 7,8. 

Specific promoter recognition by σ70 requires two conserved sequence elements, the -35 and the 

-10 elements with the numbers accounting for their position relative to the transcription start 

site 9. Upon transition to elongation RNAP forms a stable complex with the nucleic acids, the 

so-called transcription elongation complex (TEC), and the σ70 factor usually dissociates 10. 

Termination of transcription either occurs intrinsically by RNA hairpin formation or is mediated 

by termination factor ρ 11.  

Antitermination (AT), the suppression of termination signals, is a widespread process and was 

first discovered in bacteriophage λ12, where two distinct mechanisms exist, involving either AT 

protein λN or AT protein λQ: λN-mediated AT is required for switching from early to delayed 

early gene expression during the lytic life cycle of λ phage13, whereas λQ controls the expression 

of the phage’s late gene operon necessary for packing and lysis 14. In λN-mediated AT, phage 

protein λN binds to a N-utilization (nut) sequence on the nascent RNA and, together with host 

proteins N utilization substances (Nus) A, B, E, and G, alters the TEC into a termination resistant 

state by forming a transcription AT complex (TAC) 15,16. In λQ mediated-AT, phage protein λQ 

requires two cis-acting elements within the phage’s late gene promotor PR´: a σ70-dependent 

pause sequence following transcription initiation (at +16 nucleotides (nt)) 17–19 and a subsequent 

λQ binding element (QBE) 20 to alter the TEC into a TAC. At position +13 of a λQ-controlled 

operon, RNAP is anchored to the DNA and further transcription to the σ70-dependent pause site 

at +16 leads to formation of a scrunched complex 21, providing a substrate for λQ binding 17. At 

the pause site σ70
R2 binds to the pause inducing -10-like sequence 17,18 and σ70

R4 to the -35 like 

element 19. In related phage 21 two Q21 proteins interact with two distinct elements of the QBE 
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and are simultaneously interacting with the RNAP holoenzyme. One Q21 binds to the FTH of 

RNAP, leading to the disengagement of σ70
R4 from FTH and weakening of σ70 binding on RNAP, 

whereas the second Q21 protein forms a torus by interacting with the RNA exit channel, forcing 

the nascent RNA through the torus, preventing pausing and formation of terminator hairpins 22,23. 

A second pause-inducing element (called EPS) is located directly downstream of the -10-like 

pause sequence 24 and determines the frequency at which pause escape occurs. Pause escape 

involves disengagement of σ70, driven by λQ-induced destabilization of the σ70:RNAP 

interaction 22,23, and DNA scrunching 21. Afterwards λQ becomes a stable component of the 

TEC 22,23 throughout the entire late operon of 26 kb 25, inhibiting pausing and allowing read-

through of multiple intrinsic and ρ-dependent termination sites 14,26. Despite λQs ability to be 

sufficient to mediate AT in phage late gene operon alone 25 NusA stimulates the AT function of 

λQ substantially 17 and, as sole of all Nus factors, directly interacts with λQ 27.  

NusA is a multidomain protein and a versatile regulator of transcription. It is involved in RNA 

folding 28, transcriptional pausing associated with nascent RNA hairpins 29, and intrinsic 30,31 as 

well as ρ-dependent termination 32,33. The N-terminal domain (NTD) is followed by the domains 

S1, K homology (KH) 1, and KH2, which form the compact RNA binding motif SKK, and, in 

E. coli and other γ-proteobacteria, by two acidic repeat (AR) domains, AR1 and AR2. 

NusA-NTD interacts with the FTH of the β subunit and may simultaneously be contacted by the 

CTD of one of the α subunits (αCTD). The SKK motif recognizes specifically the spacer region 

of nut sites, an interaction important in AT processes. AR1 and AR2 exhibit similar topology 

and polarity, but have distinct interaction partners: NusA-AR1 solely interacts with phage 

protein λN during λN-dependent AT 34, whereas NusA-AR2 binds to the NusA-KH1 domain, 

preventing RNA binding of SKK and thus autoinhibiting NusA 35–37. Upon interaction of 

NusA-AR2 with the αCTD, NusA autoinhibition is released and αCTD is hindered from 

reattaching to the upstream promoter 36,38. Moreover, NusA-AR2 serves as recruitment platform 

for various transcriptional regulators, such as NusG 39, ribosomal AT protein SuhB 40,41 and λQ 27. 

NusA’s effect on transcription strongly depends on its global conformation, which, in turn, is 

determined by the mode how NusA-NTD interacts with the FTH. For example, during 

NusA-stimulated pause enhancement, NusA-NTD contacts the FTH and the αCTD. In contrast, 

NusA may enhance λN-dependent AT. Here, protein λN repositions NusA-NTD by disrupting 

the NusA-NTD:αCTD interaction, allowing a 45 ° rotation around the helix connecting 

NusA-NTD and NusA-SKK. Consequently, NusA-NTD and λN form a tripod shaped complex, 

which engages with the FTH, stimulating λN-dependent AT 15,16. 
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As mentioned above, NusA can also enhance λQ-dependent AT substantially 17. Interestingly, 

λQ specifically contacts two domains of NusA: NusA-NTD and NusA-AR2. The NusA-AR2:λQ 

interaction has been suggested to be involved in the recruitment mechanism of λQ, whereas the 

function of λQ:NusA-NTD interaction remains elusive. The fact that NusA-mediated 

stimulation of λN-dependent AT relies on repositioning of NusA-NTD suggests that also 

λQ-mediated AT may require another binding mode of NusA-NTD. Here, we used solution state 

nuclear magnetic resonance (NMR) spectroscopy to study how the interplay of NusA-NTD with 

the αCTD and the FTH is affected by the presence of λQ. We identify the λQ:FTH interface and 

demonstrate that λQ and NusA-NTD compete for binding to the FTH and do not form a ternary 

complex. Our results also indicate that λQ repositions NusA-NTD on the RNAP, which might 

be a key step in transforming NusA from a termination-enhancing to an AT-stimulating factor. 

Furthermore, our analysis reveals that λQ is able to displace σ70 from the FTH, destabilizing the 

RNAP holoenzyme, without the need of additional energy provided by DNA scrunching. Thus, 

λQ might be the crucial factor for escaping of the TEC from the σ70-dependent pausing site. 

 

 

 

 

 



Einzelarbeiten  Einzelarbeit C 

131 
 

MATERIAL AND METHODS  

Cloning. The gene encoding the βflap construct lacking the i9 region from E. coli RNAP β-UE 

(amino acids 829-938 and 1039-1060) was provided by GenScript (Piscataway, NJ, USA) in 

vector pUC57. The gene was amplified using polymerase chain reaction (primers: 

5´-catgccatgggaaccaccatccacattcagg-3´ and 5´-cgggatccttagatacggcgttttaccgcc-3´; Metabion, 

Martinsried, Germany) and cloned into a pETGB1a expression vector (provided by Gunter Stier, 

EMBL Heidelberg, Germany) via NcoI and BamHI restriction sites. The recombinant plasmid 

pETGB1a_betaflap allowed the expression of βflap, resulting in a fusion protein with a hexa-

histidine tag, a B1 domain of streptococcal protein G (GB1) solubility tag and a Tobacco Etch 

Virus (TEV) cleavage site at its N-terminus.  

 

Gene expression and protein purification. Production of NusA-NTD 42, αCTD 43, RNAP 44, 

σ70 45, λQ, and λQΔ36, 27 was carried out as previously described. RNAP lacking αCTD 

(RNAP∆αCTD;  amino acids 1-235 of the α-UE are missing) was produced as RNAP. 

βflap expression was done in Lysogeny broth (LB) medium (supplemented with 30 μg/ml 

kanamycin) using E. coli BL21 (λ DE3) cells (Novagen, Madison, USA) harboring 

pETGBqa_betaflap. LB medium was inoculated by an overnight preculture grown at 37 °C to 

an optical density at 600 nm (OD600) of 0.2. After reaching an OD600 of 0.5 the temperature was 

reduced to 16 °C and at an OD600 of 0.7 expression was induced by addition of 0.1 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG). Cells were harvested after overnight growth by 

centrifugation (6,000 x g, 10 min, 4 °C) and resuspended in buffer A (20 mM 

Tris(hydroxymethyl)aminomethane (Tris)/HCl, pH 7.4, 150 mM NaCl, 5 %(v/v) glycerol, 1 mM 

Dithiothreitol (DTT); ~4 ml per g cells) before being lysed by a microfluidizer (Microfluidics, 

Newton, USA). The lysate was cleared from debris by centrifugation (13 000 x g, 30 min, 4 °C) 

and subsequent filtration (0.45 µm filter). Afterwards, the crude extract was applied to a 5 ml 

HisTrap HP column (GE Healthcare, Chalfont St Giles, UK) equilibrated with buffer A. After 

washing with 20 column volumes buffer A His6-Gb1-βflap was eluted via a step gradient with 

increasing imidazole concentrations (50 mM - 1 M in buffer A). Target protein containing 

fractions were combined and the protein was cleaved by TEV protease during overnight dialysis 

against 4 l buffer A (molecular weight cut-off (MWCO) 3,500 Da) at 4 °C. For removal of the 

cleaved His6-Gb1 tag the dialysate was applied to a 5 ml HisTrap HP column equilibrated. The 

column was washed with buffer A and elution was carried out with a step gradient with 

increasing imidazole concentrations (50 mM - 1 M in buffer A). βflap containing fractions were 

combined and after dialysis overnight against buffer C (50 mM 3-(N-morpholino) 
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propanesulfonic acid (MOPS) buffer, pH 6.5, 300 mM NaCl, 150 mM D-Glucose, 5 mM DTT) 

(MWCO  3 500 Da) at 4 °C, concentrated by ultrafiltration (MWCO 3,000 Da), shock frozen in 

liquid nitrogen, and stored at -80 °C. 

 

Quality control of proteins. Quality of proteins used in this study was checked according to 

guidelines established by ARBRE-MOBIEU and P4EU (https://arbre-mobieu.eu/guidelines-on-

protein-quality-control/). In brief, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was used for checking protein purity, UV/vis spectroscopy from 220-400 nm 

(Nanodrop ND-100 spectrometer, PEQLAB, Erlangen, Germany) for checking the absence of 

nucleic acids and aggregates, analytical gel filtration (Superdex 75 or a Superdex 200 10/300 

GL column, GE Healthcare, Munich, Germany) for checking protein homogeneity, and circular 

dichroism (CD) spectroscopy from 190-240 nm (1 mm quartz cuvette; J-1100, JASCO, 

Pfungstadt, Germany) for checking the folding state. In case of unlabelled βflap additionally one 

dimensional 1H-NMR spectra were recorded to assess its folding state. Protein concentrations 

were determined by measuring the absorbance at 280 nm (10 mm quartz cuvette, Hellma, 

Müllheim, Germany) on a Biospectrometer basic (Eppendorf, Hamburg, Germany). Identity was 

confirmed by peptide mass fingerprinting (Department of Biochemistry, University of Bayreuth, 

Germany).  

 

Isotopic labelling of proteins. Protein labelling was done by growing E. coli cells in M9 

medium 46,47. For uniform 15N-labelling (15NH4)2SO4 (CortecNet, Voisins-Le-Bretonneux, 

France) was added as sole nitrogen source. For perdeuteration of proteins M9 medium was 

prepared with 99.9 % (v/v) D2O; Eurisotop, Saint-Aubin, France) and d7-glucose as carbon 

source. βflap was perdeuterated and 13C,15N-labelled for NMR backbone assignment; here 
13C,d7-glucose was used as carbon source. Production of site-specific [1H,13C]-labelled Ile, Leu, 

and Val methyl groups ([I,L,V]-labelling) in perdeuterated NusA-NTD is based on published 

protocols 48. In brief, E. coli cells were grown as described for the production of perdeuterated 

proteins, but 1 h before induction 60 mg/l 2-keto-3-d3-4-13C-butyrate and 100 mg/l 

2-keto-3-methyl-d3-3-d1-4-13C-butyrate (both from Eurisotop, St. Aubin Cedex, France) were 

added. Expression and purification protocols of labelled proteins were the same as for unlabelled 

proteins. 

 

NMR experiments. NMR experiments were conducted at 298 K on Bruker Avance 700 MHz, 

Bruker Ascend Aeon 900 MHz, and Bruker Ascend Aeon 1 000 MHz spectrometers, all being 
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equipped with cryogenically cooled inverse triple resonance probes. Apodization, Forurier 

transformation, phase correction and baseline correction was done by in-house routines. Two 

dimensional (2D) and three dimensional (3D) spectra were visualised and analysed by 

NMRViewJ (One Moon Scientific, Inc., Westfield, NJ, USA), one dimensional (1D) spectra 

were plotted with MatLab (The MathWorks, Inc., Version 7.1.0.183). 

Standard double and triple resonance experiments and a sample of 500 µl (5 mm tube) 260 µM 
2H,13C,15N-βflap in 10 mM K-P (pH 7.0), 50 mM KCl, 1 mM DTT at 298 K 49,50 were used for 

resonance assignment of the βflap backbone. Backbone amide resonance assignments of 

αCTD 36, NusA-NTD 42, and λQ 27 were taken from previous studies. 

Interaction studies of NusA-NTD:βFlap and NusA-NTD:αCTD were performed in 5 mm tubes 

with an initial sample volume of 500 µl. The proteins were in 50 mM Na-P, pH 6.5, 100 mM 

NaCl, 150 mM D-Glucose, 5 mM DTT. All other NMR titrations/interaction studies were done 

in 3 mm NMR tubes with an initial sample volume of 200 µl using 50 mM MOPS, pH 6.5, 

300 mM NaCl, 150 mM D-Glucose, 5 mM DTT (exception: for experiments involving σ70 

proteins were in 50 mM MOPS, pH 6.5, 500 mM NaCl, 150 mM D-Glucose, 5 mM DTT). All 

samples contained 10 % (v/v) D2O for locking. For titrations with with ILV-labelled NusA-NTD 

the buffer was prepared with 99.9 % (v/v) D2O.  

In order to compare 1D spectra and signal intensities of 2D spectra the intensities were 

normalized by protein concentration, number of scans, length of the 90° proton pulse, and 

receiver gain. 

If the system was in slow and/or intermediate exchange on the NMR time scale (experiments 

involving ILV-labelled NusA-NTD and 15N-λQ:βflap) the signal intensities of 2D spectra were 

analysed quantitatively by calculating relative intensities as described 40,51. In brief, for each 

titration step the intensities were first normalized by the 90° proton pulse, receiver gain, 

concentration, and number of scans. Afterwards, the normalized intensities of a certain titration 

step were divided by the normalized intensities of the free, labelled protein. In order to identify 

affected residues the mean relative signal intensity was calculated in a titration step and 

thresholds were defined at 1.25 and 2 σ of the mean value for the 15N-λQ:βflap interaction and 

0.5 and 1 σ for all studies involving ILV-NusA-NTD. Residues with relative signal intensities 

below these thresholds were classified as moderately or strongly affected, respectively.  

If the system was in the fast regime on the chemical shift timescale normalized chemical shift 

changes (∆δnorm) were calculated according to equation (1) for [1H,15N] correlation spectra, with  

∆δ being the resonance frequency difference in ppm. 
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∆�norm =  ��∆� H� �	 + �0.1 ∙ �∆� N�� ��	
   (1) 

Residues were classified as slightly, moderately, and strongly affected, if 

0.04 ppm ≤ ∆δnorm < 0.08 ppm, 0.08 ≤ ∆δnorm < 0.12 ppm, and ∆δnorm ≥ 0.12 ppm, respectively. 

Both NusA-NTD:βflap and NusA-NTD:αCTD [1H,15N]-HSQC titrations allowed the calculation 

of dissociation constants (KD). Data was fitted to a two-state binding equation (2). 

∆� =  ∆���� ∗ [�]�∗��[�]����� (���[�]��[�]�∗�)²�$∗([�]�)²∗�
	∗[�]�

    (2) 

Δν is the normalized resonance frequency difference in [Hz], Δνend is the normalized resonance 

frequency difference between free and bound protein in [Hz], r is the ratio of protein to labeled 

protein and [P]0 total concentration of 15N labeled protein; reduction of [P]0 due to dilution was 

taken into account for fitting. Fitting was done with MatLab (The MathWorks, Inc., Version 

7.1.0.183) and KD and Δνend were used as fitting parameters. 

 

Programs. Protein structures were visualised with PyMOL Molecular Graphics System 

(Version 1.7, Schrödinger, LLC.). 
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RESULTS 

The solution structure of the βflap construct βflap∆ 

The flap region of the RNAP β subunit forms the wall of the RNA exit channel with an α helix 

at the tip called βflap tip Helix (FTH), which functions as lid and regulates the width of the 

channel. Consequently, the FTH is a central element of transcription regulation. The FTH 

interacts, on the one hand, with the nascent RNA, enhancing pausing and intrinsic termination 

efficiency 52,53, and, on the other hand, with transcription factors such as σ70 7,8, 

NusA 15,16,29,30,42,54 and phage λ AT proteins λN 15,16 and λQ 55, which regulate transcription in 

various, sometimes opposing, ways. Due to its high mobility 54 no interpretable electron density 

is available for the FTH in many RNAP structures 56–58.  

Thus, we decided to study the βflap region by solution state NMR spectroscopy and generated a 

construct termed βflap∆ that is suitable for this technique. It comprises amino acids 829-1060 of 

the β subunit, but the 99 amino acid long i9 helices, which extend deep into the interior of the 

RNAP, were deleted, resulting in a 136 amino acid protein (residues 829-938 and 1039-1060 of 

β-subunit; Fig. 1A, inset). We assigned 92.9 % of the amide backbone signals and 96.2 % of the 

Cα backbone signals of βflap∆ (Fig. 1A). Unassigned residues are mainly located in unstructured 

areas. The chemical shift index (CSI) of Cα and CO atoms of βflap∆ is in perfect agreement with 

the corresponding region in the crystal structure of RNAP (Fig. 1B), confirming that our 

construct is correctly folded, i.e. it consists of a short α-helix (α1) and a four-stranded 

antiparallel β-sheet (β1- β4) with the FTH being inserted between strands β2 and β3 via long 

flexible arms. Moreover, it is important to note that the FTH (residues 897-906) is a well-defined 

α-helix and that interactions of the FTH can thus be perfectly studied by NMR spectroscopy. 

We also determined the 15N relaxation behavior of βflap∆ at 16.8 T magnetic field strength to 

characterize the overall tumbling of the protein and the flexibility of the FTH (Fig. 1C,D). The 

FTH and the neighbouring regions (amino acids 892-912) have increased R1 and decreased R2 

values, confirming that the FTH is highly mobile and that this flexibility is conferred by the 

adjacent unstructured arm regions, in agreement with findings for the FTH from Bacillus subtilis 

RNAP 54. Excluding the FTH and flexible loops, we obtained averaged 15N relaxation rates R1 

and R2 of 0.94 s-1 and 17.67 s-1, respectively, which correspond to a rotation correlation time of 

11 ns assuming anisotropic tumbling and an elongated shape.  
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Figure 1: Structure of βflap∆ in solution. (A) Crystal structure of βflap∆ in ribbon representation (grey), 
coordinates taken from the crystal structure of E. coli core RNAP (PDB ID: 4KMU). Termini and secondary 
structure elements are labelled. Sequence position of the βflap tip helix (FTH) is marked by amino acid numbers, 

the position of the βi9 helices is indicated. Amine backbone signals assigned by NMR spectroscopy are shown 
in grey, unassigned amine backbone signals are in black. The inset shows RNAP in surface representation 

(grey) with βflap∆ and the i9 helices in ribbon representation coloured in red and dark grey, respectively. (B) 

Chemical shift index (CSI) for Cα and CO of βflap∆ versus sequence position. Secondary structure elements 
from (A) are shown below. Red triangles mark unassigned residues. (C) R1 and (D) R2 versus sequence position 

of βflap∆. Red triangles mark residues the rates of which could not be determined. The position of the FTH is 
indicated in grey. 

 

NusA-NTD binding on RNAP-βflap 

In order to test the functionality of βflap∆ we studied its interaction with a known binding partner, 

NusA-NTD, by NMR spectroscopy 30,42,54. First, 15N-NusA-NTD was titrated with βflap∆  and 

one-dimensional (1D) and two-dimensional (2D)  [1H,15N] heteronuclear single quantum 

coherence (HSQC) spectra were recorded after each titration step (Fig. 2A). Addition of βflap∆ 

led to significant chemical shift perturbations of 15N-NusA-NTD, indicating fast chemical 

exchange on the NMR timescale. Normalized chemical shift changes (Δδnorm) were plotted 

against the amino acid sequence of NusA-NTD to identify affected residues, which were, 

subsequently, mapped on the structure of NusA-NTD. Residues affected by βflap binding are 

located in helices α1, α2, and α4, and form a continuous interaction surface at the bottom part of 

the NusA-NTD body, in agreement with previous reports that found that these helices together 

with residues from the hydrophobic core create a hydrophobic binding pocket for the FTH 29,54. 

Next, we performed the reverse titration and added NusA-NTD to 15N-βflap∆ (Fig. 2B).  
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Figure 2: NusA-NTD interacts with βflap∆. (A) Titration of 15N-NusA-NTD with βflap∆. (top) 
2D [1H,15N]-HSQC spectra of the titration. Molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, purple; 

1:3, yellow, 1:4, red (concentration of 15N-NusA-NTD: 200 µM; concentration of βflap∆ stock: 400 µM). The 
panel on the right side shows a magnification of the boxed region. Selected signals are labelled, arrows indicate 
changes of chemical shifts. The inset shows the 1D [1H,15N]-HSQC spectra of certain titration steps. 
(middle, left) Normalized chemical shift changes of 15N-NusA-NTD versus sequence position. Thresholds for 

slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately (0.08 ppm ≤ Δδnorm < 0.12 ppm), and strongly 

(Δδnorm ≥ 0.12 ppm) affected residues are indicated by a yellow, orange, and red line. Unassigned residues are 
marked as red triangles. (middle, right) Titration curves of selected residues of 15N-NusA-NTD. The individual 
curves represent the best fit to a two-component, 1:1 binding equation, yielding an average KD value of 
197 ± 47 µM. (bottom) Mapping of affected residues on the structure of NusA-NTD (PDB ID: 2KWP; light 
blue) in ribbon (left) and surface (right) representation. The colour code is indicated. Termini and secondary 

structure elements are labelled, the body and acidic head region are indicated. (B) Titration of 15N-βflap∆ with 
NusA-NTD (top) 2D [1H,15N]-HSQC spectra of the titration. Molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 

1:2, purple; 1:3, yellow, 1:4, red (concentration of 15N-βflap∆: 200 µM; concentration of NusA-NTD stock: 
1 mM). The right panel shows a magnification of the boxed region. Selected signals are labelled, chemical shift 
perturbations are indicated by arrows. The inset shows selected 1D [1H,15N]-HSQC spectra. (middle, left) 

Normalized chemical shift changes of 15N-βflap∆ versus sequence position. Representation as in (A). 

(middle, right) NMR titration curve for selected residues of 15N-βflap∆. The binding curves were fitted to a 
two-component 1:1 binding equation, yielding a KD value of 163 ± 22 µM. (bottom) Mapping of the affected 

residues from on the structure of βflap∆ (PDB ID: 4KMU; grey). Representation and colour code as in (A). 
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Again, the system was in fast chemical exchange so that we calculated Δδnorm and plotted it 

against the amino acid sequence of βflap∆. Mapping of affected residues on the structure of βflap∆ 

reveals that only the FTH and residues in the adjacent flexible arms are involved in the 

interaction with strongly affected residues being found in the FTH (E898, L902, R903, I905, 

F906) and the C-terminal arm, in perfect agreement with previous studies 8,15,16,54. As both 

systems were in fast chemical exchange KD values could be determined for both interactions 

using a two-state binding model, yielding 197±47 µM for the 15N-NusA-NTD:βflap and 

163±22 µM for the 15N-βflap:NusA-NTD interaction, respectively.  

Overall, we conclude that our βflap construct is fully functional and perfectly suited to study the 

interplay of the FTH with NusA-NTD and λQ.   

 

NusA-NTD contacts FTH and αCTD simultaneously 

During his operon-mediated TEC pausing NusA-NTD interacts not only with the FTH but also 

contacts the αCTD with both interactions being necessary for enhancement of transcriptional 

pausing 29,30. Thus, we set out to follow the assembly of the ternary NusA-NTD:βflap∆:αCTD 

complex by NMR spectroscopy. This, however, required first the determination of the αCTD 

interaction surface of NusA-NTD and vice versa, which was accomplished by titrating either 
15N-NusA-NTD with αCTD or 15N-αCTD with NusA-NTD and recording [1H,15N]-HSQC 

spectra after each titration step (Supplementary Fig. S1). αCTD binding affects primarily the 

acidic head region and the adjacent strands β2 and β4 of NusA-NTD, whereas NusA-NTD 

contacts αCTD helices α1, α3, and α4, all data being in agreement with a previous report 29. 

Affinities were determined as 27±9 µM for the 15N-NusA-NTD:αCTD and 23±6 µM for the 
15N-αCTD:NusA-NTD interaction. To check that βflap∆ does not bind to αCTD we performed 

NMR titrations of 15N-βflap∆ with αCTD and vice versa (Supplementary Figure S2A,B). Even 

addition of a two-fold excess of the unlabelled component did not change the [1H,15N]-HSQC 

spectra of 15N-labelled protein, ruling out complex formation. 

In order to assemble the ternary NusA-NTD:βflap∆:αCTD complex as observed in the his-paused 

TEC, we titrated 2H,15N-NusA-NTD with αCTD and then added βflap∆ (Fig. 3A, Supplementary 

Fig. S2C). The presence of αCTD led to the changes of the 2H,15N-NusA-NTD spectrum 

indicating complex formation (Supplementary Fig. S1A). The subsequent addition of βflap∆ 

resulted in chemical shift perturbations typical for the 2H,15N-NusA-NTD:βflap∆ interaction 

(Fig. 2A). Strikingly 2H,15N-NusA-NTD signals shifting upon αCTD binding were not affected 

by the presence of  βflap∆ and vice versa, indicating that the binding sites on NusA-NTD are 

distinct and not overlapping. To complement our findings we asked if this ternary complex can 
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also occur with complete RNAP, but under non-pausing conditions. Thus, we tested the 

assembly of this complex using RNAP instead of βflap∆. Due to the huge molecular mass of 

RNAP we utilized 1H,13C-labelled methyl groups of Ile, Leu and Val as NMR-active probes in 

deuterated NusA-NTD and carried out transverse relaxation optimized spectroscopy 

(TROSY)-based titrations with RNAP (Fig. 3B) and an RNAP variant lacking the αCTD 

(RNAPΔαCTD) (Fig. 3C). In both cases signal intensity decreased non-uniformly which may be 

attributed to a combination of several effects: (i) the increase in molecular mass due to complex 

formation led to a general decrease in signal intensity, (ii) signal intensity of NusA-NTD methyl 

groups in the RNAP binding site is decreased more strongly than that of methyl groups located 

elsewhere due to dipol:dipol interactions with protons of RNAP, (iii) chemical exchange 

processes may affect signal intensity. The loss of signal intensity was analysed quantitatively by 

calculating relative intensities in each titration step (see Material and Methods), which was then 

plotted against the amino acid sequence of NusA-NTD (Figure 3B,C). The mean relative 

intensity was calculated and thresholds at 0.5 σ and 1.0 σ below the mean relative single intensity 

were introduced to identify moderately and strongly affected residues, respectively. These were 

mapped on the structure of NusA-NTD and, due to the low number of ILV probes, the binding 

sites were graphically extended by highlighting 2 amino acids on either side of an affected ILV 

residue (if they were not unaffected ILV residues themselves; Fig. 3B,C and Supplementary 

Fig. S2 D,E). Binding of RNAP affects residues both in the acidic head and in the body, whereas  

RNAPΔαCTD contacts NusA-NTD only at its body, corroborating our findings using βflap∆ and 

αCTD. Finally, the binding sites identified by [1H,15N]-based titrations are in perfect agreement 

with the interaction surfaces observed in the his-paused TEC 29, confirming that our βflap∆ 

construct is perfectly suitable to study the FTH on a molecular level. Moreover, our results 

demonstrate that NusA-NTD contacts the FTH and the αCTD simultaneously in isolated RNAP, 

suggesting that these interactions are not only required to mediate NusA-enhanced pausing, but 

represent the normal binding mode of NusA-NTD.  
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Figure 3: NusA-NTD interacts with αCTD and βflap simultaneously. (A) Titration of 250 µM 
2H,15N-NusA-NTD with αCTD and βflap∆. (top) Section of 2D [1H,15N]-HSQC spectra. Molar ratio of 
2H,15N-NusA-NTD:αCTD:βflap∆ = 1:0:0, black; = 1:1:0, blue; = 1:2:0, cyan; = 1:2:1, orange; = 1:2:2, red. 
Selected signals are assigned. Cyan and red arrows indicate chemical shift changes upon addition of αCTD and 

βflap∆, respectively. (middle) HSQC-derived normalized chemical shift changes of 2H,15N-NusA-NTD in the 
presence of 2 equivalents αCTD (black) and after addition of 2 equivalents βflap to the 
2H,15N-NusA-NTD:αCTD complex (cyan). Thresholds for slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately 

(0.08 ppm ≤ Δδnorm < 0.12 ppm), and strongly (Δδnorm ≥ 0.12 ppm) affected residues are indicated yellow, 
orange, and red horizontal lines. Unassigned residues are marked as red triangles. (bottom) Mapping of 
affected residues on the structure of NusA-NTD (PDB ID: 2KWP; light blue, surface representation). The 
acidic head is separated from the body region by a dashed line. The colour code is indicated. (B,C) Interaction 
of ILV-NusA-NTD with RNAP (B) and RNAPΔαCTD (C). (top) 2D [1H,13C]-Methyl-TROSY spectra of 
ILV-NusA-NTD in the absence (black, 75 µM ILV-NusA-NTD) and presence of RNAP/ RNAPΔαCTD (cyan, 
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molar ratio 1:1, 38 µM / 19 µM ILV-NusA-NTD; red, molar ratio 1:2, 20 µM / 12 µM ILV-NusA-NTD). 
Selected signals are labelled. (middle) Relative intensities of ILV-NusA-NTD methyl group signals in the 
presence of one equivalent of RNAP / RNAPΔαCTD versus sequence position of NusA-NTD. The dashed line 
indicates the average relative signal intensity, orange and red lines mark the thresholds for moderately (0.5 σ 
of average relative signal intensity) and strongly (1.0 σ of average relative signal intensity) affected signals. 
(bottom) Mapping of affected residues on the structure of NusA-NTD (PDB ID: 2KWP; light blue, surface 
representation). For graphical illustration of the interaction site the complete amino acid is coloured (the colour 
code is indicated). The acidic head and body regions are separated by a dashed line. (D) Cryo-EM structure of 
paused TEC with bound NusA (PDB ID: 6FLQ). RNAP is shown in surface representation (grey) with αCTD 

and βflap∆ highlighted in dark grey. NusA (light blue, NusA-NTD; cyan, NusA-SKK-AR1-AR2) and nucleic 
acids are shown in ribbon representation (brown, RNA; wheat, DNA). NusA-NTD residues affected by αCTD 

binding (see also Fig. S1) and interaction with βflap∆ (see also Fig. 2) are highlighted. Panels show details of 
the boxed regions. Termini and secondary structure elements are labelled. 

 

λQ:FTH binding surface 

The FTH is not only the anchor point for NusA-NTD, but also for phage λ AT proteins λN 15,16 

and λQ 55. Although cryoEM structures of Q-modified TECs are available for phage 21 22,23, the 

molecular basis of λQ binding to RNAP FTH is not well understood. Thus, we carried out a 

[1H,15N]-HSQC-based titration where we added βflap∆ to 15N-λQ. Only minor changes in 

chemical shifts were observable, but a non-uniform decrease in signal intensity (Fig. 4A and 

Supplementary Fig. S3A). Relative intensities of 15N-λQ signals in the presence of two 

equivalents of βflap∆ were plotted against the amino acid sequence of λQ and affected residues 

were mapped on the structure of λQ (Fig. 4A). A continuous binding surface is not observable, 

but residues strongly affected by βflap∆ binding are located in helices α1 (N68, M71, H75, V77), 

α3 (L99, F102, A112), and α5 (A160) and form a hydrophobic cluster. Helices α3 and α5 being 

involved in the interaction with βflap∆ is in agreement with data obtained from a bacterial two-

hybrid approach 55. The N-terminus of λQ, i.e. amino acids 1-67, is unstructured 27. Residues 

38-67 are not affected by βflap∆ binding and, although not assigned, signals corresponding to 

amino acids 1-37 are located between 7.5 and 8.5 ppm in the proton dimension and their intensity 

is not decreased. Thus, we conclude that the λQ N-terminus is not involved in binding to βflap∆. 

In order to determine the λQ binding site on βflap∆ we titrated 15N-βflap∆ with λQ (Fig. 4B and 

Supplementary Fig. S3B), resulting in significant perturbations of 15N-βflap∆ chemical shifts. 

Plotting of Δδnorm against the amino acid sequence of βflap∆ identified three residues that are 

significantly affected by λQ binding (L901, L902, F906) and highlighting them on the structure 

of βflap∆  shows that all are located on one side of the FTH, in agreement with a previous report 55. 

Repeating the titration with a λQ variant lacking 36 amino acids at the N-terminus (λQ∆36 , 27) 

resulted in the same binding site on βflap∆, confirming that the N-terminus of λQ is not involved 
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in binding to the FTH. In summary, our findings suggest that the FTH recognizes λQ via 

hydrophobic interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: : λQ binds to FTH and disrupts the NusA-NTD:βflap∆ interaction. (A) Titration of 15N-λQ with 

βflap∆. (top) Section of 2D [1H,15N]-BEST-TROSY spectra of the titration (concentration of 15N-λQ : 175 µM). 
Molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2 red. Selected signals are labelled. Arrows indicate 
chemical shift changes. (middle) Relative intensities of 15N-λQ signals in the presence of 2 equivalents of 

βflap∆. The dashed line marks the average relative signal intensity, orange and red lines indicate thresholds for 
moderately (1.25 σ of average relative signal intensity) and strongly (2.0 σ of average relative signal intensity) 
affected signals. (bottom) Mapping of affected residues from on the structure of λQ (PDB ID: 4MO1; light 
blue, left: ribbon representation; right: surface representation). The colour code is indicated. Termini and 

secondary structure elements are labelled. (B) Titration of 15N-βflap∆ with λQ. (top) Section of 

2D [1H,15N]-HSQC spectra of the titration (concentration of 15N-βflap∆: 175 µM). Molar ratios: 1:0, black; 
1:0.5, orange; 1:1, cyan; 1:2 red. Selected signals are labelled and chemical shift perturbations are indicated by 

arrows. (middle) Normalized chemical shift changes of 15N-βflap∆ in the presence of 2 equivalents λQ. 

Thresholds for slightly (0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately (0.08 ppm ≤ Δδnorm < 0.12 ppm), and 

strongly (Δδnorm ≥ 0.12 ppm) affected residues are indicated by yellow, orange, and red lines. Unassigned 
residues are indicated by red triangles. (bottom) Mapping of the affected residues from on the structure of 

βflap∆ (PDB ID: 4KMU; grey) in ribbon (left) and surface (right) representation. The colour code is indicated. 

Termini and secondary structure elements are labelled. (C) λQ displaces NusA-NTD from βflap∆. (top) Section 

of the 2D [1H,15N]-HSQC spectra of a competition experiment of 2H,15N-NusA-NTD with βflap∆ and λQ (initial 
concentration of 2H,15N-NusA-NTD: 250 µM). Molar ratios: 1:0:0, black; 1:2:0, cyan; 1:2:2, orange; 1:2:4, red. 
Selected signals are labelled. Arrows indicate changes of 2H,15N-NusA-NTD chemical shifts upon addition of 
βflap (cyan) and λQ (red), respectively. (bottom) Scheme of the displacement experiment. 
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λQ and NusA-NTD compete for FTH binding  

The binding mode of NusA to RNAP determines the effect NusA exerts on transcription. Binding 

of NusA-NTD to both FTH and αCTD leads to an enhancement of transcriptional pausing and 

intrinsic termination 29,30. During λN-dependent AT, λN disrupts the αCTD:NusA-NTD 

interaction and forms a tripod shaped complex with NusA-NTD that binds to the FTH so that 

both NusA-NTD and λN establish contacts to the FTH, remodeling it 16. AT the same time NusA-

NTD is repositioned, allowing the TEC to read through pausing and termination signals 15,16,29. 

In λQ-mediated AT λQ binds to the FTH and is able to interact with NusA-NTD with the ladder 

binding site overlapping with the αCTD:NusA-NTD interaction surface 27. Thus, we asked how 

λQ affects the mode of NusA-NTD binding. First we tested if NusA-NTD,  λQ and the FTH can 

form a ternary complex, maybe similar to the complex involved in λN-mediated AT, carrying 

out [1H,15N]-HSQC-based competition experiments. Addition of βflap∆ to 2H,15N-NusA-NTD 

resulted in changes of the 2H,15N-NusA-NTD spectrum indicating complex formation (Fig. 4C 

and Supplementary Fig. S4A). Subsequent titration with λQ reversed these changes, implying 

that λQ displaces βflap∆ from NusA-NTD and that no ternary NusA-NTD:λQ:FTH complex is 

formed. In a follow-up titration, we studied how the presence of λQ affects the ternary 

αCTD:NusA-NTD:βflap∆ complex (Fig. 5A and Supplementary Fig. S4B). We added αCTD and 

βflap∆ subsequently to 2H,15N-NusA-NTD (molar ratio 1:1:1) leading to changes in the 
2H,15N-NusA-NTD spectrum confirming the formation of the ternary complex (see also Fig. 3). 

Strikingly, the addition of λQ partly reversed those changes caused by  
2H,15N-NusA-NTD:βflap∆ binding (e.g. L32 and V100), whereas chemical shift perturbations 

due to 2H,15N-NusA-NTD:αCTD binding were not affected. This finding indicates that λQ 

displaces βflap∆ from NusA-NTD, in agreement with our previous experiment, whereas the 

αCTD:NusA-NTD interaction remains unaffected, indicating that the affinity of λQ for FTH is 

higher than for NusA-NTD. To corroborate our results in a more native environment we assessed 

how λQ affects the binding mode of NusA-NTD on complete RNAP using ILV-NusA-NTD 

(Fig. 5B). Addition of RNAP to ILV-NusA-NTD in a molar ration of 1:1 resulted in a 

non-uniform decrease of intensity of NusA-NTD methyl group signals due to complex formation 

as shown before (Fig. 3B). When this complex was titrated with λQ the intensity of some signals 

increased. To analyze the effect of λQ quantitatively, we calculated the difference of relative 

intensities of ILV-NusA-NTD signals in the ILV-NTD:RNAP: λQ complex (1:1:1) and in the 

ILV-NusA-NTD:RNAP complex (1:1) and mapped it against the amino acid sequence position 

of NusA-NTD. Next, we introduced thresholds at 0.5 σ and 1.0 σ of the mean relative intensity 

change to identify moderately and strongly affected residues, respectively.  
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Figure 5: In the presence of λQ NusA-NTD interacts only with the αCTD. (A) λQ disrupts the 

NusA-NTD:βflap∆ interaction in a NusA-NTD:βflap∆:αCTD complex. (top) A section of the 
2D [1H,15N]-HSQC spectra of a competition experiment where λQ is added to a preformed 
2H,15N-NusA-NTD:βflap∆:αCTD ternary complex (initial concentration of 2H,15N-NusA-NTD: 250 µM). 

Molar ratios: 2H,15N-NusA-NTD:αCTD:βflap∆:λQ = 1:0:0:0, black; = 1:2:0:0, cyan; = 1:2:2:0, blue; 
= 1:2:2:1, orange; = 1:2:2:2, red. Selected signals are labelled. Arrows show the chemical shift changes of 
2H,15N-NusA-NTD upon addition of αCTD (cyan), βflap (dark blue) and λQ (red). (bottom) Scheme of the 
competition experiment. (B) Titration of ILV-NusA-NTD with RNAP and λQ. (top, left) 2D [1H,13C]-methyl 
TROSY spectra of ILV-NusA-NTD in the absence (black, 75 µM) and presence (cyan, molar ratio 1:1, 
40 µM ILV-NusA-NTD) of RNAP, and upon subsequent addition of λQ (orange, molar ratio 1:1:0.5, 
37 µM ILV-NusA-NTD; red, molar ratio 1:1:1, 34 µM ILV-NusA-NTD). Selected signals are labelled. 
(top, right) Intensities of ILV-NusA-NTD methyl group signals in the presence of RNAP and λQ (molar 
ratio 1:1:1) relative to intensities of ILV-NusA-NTD methyl group signals in the ILV-NusA-NTD:RNAP 
complex (molar ratio 1:1) versus sequence position of NusA-NTD. The dashed line represents the average 
relative signal intensity, orange and red lines indicate thresholds for moderately (0.5 σ higher as average 
relative signal intensity increase) and strongly (1.0 σ higher as average relative signal intensity increase) 
affected signals upon λQ addition to the ILV-NusA-NTD:RNAP complex. (bottom) Mapping of the affected 
residues on the structure of NusA-NTD (PDB ID: 2KWP; light blue). (left) ribbon representation of 
NusA-NTD. Ile, Val, and Leu residues are shown as sticks with carbon atoms of terminal methyl groups as 
spheres. The colour code is indicated. Termini and secondary structure elements are labelled. (right) 
NusA-NTD in surface representation. The colour code is indicated; the complete amino acid is coloured for 
graphical illustration of the interaction site. The acidic head of NusA-NTD is separated by a dashed line from 
the body region.  

Mapping of these residues on the NusA-NTD-structure reveals that mainly helices α1 and α4 as 

well as adjacent loops are affected. Due to the low number of NMR active probes affected 
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regions were graphically extended by highlighting directly neighbouring residues. The resulting 

binding surfaces clearly shows that the presence of λQ affects only the body of NusA-NTD and 

thus the FTH binding site (see also Fig. 3B,C).  From these results we conclude that λQ disrupts 

NusA-NTD:FTH binding, while the interaction of NusA-NTD:αCTD interaction is maintained. 

 

λQ is able to displace σ70 from RNAP  

Two factors have been suggested to be required to release σ70 from RNAP at the σ70-dependent 

pause in phage λ’s late promoter pR´: (i) λQ-mediated destabilization of the σ70:RNAP interaction, 

similar to Q21 22,23 and (ii) DNA scrunching 21, with the ladder being the driving force. As σ70
R4 8, 

NusA-NTD 29,30,42,54, and λQ 55 (Fig. 4B) share the FTH as binding site we asked if NusA-NTD 

and/or λQ could stimulate release of σ70 from the FTH by performing [1H,15N]-HSQC-based 

competition experiments using βflap∆. 

Addition of one equivalent σ70 to 15N-βflap∆ led to a significant intensity decrease of 15N-βflap∆ 

signals (Fig. 6A and Supplementary Fig. S5A). σ70 has a molecular mass of ~70 kDa and thus a 

high transverse relaxation rate, which strongly affects the relaxation behavior of 15N-βflap upon 

complex formation, resulting in severe line broadening of 15N-βflap signals. Hence, the intensity 

decrease of 15N-βflap∆ signals in the presence of σ70 implies binding. Subsequent addition of a 

twofold molar excess of λQ recovered most 15N-βflap∆ signals completely. Additionally, the final 

spectrum shows chemical shift changes of some signals as compared to the spectrum of free 
15N-βflap∆, which can be attributed to λQ:FTH binding (e.g. R903, I905, F906; see also Fig. 2B). 

These findings suggest that λQ displaces σ70 from the FTH. Notably, reporter assays suggest that 

σ70
 R4 directly interacts with λQ 59. Titration of 15N-λQ with σ70 confirms this hypothesis as 

15N-λQ signal intensity is dramatically diminished in the presence of σ70 due to an increase in 

molecular mass upon complex formation (Supplementary Fig. S5B). As, however, in the 

competition experiment the intensity of 15N-βflap∆ signals in the initial and final spectrum is 

nearly identical, we exclude the formation of a ternary FTH:λQ:σ70 complex. In contrast to λQ, 

NusA-NTD neither releases σ70 from the FTH (Supplementary Fig. S5C) nor binds to σ70 

(Supplementary Fig. S5D). 

As σ70 interacts with RNAP not only via σ70
R4, but also via four other discrete sets of contacts 60-63, 

we repeated the competition experiment using complete RNAP, recording 1D [1H,15N]-HSQC 

spectra. Addition of RNAP (~400 kDa) to 15N-σ70 decreased the intensity of 15N-σ70 signals 

significantly, suggesting formation of the holoenzyme (Fig. 6B). Subsequently, we added λQ 

and ~75 % of 15N-σ70 signal intensity could be recovered, implying (partial) release of σ70, in 

agreement with our previous finding that disrupts the σ70
 R4:FTH interaction. Although we cannot 
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determine if σ70 is completely released or still remains attached to RNAP by some of its other 

interactions, λQ obviously weakens the holo RNAP complex and may thus escape from the 

σ70-dependent pause. In contrast to λQ, NusA-NTD influences the stability of holo RNAP only 

marginally, even in high molar excess (Supplementary Fig. S5E). 

 

Figure 6: λQ destabilizes σ70:RNAP interactions. (A) λQ displaces σ70 from βflap∆. Section of 

2D [1H,15N]-HSQC spectra of 15N-βflap∆ in the absence and presence of σ70 and upon subsequent titration with 

λQ (initial concentration of 15N-βflap∆: 200 µM). Molar ratios of 15N-βflap∆:σ70:λQ = 1:0:0, black; = 1:1:0, cyan; 
= 1:1:1, orange; = 1:1:2 red. Selected signals are labelled. Arrows indicate differences of chemical shifts of 
15N-βflap∆  in its free form and in the presence of σ70 and λQ (1:1:1). (B) Titration of a 15N-σ70:RNAP complex 
with λQ. 1D [1H,15N]-HSQC spectra of 15N-σ70 in the absence (black, 40 µM 15N-σ70) and presence of RNAP 
(cyan, molar ratio 1:1, 40 µM 15N-σ70) and upon subsequent titration with λQ (molar ratio = 1:1:1, orange; 
= 1:1:2, yellow; = 1:1:5, red). 

 

 

 

 

 

 

 

 

 

 



Einzelarbeiten  Einzelarbeit C 

147 
 

DISCUSSION 

Transcription is a highly regulated process with numerous transcription factors directly 

contacting RNAP, with Nus factors being a conserved class of transcription factors involved in 

the regulation of housekeeping genes in bacteria (reviewed in 64). A central regulatory element 

of RNAP is the FTH, an α-helix that forms the lid of the RNA exit channel, regulating its width. 

During transcription initiation σ70 makes extensive contacts with the RNAP, one being for 

example the σ70
R4:FTH interaction, rendering the holoenzyme capable of specific promoter 

recognition 7,8. Simultaneous binding of NusA-NTD to the FTH and the αCTD during 

transcription elongation enhances TEC pausing and termination efficiency 29,30. In λN-dependent 

AT protein λN forms a complex with NusA-NTD, which repositions NusA-NTD and interacts 

with the FTH, transforming the TEC into a TAC that suppresses termination signals 15,16.  

The second AT mechanism in phage λ, λQ-dependent AT, is only poorly understood. Nowadays, 

more than 15,000 Q proteins are known which can be classified into three families: λQ family, 

Q21 family, and Q82 family. Cryo EM studies of Q21-mediated AT showed that two Q21 

molecules bind to RNAP resulting in a Q21-TAC, where one Q21 protein binds to the FTH while 

the other forms a torus at the RNA exit channel through which the RNA is threated, preventing 

pause / termination hairpin formation 22,23. Strikingly, Q proteins do not show any significant 

similarity in their amino acid sequence composition or their three-dimensional structure, 

although they are all encoded by genes at equivalent positions in the genome and fulfill the same 

function. For example, as compared to Q21 λQ possesses a 67 amino acid long N-terminus that 

is unstructured and has an unknown function 27. Thus, the molecular basis of how Q proteins 

accomplish their regulatory role might be significantly different.  

Bacterial two-hybrid approaches suggest that λQ also interacts with the FTH 55. Moreover, λQ 

establishes contacts with σ70 59,65 and NusA-NTD 27, with the ladder interaction being relevant 

as, although λQ is able to perform its AT function on its own, NusA can enhance λQ-dependent 

AT substantially 17. Thus, we assessed the molecular basis of the λQ:FTH interaction and if 

λQ-dependent AT also involves repositioning of NusA-NTD, reminiscent of λN-mediated AT.  

As the FTH is a highly mobile element we decided to study its interactions via solution state 

NMR spectroscopy. Hence, we first generated a construct of the RNAP βflap region, βflap∆ 

(Fig. 1A), suitable for NMR studies. The solution structure of βflap∆ shows that the FTH is a 

well-defined α-helix, even in the absence of binding partners, in agreement with a previous study 

for B. subtilis βflap 54. This implies that the lack of electron density for the FTH in most 

RNAP/transcription complex structures without an FTH binding partner is due to its high 

mobility and not due to the FTH being disordered as postulated 56. The relaxation behavior 



Einzelarbeiten  Einzelarbeit C 

148 
 

further demonstrates that not only the FTH is flexible as seen for B. subtilis βflap region 54, but 

also the flanking unstructured arm regions (Fig. 1C,D), explaining how the FTH is able to 

undergo large conformational rearrangements, as observed, for example, in Q21-dependent AT, 

where the arms can translocate the FTH up to 42 Å 22,23.  

To ensure that our βflap∆ construct is functional we probed its ability to interact with a known 

binding partner, NusA-NTD. Our experiments reveal that the NusA-NTD:βflap∆ interface is 

located on the body of NusA-NTD and on the FTH of βflap (Fig. 2), in agreement with previous 

findings 15,16,29,42. Earlier studies have shown that the NusA-NTD body, consisting of helices α1, 

α2, and α4, rearranges to form a hydrophobic pocket, which is able to recognize and 

accommodate the hydrophobic side of the FTH 29,54. In B. subtilis I56 has been postulated to 

mediate this conformational rearrangement 54. Interestingly, the corresponding residue in E. coli 

NusA-NTD, F56, which is located in strand β2 and thus in the interior of the protein, is also 

affected by βflap∆ binding, suggesting that the rearrangement in E. coli NusA-NTD may be 

mediated by this residue. Overall, these findings demonstrate that βflap∆ is an ideal model 

construct to study the functions of the FTH. 

NusA-NTD not only binds to the FTH, but can simultaneously contact the αCTD during 

transcriptional pausing as observed in cryo EM structure 29. In order to study the effects of λQ 

on NusA-NTD, we confirmed that the αCTD binding site is located at the acidic head of 

NusA-NTD and does not overlap with the FTH binding site. We show that concurrent binding 

can easily be followed be NMR spectroscopy in the context of both βflap∆ and core RNAP 

(Fig. 3). As we used isolated RNAP, we suggest that this binding mode does not only occur 

during pausing but may be the “normal” binding mode of NusA-NTD during elongation and 

may be relevant for other regulatory functions such as transcription:translation coupling. 

Interestingly, the affinity of NusA-NTD is nearly one order of magnitude higher for the αCTD 

(25 µM) than for the FTH (180 µM). Hence, we hypothesize that the NusA-NTD:FTH 

interaction might be (temporarily) lost to allow NusA-NTD rearrangement/repositioning, while 

the NusA-NTD:αCTD interaction stays intact ensuring fast rebinding of the NusA-NTD to the 

FTH. 

Having established βflap∆ as test construct and assessed the binding mode of NusA-NTD we 

studied the molecular basis of λQ binding to the FTH. We demonstrate that the FTH contacts a 

small hydrophobic cluster at the concave side of λQ involving residues in helices α1, α3, and 

α5 (Fig. 4), in agreement with the results of a bacterial two-hybrid approach 55. The long 

N-terminus of λQ is unstructured and not involved in FTH binding and there is no indication for 
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oligomerization or structural rearrangements of λQ upon FTH binding. However, λQ establishes 

further interactions, e.g. with the QBE 20 and σ70
R4 65, which might alter λQ’s conformation.  

The FTH contacts λQ via hydrophobic residues located on one side of the helix (L901, L902, 

F906). These residues are also involved in binding to Q21 22,23, NusA-NTD 29, and σ70
R4 8, 

suggesting that in all cases the recognition relies primarily on hydrophobic interactions whereas 

F906 might ensure specificity. Overall, the binding mode of λQ and Q21 to the FTH is similar, 

but we cannot conclude if the mode of action of λQ is similar to that of Q21, which forms a torus 

for the RNA to suppress termination 22,23. 

As λQ binds to NusA-NTD 27 we used a series of NMR-based competition experiments to 

elucidate if this interaction also induced a repositioning of NusA-NTD, reminiscent of 

λN-dependent AT where λN forms a complex with NusA-NTD that binds to the FTH while the 

NusA-NTD:αCTD interaction is disrupted and NusA-NTD is repositioned 15,16. We show that 

λQ displaces NusA-NTD from the FTH, both with βflap∆ and complete RNAP, and no 

NusA-NTD:λQ:FTH complex is formed. Moreover, in stark contrast to λN-dependent AT, the 

NusA-NTD:αCTD interaction stays intact so that NusA-NTD remains bound to the RNAP even 

if it looses contact to the FTH. We hypothesize that the NusA-NTD:αCTD interaction may serve 

as pivot point to allow NusA to adopt a termination resistant conformation.  

Although the NusA-NTD binding sites for αCTD and λQ overlap and are mutual exclusive 27, 

the presence of λQ does not disrupt the NusA-NTD:αCTD interaction under the chosen 

experimental conditions. However, at high concentration λQ can disturb the NusA-NTD:αCTD 

complex as well as the NusA-AR2:αCTD interaction 27, which might result in the release of 

NusA, eliminating the enhancing effect of NusA on λQ-dependent AT. This finding is in 

agreement with a report on Q82 AT where high concentrations of Q82 inhibit the stimulating 

effect of NusA upon terminator read-through 66. 

During recruitment of λQ, holo RNAP pauses at a σ70-dependent pause site and scrunches 

downstream DNA. Now λQ engages with this complex by establishing interactions with the 

QBE and the FTH, forming a stable complex that alters the elongation properties of RNAP 17-19,21. 

Transcription resumes, but σ70 remains bound to the σ70-dependent pause site, resulting in 

extended scrunching 21. DNA scrunching together with the λQ-mediated destabilization of the 

σ70:RNAP interaction have been suggested to be the driving forces for pause escape 21–23. 

Competition experiments showed that λQ can indeed displace σ70 from the FTH (Fig. 6A) and 

that the σ70:RNAP complex is destabilized significantly by λQ (Fig. 6B), although σ70 makes 

extensive contacts to RNAP via at least five distinct sets of interactions 7,8. Additionally, λQ 
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contacts σ70
R4 and stabilizes the transcription complex in a non-standard conformation 

(Fig. S5B) 65. Overall, our results support the hypothesis that destabilization of σ70:RNAP 

interaction by λQ is a key element to overcome the σ70-dependent pause. NusA-NTD, in contrast, 

is able to neither displace σ70 from the FTH (Supplementary Fig. S5C) nor destabilize the 

σ70:RNAP complex (Supplementary Fig. S5E), suggesting that it does not actively support σ70 

dissociation. This is in agreement with the finding that NusA engages with the transcription 

complex after dissociation of σ70 67. 

Our results also suggest that λQ causes a rearrangement of the position of NusA-NTD, forcing 

NusA to adapt a new conformation, which, in turn, may alter the effect NusA exerts on 

transcription. Thus, repositioning of NusA-NTD seems to be a general scheme to fine-tune 

transcription regulation by NusA, especially in the context of pausing and AT.   

  



Einzelarbeiten  Einzelarbeit C 

151 
 

REFERENCES 

1. Werner, F. & Grohmann, D. Evolution of multisubunit RNA polymerases in the three 

domains of life. Nat Rev Microbiol 9, 85–98 (2011). 

2. Murakami, K. S. Structural biology of bacterial RNA polymerase. Biomolecules 5, 848–864 

(2015). 

3. Ishihama, A. Functional modulation of Escherichia coli RNA polymerase. Annu. Rev. 

Microbiol. 54, 499–518 (2000). 

4. Lonetto, M., Gribskov, M. & Gross, C. A. The sigma 70 family: sequence conservation and 

evolutionary relationships. Journal of Bacteriology 174, 3843–3849 (1992). 

5. Paget, M. S. B. & Helmann, J. D. The sigma70 family of sigma factors. Genome Biol. 4, 203 

(2003). 

6. Murakami, K. S. X-ray Crystal Structure of Escherichia coli RNA Polymerase σ70 

Holoenzyme. J. Biol. Chem. 288, 9126–9134 (2013). 

7. Kuznedelov, K. et al. A role for interaction of the RNA polymerase flap domain with the 

sigma subunit in promoter recognition. Science 295, 855–857 (2002). 

8. Geszvain, K., Gruber, T. M., Mooney, R. A., Gross, C. A. & Landick, R. A hydrophobic 

patch on the flap-tip helix of E.coli RNA polymerase mediates sigma(70) region 4 function. 

J. Mol. Biol. 343, 569–587 (2004). 

9. Hawley, D. K. & McClure, W. R. Compilation and analysis of Escherichia coli promoter 

DNA sequences. Nucl Acids Res 11, 2237–2255 (1983). 

10. Mooney, R. A., Darst, S. A. & Landick, R. Sigma and RNA polymerase: an on-again, off-

again relationship? Mol. Cell 20, 335–345 (2005). 

11. Ray-Soni, A., Bellecourt, M. J. & Landick, R. Mechanisms of Bacterial Transcription 

Termination: All Good Things Must End. Annu. Rev. Biochem. 85, 319–347 (2016). 

12. Roberts, J. W. Termination factor for RNA synthesis. Nature 224, 1168–1174 (1969). 

13. Nudler, E. & Gottesman, M. E. Transcription termination and anti-termination in E. coli. 

Genes to Cells 7, 755–768 (2002). 

14. Roberts, J. W. et al. Antitermination by bacteriophage lambda Q protein. Cold Spring Harb. 

Symp. Quant. Biol. 63, 319–325 (1998). 

15. Said, N. et al. Structural basis for λN-dependent processive transcription antitermination. 

Nat Microbiol 2, 17062 (2017). 



Einzelarbeiten  Einzelarbeit C 

152 
 

16. Krupp, F. et al. Structural Basis for the Action of an All-Purpose Transcription Anti-

termination Factor. Molecular Cell 74, 143-157.e5 (2019). 

17. Grayhack, E. J., Yang, X. J., Lau, L. F. & Roberts, J. W. Phage lambda gene Q antiterminator 

recognizes RNA polymerase near the promoter and accelerates it through a pause site. Cell 

42, 259–269 (1985). 

18. Ring, B. Z., Yarnell, W. S. & Roberts, J. W. Function of E. coli RNA polymerase sigma 

factor sigma 70 in promoter-proximal pausing. Cell 86, 485–493 (1996). 

19. Marr, M. T., Datwyler, S. A., Meares, C. F. & Roberts, J. W. Restructuring of an RNA 

polymerase holoenzyme elongation complex by lambdoid phage Q proteins. Proc. Natl. 

Acad. Sci. U.S.A. 98, 8972–8978 (2001). 

20. Yarnell, W. S. & Roberts, J. W. The phage lambda gene Q transcription antiterminator binds 

DNA in the late gene promoter as it modifies RNA polymerase. Cell 69, 1181–1189 (1992). 

21. Strobel, E. J. & Roberts, J. W. Regulation of promoter-proximal transcription elongation: 

enhanced DNA scrunching drives λQ antiterminator-dependent escape from a 

σ70-dependent pause. Nucleic Acids Res. 42, 5097–5108 (2014). 

22. Shi, J. et al. Structural basis of Q-dependent transcription antitermination. Nat Commun 10, 

2925 (2019). 

23. Yin, Z., Kaelber, J. T. & Ebright, R. H. Structural basis of Q-dependent antitermination. 

Proc. Natl. Acad. Sci. U.S.A. 116, 18384–18390 (2019). 

24. Perdue, S. A. & Roberts, J. W. A backtrack-inducing sequence is an essential component of 

Escherichia coli σ(70)-dependent promoter-proximal pausing. Mol. Microbiol. 78, 636–650 

(2010). 

25. Deighan, P. & Hochschild, A. The bacteriophage lambdaQ anti-terminator protein regulates 

late gene expression as a stable component of the transcription elongation complex. Mol. 

Microbiol. 63, 911–920 (2007). 

26. Yang, X. J., Goliger, J. A. & Roberts, J. W. Specificity and mechanism of antitermination 

by Q proteins of bacteriophages lambda and 82. J. Mol. Biol. 210, 453–460 (1989). 

27. Dudenhoeffer, B. R., Borggraefe, J., Schweimer, K. & Knauer, S. H. NusA directly interacts 

with antitermination factor Q from phage λ. Scientific Reports 10, 6607 (2020). 

28. Pan, T., Artsimovitch, I., Fang, X. W., Landick, R. & Sosnick, T. R. Folding of a large 

ribozyme during transcription and the effect of the elongation factor NusA. Proc. Natl. Acad. 

Sci. U.S.A. 96, 9545–9550 (1999). 



Einzelarbeiten  Einzelarbeit C 

153 
 

29. Guo, X. et al. Structural Basis for NusA Stabilized Transcriptional Pausing. Mol. Cell 69, 

816-827.e4 (2018). 

30. Ha, K. S., Toulokhonov, I., Vassylyev, D. G. & Landick, R. The NusA N-terminal domain 

is necessary and sufficient for enhancement of transcriptional pausing via interaction with 

the RNA exit channel of RNA polymerase. J. Mol. Biol. 401, 708–725 (2010). 

31. Linn, T. & Greenblatt, J. The NusA and NusG proteins of Escherichia coli increase the in 

vitro readthrough frequency of a transcriptional attenuator preceding the gene for the beta 

subunit of RNA polymerase. J. Biol. Chem. 267, 1449–1454 (1992). 

32. Burns, C. M., Richardson, L. V. & Richardson, J. P. Combinatorial effects of NusA and 

NusG on transcription elongation and Rho-dependent termination in Escherichia coli. J. Mol. 

Biol. 278, 307–316 (1998). 

33. Cardinale, C. J. et al. Termination factor Rho and its cofactors NusA and NusG silence 

foreign DNA in E. coli. Science 320, 935–938 (2008). 

34. Prasch, S. et al. Interaction of the intrinsically unstructured phage lambda N Protein with 

Escherichia coli NusA. Biochemistry 45, 4542–4549 (2006). 

35. Prasch, S. et al. RNA-binding specificity of E. coli NusA. Nucleic Acids Res. 37, 4736–4742 

(2009). 

36. Schweimer, K. et al. NusA interaction with the α subunit of E. coli RNA polymerase is via 

the UP element site and releases autoinhibition. Structure 19, 945–954 (2011). 

37. Worbs, M., Bourenkov, G. P., Bartunik, H. D., Huber, R. & Wahl, M. C. An extended RNA 

binding surface through arrayed S1 and KH domains in transcription factor NusA. Mol. Cell 

7, 1177–1189 (2001). 

38. Mah, T. F., Kuznedelov, K., Mushegian, A., Severinov, K. & Greenblatt, J. The alpha 

subunit of E. coli RNA polymerase activates RNA binding by NusA. Genes Dev. 14, 2664–

2675 (2000). 

39. Strauß, M. et al. Transcription is regulated by NusA:NusG interaction. Nucleic Acids Res. 

44, 5971–5982 (2016). 

40. Dudenhoeffer, B. R., Schneider, H., Schweimer, K. & Knauer, S. H. SuhB is an integral part 

of the ribosomal antitermination complex and interacts with NusA. Nucleic Acids Res. 47, 

6504–6518 (2019). 

41. Huang, Y.-H., Said, N., Loll, B. & Wahl, M. C. Structural basis for the function of SuhB as 

a transcription factor in ribosomal RNA synthesis. Nucleic Acids Res. 47, 6488–6503 (2019). 



Einzelarbeiten  Einzelarbeit C 

154 
 

42. Drögemüller, J. et al. Determination of RNA polymerase binding surfaces of transcription 

factors by NMR spectroscopy. Sci Rep 5, 16428 (2015). 

43. Eisenmann, A., Schwarz, S., Prasch, S., Schweimer, K. & Rösch, P. The E. coli NusA 

carboxy-terminal domains are structurally similar and show specific RNAP- and λN 

interaction. Protein Sci 14, 2018–2029 (2005). 

44. Zuber, P. K. et al. The universally-conserved transcription factor RfaH is recruited to a 

hairpin structure of the non-template DNA strand. Elife 7, (2018). 

45. Zhi, H. & Jin, D. J. Purification of highly-active and soluble Escherichia coli sigma 70 

polypeptide overproduced at low temperature. Meth. Enzymol. 370, 174–180 (2003). 

46. Meyer, O. & Schlegel, H. G. Biology of aerobic carbon monoxide-oxidizing bacteria. Annu. 

Rev. Microbiol. 37, 277–310 (1983). 

47. Sambrook, J. & Russel, D. W. Molecular Cloning: A Laboratory Manual. vol. 3 (Cold 

Spring Harbor Press, 2001). 

48. Sprangers, R. & Kay, L. E. Quantitative dynamics and binding studies of the 20S proteasome 

by NMR. Nature 445, 618–622 (2007). 

49. Sattler, M., Schleucher, J. & Griesinger, C. Heteronuclear multidimensional NMR 

experiments for the structure determination of proteins in solution employing pulsed field 

gradients. Prog. Nucl. Magn. Reson. Spectrosc. 34, 93–158 (1999). 

50. Cavanagh, J., Fairbrother, W. J., Palmer, A. G., Rance, M. & Skelton, N. J. Protein NMR 

Spectroscopy Principles and Practice. (Elsevier Academic Press, 2007). 

51. Zuber, P. K., Schweimer, K., Rösch, P., Artsimovitch, I. & Knauer, S. H. Reversible fold-

switching controls the functional cycle of the antitermination factor RfaH. Nat Commun 10, 

702 (2019). 

52. Toulokhonov, I. & Landick, R. The flap domain is required for pause RNA hairpin inhibition 

of catalysis by RNA polymerase and can modulate intrinsic termination. Mol. Cell 12, 1125–

1136 (2003). 

53. Toulokhonov, I., Artsimovitch, I. & Landick, R. Allosteric control of RNA polymerase by 

a site that contacts nascent RNA hairpins. Science 292, 730–733 (2001). 

54. Ma, C. et al. RNA polymerase-induced remodelling of NusA produces a pause enhancement 

complex. Nucleic Acids Res. 43, 2829–2840 (2015). 



Einzelarbeiten  Einzelarbeit C 

155 
 

55. Deighan, P., Diez, C. M., Leibman, M., Hochschild, A. & Nickels, B. E. The bacteriophage 

lambda Q antiterminator protein contacts the beta-flap domain of RNA polymerase. Proc. 

Natl. Acad. Sci. U.S.A. 105, 15305–15310 (2008). 

56. Kang, J. Y. et al. Structural basis of transcription arrest by coliphage HK022 Nun in an 

Escherichia coli RNA polymerase elongation complex. Elife 6, (2017). 

57. Kang, J. Y. et al. Structural Basis for Transcript Elongation Control by NusG Family 

Universal Regulators. Cell 173, 1650-1662.e14 (2018). 

58. Abdelkareem, M. et al. Structural Basis of Transcription: RNA Polymerase Backtracking 

and Its Reactivation. Molecular Cell 75, 298-309.e4 (2019). 

59. Vorobiev, S. M. et al. Structure of the DNA-binding and RNA-polymerase-binding region 

of transcription antitermination factor λQ. Structure 22, 488–495 (2014). 

60. Mekler, V. et al. Structural organization of bacterial RNA polymerase holoenzyme and the 

RNA polymerase-promoter open complex. Cell 108, 599–614 (2002). 

61. Murakami, K. S. Structural Basis of Transcription Initiation: RNA Polymerase Holoenzyme 

at 4 A Resolution. Science 296, 1280–1284 (2002). 

62. Vassylyev, D. G. et al. Crystal structure of a bacterial RNA polymerase holoenzyme at 2.6 

A resolution. Nature 417, 712–719 (2002). 

63. Murakami, K. S. & Darst, S. A. Bacterial RNA polymerases: the wholo story. Curr. Opin. 

Struct. Biol. 13, 31–39 (2003). 

64. Belogurov, G. A. & Artsimovitch, I. Regulation of Transcript Elongation. Annu. Rev. 

Microbiol. 69, 49–69 (2015). 

65. Nickels, B. E., Roberts, C. W., Sun, H., Roberts, J. W. & Hochschild, A. The sigma(70) 

subunit of RNA polymerase is contacted by the (lambda)Q antiterminator during early 

elongation. Mol. Cell 10, 611–622 (2002). 

66. Wells, C. D., Deighan, P., Brigham, M. & Hochschild, A. Nascent RNA length dictates 

opposing effects of NusA on antitermination. Nucleic Acids Res. 44, 5378–5389 (2016). 

67. Mooney, R. A. et al. Regulator trafficking on bacterial transcription units in vivo. Mol. Cell 

33, 97–108 (2009). 

 

 

  



Einzelarbeiten  Einzelarbeit C 

156 
 

DATA AVAILABILITY 

The backbone resonance assignment for βflap construct has been deposited in the Biological 

Magnetic Resonance Bank Databank, accession number XXXX. For αCTD, NusA-NTD and λQ 

resonance assignments were taken from previous studies as indicated in the manuscript.  

 

AUTHOR CONTRIBUTIONS 

SHK supervised the project. The experiments were designed by SHK, KS, and BRD. JB and K.S. 

made the assignment of βflap∆ (the corresponding NMR experiments were carried out by KS). 

All interactions studies and competition experiments were performed by BRD and MW. Data 

was analyzed and evaluated by BRD and SHK. SHK and BRD wrote the manuscript with input 

from all authors. 

Conflict of interest statement. None declared. 

 

ACKNOWLEDGEMENT 

We thank Ramona Heissmann, Ulrike Persau, and Andrea Hager for excellent technical 

assistance and the Northern Bavarian NMR Centre (NBNC) for access to the NMR 

spectrometers. Furthermore, we thank Irina Artsimovitch for the plasmid encoding RNAP∆αCTD. 

This work was supported by the German Research Foundation (Ro617/21-1 to Paul Rösch). 

 



Einzelarbeiten  Einzelarbeit C 

157 
 

Supplementary Information 

 

Antitermination factor λQ mediates NusA-NTD rearrangement 

on RNAP βflap  

 

Benjamin R. Dudenhoeffer, Marlon Wörner, Jan Bodenschlägel, Kristian Schweimer, Stefan 

H. Knauer* 

 

Biopolymers, University of Bayreuth, Universitätsstraße 30, 95447 Bayreuth, Germany 

 

*Correspondence to: stefan.knauer@uni-bayreuth.de  

 

 

 

 

 

Contents 

Supplementary Figure S1 

Supplementary Figure S2 

Supplementary Figure S3 

Supplementary Figure S4 

Supplementary Figure S5 

 



Einzelarbeiten  Einzelarbeit C 

158 
 

 

Supplementary Figure 1: Interaction of NusA-NTD with αCTD. (A) Titration of 15N-NusA-NTD with 

αCTD. (top) 2D [1H,15N]-HSQC spectra. Molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, yellow; 1:3, red 

(concentration of 15N-NusA-NTD: 200 µM; concentration of αCTD stock: 1 mM). The right panel shows a 

magnification of the boxed region. Selected signals are labelled. Arrows indicate changes of chemical shifts. 

The inset shows the 1D [1H,15N]-HSQC spectra of certain titration steps. (middle, left) Normalized chemical 

shift changes of 15N-NusA-NTD versus sequence position. Thresholds for slightly 

(0.04 ppm ≤ Δδnorm < 0.08 ppm), moderately (0.08 ppm ≤ Δδnorm < 0.12 ppm), and strongly (Δδnorm ≥ 0.12 ppm) 

affected residues are indicated by a yellow, orange, and red line. Unassigned residues are marked as red 

triangles. (middle, right) Titration curves of selected 15N-NusA-NTD signals. The individual curves represent 

the best fit to a two-component, 1:1 binding equation, yielding an average KD value of 27 ± 9 µM. (bottom) 

Mapping of affected residues on the structure of NusA-NTD (PDB ID: 2KWP; light blue) in ribbon (left) and 

surface (right) representation. The colour code is indicated. Termini and secondary structure elements are 

labelled, the body and acidic head region are indicated. (B) Titration of 15N-αCTD with NusA-NTD (top) 

2D [1H,15N]-HSQC spectra. Molar ratios: 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, yellow; 1:3, red 

(concentration of 15N-αCTD: 200 µM; concentration of NusA-NTD stock: 1 mM). The right panel shows a 

magnification of the boxed region. Selected signals are labelled, chemical shift perturbations are indicated by 

arrows. The inset shows selected 1D [1H,15N]-HSQC spectra. (middle, left) Normalized chemical shift changes 

of 15N-αCTD versus sequence position. Representation as in (A). (middle, right) Titration curves of selected 

residues of 15N-αCTD. The binding curves were fitted to a two-component 1:1 binding equation, yielding a KD 

value of 23 ± 6 µM. (bottom) Mapping of the affected residues from on the structure of 15N-αCTD 

(PDB-ID: 1COO; grey). Representation and colour code as in (A). 
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Supplementary Figure 2: NusA-NTD interacts with αCTD and βflap∆ concurrently. (A,B) βflap∆ does not 

interact with αCTD. (A) 2D [1H,15N]-HSQC spectra of the titration of 125 µM 15N-αCTD with βflap∆. Molar 

ratio of 15N-αCTD:βflap∆ =1:0, black; = 1:1, cyan; = 1:2, red. The inset shows the 1D [1H,15N]-HSQC spectra 

of the titration. (B) 2D [1H,15N]-HSQC spectra of the titration of 125 µM 15N-βflap∆ with αCTD. Molar ratio 

of 15N-βflap∆:αCTD = 1:0, black; = 1:1, cyan; = 1:2, red. 1D [1H,15N]-HSQC spectra of the titration are shown 

as inset. (C) 2D [1H,15N]-HSQC spectra of the titration of 250 µM 2H,15N-NusA-NTD with αCTD and βflap∆. 

Molar ratio of 2H,15N-NusA-NTD:αCTD:βflap∆ = 1:0:0, black; = 1:1:0, blue; = 1:2:0, cyan; = 1:2:1, orange; 

= 1:2:2, red. The dashed box indicates the section shown in Fig. 3A. 1D [1H,15N]-HSQC spectra of the titration 

are shown as inset. (D,E) Interaction of ILV-NusA-NTD with RNAP (D) and RNAPΔαCTD (E). NusA-NTD 

residues affected by binding to RNAP or RNAPΔαCTD, respectively (see also Fig. 3B,C), are mapped on the 

structure of NusA-NTD (PDB ID: 2KWP; light blue; ribbon representation). Ile, Val and Leu residues are 

shown as sticks with carbon atoms terminal methyl groups depicted as spheres. The colour code is indicated. 

Termini and secondary structure elements are labelled.  
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Supplementary Figure 3: Interaction of λQ with βflap∆. (A) 2D [1H,15N]-BEST-TROSY spectra of the 

titration of 175 µM 15N-λQ with βflap∆. Molar ratio of 15N- λQ:βflap∆ = 1:0, black; = 1:0.5, orange; = 1:1, cyan; 

= 1:2, red. The dashed box indicates the section shown in Fig. 4A. 1D [1H,15N]-HSQC spectra of the titration 

are shown as inset. (B) 2D [1H,15N]-BEST-TROSY spectra of the titration of 175 µM 15N-βflap∆ with λQ. 

Molar ratio of 15N-βflap∆:λQ = 1:0, black; = 1:0.5, orange; = 1:1, cyan; = 1:2, red. The dashed box indicates 

the section shown in Fig. 4B. The inset shows 1D [1H,15N]-HSQC spectra of the titration. (C) Titration of 
15N-βflap∆ with λQΔ36. (top) 2D [1H,15N]-HSQC spectra of the titration of 125 µM 15N-βflap∆ with λQΔ36. 
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Molar ratio of 15N-βflap∆:λQ Δ36 = 1:0, black; = 1:1, cyan; = 1:2, red. 1D [1H,15N]-HSQC spectra are shown as 

inset. The boxed region marks the section shown in the right panel. Selected signals are labelled. Arrows 

indicate chemical shift changes. (bottom, left) Normalized chemical shift changes of 15N-βflap∆ in the presence 

of 2 equivalents λQΔ36 versus sequence position of βflap∆. Thresholds for slightly (0.04 ppm ≤ Δδnorm 

< 0.08 ppm), moderately (0.08 ppm ≤ Δδnorm < 0.12 ppm), and strongly (Δδnorm ≥ 0.12 ppm) affected residues 

are indicated by yellow, orange, and red lines. Unassigned residues are marked by red triangles. The FTH is 

highlighted in dark grey. (bottom, right) Mapping of affected residues on the structure of βflap∆ 

(PDB ID: 4KMU; grey; ribbon representation). The colour code is indicated. Termini and secondary structure 

elements are labelled.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4: λQ disrupts the NusA-NTD:βflap∆ interaction. (A) λQ displaces NusA-NTD 

from βflap∆. 2D [1H,15N]-HSQC spectra of a competition experiment of 250 µM 2H,15N-NusA-NTD with 

βflap∆ and λQ. Molar ratio of 15N-NusA-NTD:βflap∆:λQ = 1:0:0, black; = 1:2:0, cyan; = 1:2:2, orange; 

= 1:2:2, red. The boxed region indicates the section shown in Fig. 4C. (B) λQ disrupts the NusA-NTD:βflap∆ 

interaction in a NusA-NTD:βflap∆:αCTD complex. 2D [1H,15N]-HSQC spectra of a competition experiment 

where λQ is added to a preformed 2H,15N-NusA-NTD:βflap∆:αCTD ternary complex (initial concentration of 
2H,15N-NusA-NTD: 250 µM). Molar ratios: 2H,15N-NusA-NTD:αCTD:βflap∆:λQ = 1:0:0:0, black; 

= 1:2:0:0, cyan; = 1:2:2:0, blue; = 1:2:2:1 orange; 1:2:2:2, red. The boxed region indicates the section shown 

in Fig. 5A. 
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Supplementary Figure 5: λQ destabilizes σ70:βflap interactions whereas NusA-NTD does not. (A) λQ 

displaces σ70:βflap∆. 2D [1H,15N]-HSQC spectra of 15N-βflap∆ in the absence  and presence of σ70 and upon 

subsequent titration with λQ (initial concentration of 15N-βflap∆: 200 µM). Molar ratios of 
15N-βflap∆:σ70:λQ = 1:0:0, black; = 1:1:0, cyan; = 1:1:1, orange; = 1:1:2 red. The boxed region indicates the 

section shown in Fig. 6A. (B) λQ directly interacts with σ70. 2D [1H,15N]-BEST-TROSY spectra of the titration 

of 125 µM 15N-λQ with σ70. Molar ratio of 15N-λQ:σ70 = 1:0, black; 1:1, cyan; 1:2, red. 1D [1H,15N]-HSQC 

spectra are shown in the inset. (C) NusA-NTD does not disrupt the 15N-βflap:σ70 complex. 2D [1H,15N]-HSQC 

spectra of the titration of 125 µM 15N-βflap with σ70 and NusA-NTD. σ70 Molar ratio of 
15N-βflap:σ70:NusA-NTD = 1:0:0, black; = 1:1:0, cyan; = 1:1:1, orange; = 1:1:2, red. The boxed region 

indicates the section shown in the panel below. Selected signals are labelled. (D) NusA-NTD does not interact 

with σ70. 2D [1H,15N]-HSQC spectra of the titration of 125 µM 15N-NusA-NTD with σ70. Molar ratio 
15N-NusA-NTD: σ70 = 1:0, black; = 1:1, cyan; = 1:2 red. The inset shows the corresponding 1D [1H,15N]-HSQC 

spectra. (E) NusA-NTD does not disrupt σ70:RNAP interaction. 1D [1H,15N]-HSQC spectra of 15N-σ70 in the 

absence (black, 40 µM 15N-σ70) and presence of RNAP (cyan, molar ratio 1:1, 40 µM 15N-σ70), and upon 

subsequent titration with NusA-NTD (molar ratio = 1:1:1, orange; = 1:1:2, yellow; = 1:1:5, red). 
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