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Zusammenfassung I

Zusammenfassung

Die Synthese von Ribonukleinsduren (RNAs) ist ein zentraler Prozess in allen Organismen, wobei die
RNA-Polymerase (RNAP) hierbei das wichtigste Enzym ist. In Bakterien besteht diese aus den fiinf
Untereinheiten o,pf’®. Der Ablauf der Transkription kann in die Phasen Initiation, Elongation und
Termination unterteilt werden, die alle stark reguliert sind und von zahlreichen Faktoren beeinflusst
werden. Die N utilization substances (Nus) NusA, NusB, NusE und NusG spielen hierbei eine
wichtige Rolle, indem sie beispielsweise die Elongationsrate der RNAP modulieren oder die RNAP in
eine terminationsresistente Form iiberfithren. Die molekulare Basis der Interaktion der Nus-Faktoren
mit der RNAP sowie mogliche Wechselwirkungen der Nus-Faktoren untereinander sind zu groflen

Teilen unbekannt, jedoch essentiell fiir ein umfassendes Verstdandnis der Transkriptionsregulation.

NusG ist als einziger Transkriptionsfaktor in Bakterien, Archaeen und Eukaryoten konserviert und hat
eine Vielzahl von Aufgaben bei der Genexpression. Er besteht aus einer N- und einer C-terminalen
Doméne (NTD und CTD), die in vielen Organismen flexibel miteinander verkniipft sind. NusG aus
dem Humanpathogen Mycobacterium tuberculosis (MfNusG) zeigt einige regulatorische Unterschiede
zu NusG aus Escherichia coli (EcNusG), da MtNusG beispielsweise die intrinsische Termination
stimuliert, wihrend EcNusG keinen Einfluss darauf hat. In dieser Arbeit wurde die Struktur der
MtNusG-CTD in Losung bestimmt und ein Modell der MtNusG-NTD generiert. Insgesamt dhnelt
MiNusG strukturell stark EcNusG und wie bei diesem interagieren NTD und CTD nicht miteinander,
was mittels Kernspinresonanz (NMR)-Spektroskopie demonstriert wurde. Im Vergleich zu EcNusG ist
allerdings sowohl der Aminoterminus als auch der Linker zwischen den Dominen verlidngert. Da diese
Bereiche aber nicht fiir die funktionellen Unterschiede verantwortlich sind, ist vermutlich die Bindung

von MtNusG an die RNAP anders als bei EcNusG.

NusA besteht aus sechs Domidnen und beeinflusst insbesondere die Elongation und die Termination. In
dieser Arbeit wurde erstmals eine spezifische, direkte Interaktion zwischen NusG-NTD und der C-
terminalen Domidne von NusA, NusA-AR2, iiber NMR-Spektroskopie und pulldown-Assays
nachgewiesen. In vitro-Transkriptionstests ergaben weiterhin, dass NusA und NusG gemeinsam eine
Pause induzieren konnen, die ein Faktor alleine nicht hervorruft. Zusammen mit den Ergebnissen von
NMR-Verdrangungsexperimenten deuten die Daten darauf hin, dass die Interaktion bei der
Rekrutierung von NusG an die RNAP, bei der Synchronisation von Transkription und Translation oder

bei der Regulation der Terminationseffizienz eine Rolle spielt.

NMR-Spektroskopie eignet sich insbesondere zur Untersuchung von Dynamik und schwachen
Interaktionen. Diese Prozesse sind bei der RNAP-Regulation essentiell. Da die RNAP aber aufgrund
ihrer groen Molekiilmasse nicht mit konventionellen NMR-Experimenten analysiert werden kann,
wurde im Rahmen dieser Arbeit zunichst ein effizientes Protokoll etabliert, um aktive RNAP aus

individuell exprimierten Untereinheiten in vitro zu assemblieren und zu reinigen. Dies erlaubte dann
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die selektive Markierung der Methylgruppen von Ile, Leu und Val-Resten einer bestimmten
Untereinheit mit ['H, '*C], wihrend die restliche Untereinheit und alle anderen Untereinheiten
deuteriert vorlagen (Methylgruppenmarkierung). Somit konnten ['H, '*C]-Korrelationsspektren der B’-
Untereinheit im Gesamtenzym aufgenommen werden. Auflerdem wurden alle RNAP-Untereinheiten
einzeln in l6slicher, funktionaler Form gereinigt und NMR-Experimente etabliert, um die RNAP-
Untereinheit zu identifizieren mit der ein bestimmter Transkriptionsfaktor interagiert. Hierdurch
wurden die vorgeschlagenen Bindungsstellen von NusG und NusA bestitigt und gezeigt, dass NusE
direkt an die B-Untereinheit bindet. Dieser Ansatz lisst sich generell auf kleine bis mittelgrole RNAP-

bindende Proteine oder kleine organische Verbindungen, beispielsweise Antibiotika, anwenden.

SchlieBlich wurde eine NMR-spektroskopische Methode entwickelt, um die RNAP-Bindungsfliche
der Nus-Faktoren zu bestimmen. Hierfiir wurde der methylgruppenmarkierte Faktor mit protonierter
RNAP titriert. Nachdem der Ansatz mit NusG-NTD validiert worden war, wurde die RNAP-
Bindungsstelle von NusA-NTD identifiziert. Dies erlaubte die Erstellung eines detaillierten Modells,
wie NusA-NTD an die RNAP bindet und sich die naszierende RNA um NusA wickelt. Weiterhin
wurde gezeigt, dass die Region, mit der NusE an die RNAP bindet, mit derjenigen iiberlappt, die fiir
die Interaktion von NusE mit NusG-CTD verantwortlich ist. NMR-Verdringungsexperimente
ergaben, dass die Affinitdten von RNAP und NusG an NusE &hnlich sind, was darauf hindeutet, dass
die Bindung von NusE an die RNAP bei der Antitermination wichtig sein konnte. Der methodische
Ansatz zur Bestimmung der RNAP-Bindungsfldche kann allgemein auf Systeme iibertragen werden,

bei denen ein supramolekularer Komplex an einen kleinen Partner bindet.
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Summary

The synthesis of ribonucleic acids (RNAs) is a central process in all organisms, with RNA polymerase
(RNAP) being the key enzyme. RNAP consists of the five subunits 02pf’® in bacteria. Transcription
can be divided into the phases initiation, elongation, and termination, which are all highly regulated.
RNAP is controlled by multiple factors, for example the N utilization substances (Nus) NusA, NusB,
NusE, and NusG, which play an important role in modulating the RNAP elongation rate or in
converting the RNAP into a termination resistant form. The molecular basis for the interaction of Nus
factors with RNAP as well as possible, mutual interactions between Nus factors are mostly unknown.

Their knowledge, however, is essential for the complete understanding of transcription regulation.

NusG is the only transcription factor that is conserved in bacteria, archaea and eukaryotes, having a
variety of functions in gene expression. It consists of an N- and a C-terminal domain (NTD and CTD),
which are flexibly connected in most organisms. NusG from the human pathogen Mycobacterium
tuberculosis (MtNusG) shows some regulatory differences to NusG from Escherichia coli (EcNusQG),
as for example, MfNusG stimulates intrinsic termination, while EcNusG has no influence on it. In this
work the solution structure of MtNusG-CTD was determined and a model of MfNusG-NTD was
generated. Altogether the structures of MfNusG and EcNusG are highly similar and just like in
EcNusG the NTD and CTD of MtNusG do not interact as demonstrated by nuclear magnetic
resonance (NMR) spectroscopy. The amino terminus and the linker between the two domains are,
however, elongated in MtNusG, but as these regions are not responsible for the functional differences,

the interaction with RNAP might be different for MtNusG and EcNusG.

NusA consists of six domains and affects particularly elongation and termination. In this work a direct,
specific interaction between NusG-NTD and the C-terminal NusA domain (NusA-AR2) has been
demonstrated, using NMR spectroscopy and pull-down assays. Furthermore in vitro transcription
assays showed, that NusA and NusG together are able to induce a novel pause, which is not evoked by
one factor alone. Together with the results of NMR displacement experiments these data suggest that
the interaction plays an important role in the recruitment of NusG to RNAP, the synchronization of

transcription and translation or the regulation of the termination efficiency.

NMR spectroscopy is a technique that is especially convenient for the investigation of dynamics and
weak interactions, processes essential for RNAP regulation. Due to its high molecular mass, however,
RNAP cannot be studied using conventional NMR experiments. Thus, in this work, an efficient
protocol was established for the in vitro assembly of active RNAP from its individually expressed
subunits and its purification. This allowed the selective labeling of methyl groups of Ile, Leu and Val
residues of a certain subunit with ['H, C], while the remaining subunit and all other subunits were

deuterated (methyl group labeling). Using this approach ['H, *C] correlation spectra of the B’ subunit
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within the complete RNAP were recorded. Furthermore, all RNAP subunits were purified individually
in a soluble form and NMR experiments were established in order to identify the RNAP subunit a
certain transcription factor interacts with. Hereby the proposed binding sites for NusG and NusA were
confirmed and it was shown that NusE directly binds to the  subunit. The method is generally
applicable to other small or medium sized RNAP binding proteins or small organic compounds, like

antibiotics.

Finally, an NMR spectroscopic method was developed to determine the RNAP binding surfaces of
Nus factors by titrating the methyl group-labeled factor with protonated RNAP. Having validated this
approach with NusG-NTD, the RNAP binding surface of NusA-NTD was identified. This enabled the
generation of a detailed model of how NusA-NTD binds to RNAP and how the nascent RNA is
wrapped around NusA. I also found that the NusE region which binds to RNAP overlaps with the one
involved into the interaction of NusE with NusG-CTD. NMR displacement measurements yielded
similar affinities of RNAP and NusG for NusE, suggesting that the binding of NusE to RNAP might
be important in antitermination. This approach to determine the RNAP binding surface can be
generalized and is transferable to other systems, in which a supramolecular complex binds to a small

partner.
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1. Einleitung

1.1 Bakterielle Transkription

1.1.1 Die RNA-Polymerase

Die Transkription von Abschnitten der Desoxyribonukleinsdure (DNA) in Ribonukleinsdure (RNA) ist
der erste Schritt zur Genexpression und daher fiir alle Organismen von zentraler Bedeutung. Das
hierfiir bendtigte Enzym ist die RNA-Polymerase (RNAP). Die durch die RNAP erstellten RNAs
konnen nicht nur als Vorlage zur Proteinbiosynthese verwendet werden (imessenger RNA, mRNA),
sondern konnen selbst das finale Genprodukt sein und bestimmte Aufgaben in der Zelle iibernehmen.
Transfer-RNAs (tRNAs) und ribosomale RNAs (rRNAs) erméglichen beispielsweise den Transport
von Aminosiduren zum Ribosom, bzw. sind am Aufbau des Ribosoms beteiligt. Des Weiteren konnen
nichtkodierende RNA-Stringe die Transkription regulieren oder die mRNA-Stabilitdt und -Translation

beeinflussen (zusammengefasst in Storz et al., 2006).

Wihrend die RNAPs in Mitochondrien, Chloroplasten und Bakteriophagen aus einer Untereinheit
bestehen, verwenden alle Lebewesen fiir die zelluldre Transkription aus mehreren Untereinheiten
aufgebaute RNAPs (Gaspari et al., 2004; Werner und Grohmann, 2011). Alle diese RNAPs dhneln

sich hinsichtlich der Interaktion mit Nukleinsduren, der Struktur und dem Katalysemechanismus.

Wihrend archaeelle und eukaryotische RNAPs aus 12-17 Polypeptidketten bestehen, sind die
bakteriellen RNAPs mit fiinf Untereinheiten (o.pp'®, Kern-RNAP) einfacher aufgebaut (Abb. 1,
Ebright, 2000).

kodierender DNA-Strang

Matrizen-DNA-Strang Transkription »

@ NTP

aktives
RNA RNA:DNA- Zentrum
Hybrid

RNA Aus-
trittskanal

Abbildung 1: Struktur der bakteriellen RNAP. A) Die Proteinstruktur der Escherichia coli (E. coli) RNAP ist in
Cartoondarstellung gezeigt (Proteindatenbank- (PDB-) Code: 4JKR). Die RNAP besteht aus zwei a-Untereinheiten (gelb und
griin) und einer B- (dunkelblau), B*-(dunkeltiirkis) und ®-Untereinheit (orange). Zusitzlich ist das permanent gebundene
Mg?*-Ton eingezeichnet (lila Kugel). Die Schalterregion ist durch einen schwarzen Kreis gekennzeichnet und regulatorisch
wichtige Elemente sind farblich hervorgehoben; pB-Pfortenschleife (B gate loop, PGL, lila); p’-Klammerhelices (B clamp
helices, B’CH, hellblau) und B Klappenspitzehelix (B flap tip helix, PFTH, rot). B) Schematische Darstellung der
elongierenden RNAP. Das Farbschema ist analog zu A) und wichtige Bereiche der RNAP sind beschriftet.
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Die Struktur der RNAP wird hiufig mit einer Krebsschere verglichen, in deren zentralen Spalte die
DNA gebunden wird und die RNA-Synthese stattfindet (Zhang et al., 1999). Die beiden Scheren
bestehen aus der B- und der B'-Untereinheit, welche das aktive Zentrum ausbilden und zwei Mg**-
Ionen koordinieren (Zhang et al., 1999). Das erste Magnesiumion ist durch drei Aspartatreste fest am
aktiven Zentrum positioniert, wihrend das zweite zusammen mit dem entsprechenden Nukleotid zum
aktiven Zentrum gebracht wird (Zaychikov et al., 1996; Sosunov et al., 2003). Die a-Untereinheiten
sind nicht direkt Teil des aktiven Zentrums, sind jedoch in engem Kontakt mit der B- bzw. -
Untereinheit. Die Dimerisierung der beiden a-Untereinheiten ist vermutlich der erste Schritt beim
Zusammenbau der RNAP (Ishihama, 1981; Wang et al., 1997). Die carboxyterminalen Doménen
(aCTDs) sind flexibel mit dem Rest der RNAP verbunden und nehmen regulatorische Funktionen
wahr (Ebright und Busby, 1995; Ishihama, 1992; Lee et al., 2012;). Thre Struktur konnte isoliert von
der iibrigen RNAP durch Kernspinresonanzspektroskopie (NMR-Spektroskopie) gelost werden (Jeon
et al., 1995). Nur in einer 2013 veroffentlichten Escherichia coli (E. coli) RNAP-Kristallstruktur ist
eine der beiden aCTDs aufgelost (Murakami, 2013). Hier ist der Linker zwischen der aCTD und der
oNTD vollkommen gestreckt und die aCTD ist nahe der o-Untereinheit an die RNAP gebunden. Die
o-Untereinheit ist fiir die Funktion der RNAP nicht essentiell, sondern sie unterstiitzt vermutlich die
korrekte Assemblierung der Kern-RNAP und die Bindung des o-Faktors (Ghosh et al., 2001; Mustaev
et al., 1997). Bei den RNAP-Strukturen von Thermus aquaticus und Thermus thermophilus (T.
thermophilus) ist die w-Untereinheit um den C-Terminus der B’-Untereinheit gewickelt, wiahrend diese
Interaktion bei E. coli nicht vorhanden ist (Zhang et al., 1999; Murakami, 2013; Murakami et al.,
2002).

Es konnte in Kristallstrukturen und in Losung gezeigt werden, dass die krebsscherenartige Struktur der
RNAP eine offene oder eine geschlossene Konformation einnehmen kann. Diese unterscheiden sich
durch eine Drehbewegung in der Schalter-Region, nahe der Basis der beiden Scheren (Zhang et al.,
1999; Cramer et al., 2001). Im offenen Zustand der RNAP kann die doppelstringige DNA zum
aktiven Zentrum gebracht und entwunden werden. Die geschlossene Form ist wichtig fiir eine starke

DNA-Bindung und damit fiir die hohe Stabilitit und Prozessivitit wihrend der Elongation.

Weitere wichtige strukturelle Merkmale der RNAP sind der RNA-Austrittskanal, durch welchen die
naszierende RNA nach auflen gefiihrt wird und der sekundidre Kanal, durch welchen vermutlich die
Ribonukleosidtriphosphate (NTPs) zum aktiven Zentrum gebracht werden (Zhang et al., 1999; Cramer
et al., 2000; Korzheva et al., 2000). Die B-Pfortenschleife (§ gate loop, PGL) sorgt dafiir, dass keine
doppelstringige DNA gebunden wird und spielt zusammen mit den B'-Klammerhelices (8' clamp
helices, B'CH) eine wichtige Rolle bei der Regulation. Die B-Klappenspitzenhelix (B flap tip helix,
BFTH) befindet sich an der Oberfliche der RNAP in der Nihe des RNA-Austrittskanals und ist eine
Bindungsstelle fiir regulatorische Proteine (Vassylyev et al., 2002).
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1.1.2  Ablauf der bakteriellen Transkription
Analog zur Replikation und Translation kann die Transkription in die drei Abschnitte Initiation,
Elongation und Termination eingeteilt werden. Eine schematische Darstellung des

Transkriptionszyklus ist in Abbildung 2 zu sehen.

Holo-RNAP
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Abbildung 2: Schematische Darstellung des Transkriptionszyklus. Gezeigt sind die drei Phasen der Transkription:
Initiation, Elongation und Termination sowie der Einfluss verschiedener Regulatoren. Zu Beginn bindet die Kern-RNAP den
o-Faktor, wodurch sich das Holoenzym bildet und Promotorregionen auf der DNA spezifisch erkannt werden konnen. Dies
fithrt zur Ausbildung des Initiationskomplexes. Zu Beginn der Elongationsphase geht der starke Kontakt zum o-Faktor
verloren und die RNAP synthetisiert Nukleotide an die naszierende RNA. Dieser Vorgang ist nicht kontinuierlich sondern
héngt von der jeweiligen Matrize sowie weiteren Faktoren, beispielsweise NusA (rot) und NusG (griin), ab. An bestimmten
Stellen kommt es zur Termination, wobei die synthetisierte RNA aus der Polymerase entlassen wird und die RNAP wieder
als Kernenzym vorliegt. Weitere Details sind dem Text zu entnehmen. (Abbildung veridndert nach Mooney et al., 2009a.)

1.1.2.1 Initiation
Zu Beginn der Transkription liegt die RNAP als Kernenzym (a:pp'®) vor. In dieser Konformation

bindet sie DNA unspezifisch und kann an dieser entlanggleiten (Sakata-Sogawa und Shimamoto,
2004). Fiir die Initiation wird ein weiteres Protein, der bakterielle Transkriptionsinitiations- oder o-
Faktor, gebunden (zusammengefasst in deHaseth und Helmann, 1995; deHaseth et al., 1998). Der
hieraus entstandene Komplex wird als Holoenzym bezeichnet und ist in der Lage Promotorregionen
auf der DNA zu erkennen. Hierdurch bildet sich der geschlossene Promotorkomplex, in welchem die
DNA noch doppelstriangig vorliegt (Burgess und Anthony, 2001; Borukhov und Severinov, 2002). In
E. coli sind mehrere unterschiedliche c-Faktoren bekannt, welche verschiedene Promotorregionen

erkennen konnen (zusammengefasst in Paget und Helmann, 2003). In logarithmisch wachsenden
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Zellen ist der Haushalts-o-Faktor, 6", am hiufigsten zu finden (deHaseth und Helmann, 1995). Dieser
erkennt vor allem DNA-Konsensussequenzen in der -10- und der -35-Region. Die Zahl bezieht sich
hierbei auf die Position relativ zum Transkriptionsinitiationspunkt. Um die Transkription zu starten
interagiert der o-Faktor mit der Promotorregion und induziert eine konformationelle Anderung der
RNAP, welche zur starken Bindung der DNA und zum Aufschmelzen der doppelstrangigen DNA im
Bereich -11 bis +4 fiihrt (zusammengefasst in Haugen er al., 2008). Der Mechanismus fiir das
Auftrennen des Doppelstranges ist im Detail nicht bekannt, es erfolgt jedoch in Abhéngigkeit von
Mg** (Suh et al., 1992; Zaychikov et al., 1997). Da die DNA nun abschnittsweise einzelstringig
vorliegt wird der Komplex als offener Promotorkomplex bezeichnet. Der o-Faktor bindet anschliefend
an die -10 und an benachbarte Regionen (erweiterte -10-Region), wodurch der Matrizenstrang im
aktiven Zentrum der RNAP positioniert wird (Guo et al., 2000; Barne et al., 1997; Bown et al., 1999).
Im Gegensatz zur DNA-Polymerase benétigt die RNAP keinen Primer zum Start der Polymerisation.
Stattdessen werden die ersten beiden NTPs zeitgleich an die Matrizen-DNA gebracht und die erste
Phosphodiesterbindung synthetisiert (Basu et al., 2014). Die RNAP beginnt nun damit, immer wieder
kurze RNA-Stiicke zu synthetisieren und freizusetzen. Dieser Prozess wird als ,,abortive Initiation*
bezeichnet (Carpousis und Gralla, 1980; Vo et al., 2003). Die Funktion der abortiven Initiation ist
nicht eindeutig geklidrt. Vermutlich findet hierdurch ein Korrekturlesen des Promotors statt, wodurch
die Genexpression reguliert wird (Liu et al., 2011). Hierbei wird davon ausgegangen, dass die RNAP
den Promotor nur verlassen kann, falls generelle und promotorspezifische Interaktionspartner
vorhanden sind. Grundlage fiir diese Annahme war die Beobachtung, dass kurze RNA-Stringe mit
einer Linge von weniger als fiinf Nukleotiden in Kristallstrukturen stark verformt vorliegen und das
DNA:RNA-Hybrid  energetisch  unglinstige = Konformationen  einnimmt.  Sobald alle
Transkriptionsfaktoren vorhanden sind, kann die RNAP schnell lingere RNA-Stiicke synthetisieren
und der Komplex wird stabilisiert (Liu et al., 2011).

Wihrend der Initiation konnen die RNAP aCTDs auf zwei Arten eine regulatorische Funktion
ausiiben. Zum einen kann eine stromaufwirts des Promotors gelegene cis-aktive DNA-Sequenz
(upstream promotor element) gebunden werden, was zu einer Erhohung der Promotoraktivitét fiihrt
(Ross et al., 1993). Zum anderen konnte gezeigt werden, dass Transaktivatoren, wie das Katabolitgen-
Aktivatorprotein (CAP) und das oxidative Stressregulatorprotein (OxyR) gebunden werden (Tao et al.,
1993; Benoff et al., 2002).

1.1.2.2 Elongation
Beim Ubergang vom Initiations- zum Elongationskomplex miissen die spezifischen Interaktionen mit

dem Promotor aufgelost werden. Die RNAP zieht hierzu stromabwirts liegende DNA in sich hinein
und diese zusammengedriickte DNA-Struktur stellt geniigend Energie zur Verfiigung, um die
Kontakte zwischen dem c-Faktor und dem Promotor aufzulésen (Kapanidis et al., 2006; Revyakin et
al., 2006). Der o-Faktor dissoziiert zu Beginn der Elongationsphase hiufig von der RNAP ab, kann
jedoch auch an der RNAP gebunden bleiben (Mooney et al., 2009a; Shimamoto et al., 1986;
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Mukhopadhyay et al., 2001; Bar-Nahum und Nudler, 2001). Wéihrend der Elongationsphase
transloziert die RNAP entlang dem DNA-Matrizenstrang und synthetisiert komplementir dazu
basenweise einen neuen RNA-Strang (Abbondanzieri et al., 2005). Die Synthesegeschwindigkeit
variiert stark zwischen 10-135 Nukleotiden pro Sekunde, da sie abhidngig von den
Wachstumsbedingungen und dem jeweiligen Transkript ist (Gotta et al., 1991; Vogel und Jensen,
1994; Condon et al., 1993).

Wihrend der Elongation liegt der Matrizenstrang in einer um ca. 90° geknickten Konformation vor.
Der Knick befindet sich hierbei im aktiven Zentrum (Wang et al., 2006; Vassylyev et al., 2007a). Die
naszierende RNA wird durch den RNA-Austrittskanal an die Aulenseite der RNAP gebracht, wobei
kaum eine Stabilisierung durch die RNAP stattfindet (Vassylyev et al., 2007a). Das RNA:DNA-
Hybrid ist 8-9 Basenpaare (bp) lang und befindet sich im aktiven Zentrum der RNAP. Zwischen dem
Phosphatriickgrat des Hybrids und der RNAP werden hauptsdchlich polare und van-der-Waals-
Kontakte ausbildet, wodurch die Transkription nicht durch zu starke spezifische Wechselwirkungen

verlangsamt wird (Vassylyev et al., 2007a).

Der Einbau eines Nukleotids besteht aus den Schritten NTP-Bindung, Katalyse der RNA-Elongation,
Entfernung des Pyrophosphats (PP;) und Translokation (Abb. 3, Zhang und Landick, 2009). Zu Beginn
des Zyklus liegt die RNAP im posttranslozierten Zustand vor. Das 3’-Ende der wachsenden RNA-
Kette ist hierbei an der Produktstelle positioniert (i-1), widhrend das einzubauende NTP an der
Insertionsstelle (i+1) eingebaut wird. Die DNA liegt lediglich am aktiven Zentrum (i+1) einzelstrangig

vor, sodass immer nur ein neues NTP eingebaut werden kann (Vassylyev et al., 2007a; Cramer, 2007).
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Abbildung 3: Schematische Darstellung der Transkriptionselongation. Gezeigt ist das DNA:RNA-Hybrid nach der
Translokation mit einer freien Bindungsstelle an der i+1 Position (gestrichelte Linie). Der Einbau des nichsten Nukleotids
erfolgt durch magnesiumabhidngige Katalyse, wobei die Triggerschleife von einer offenen, unstrukturierten Form in eine
geschlossene a-helikale Form iibergeht um das einzubauende Nukleotid richtig zu positionieren. Nach Entfernung des
Pyrophosphats erfolgt die Translokation, sodass erneut eine Base des DNA-Matrizenstrangs frei vorliegt. Weitere Details
sind dem Text zu entnehmen. (Abbildung verindert nach Briickner und Cramer, 2008.)
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Die Triggerschleife spielt bei diesem Prozess eine zentrale Rolle (Abb. 4A). Sie liegt ungefaltet vor
und hilft, neben einigen Resten des sekundidren Kanals, bei der Erkennung des richtigen NTPs und
verhindert den Einbau von Desoxyribonukleosidtriphosphaten (ANTPs, Wang et al., 2006; Holmes et
al., 2006; Kaplan et al., 2008; Kireeva et al., 2008). Das neue NTP wird zunichst in der Nédhe des
aktiven Zentrums gebunden, wobei der sekundire Kanal in einer offenen Form vorliegt und die
Triggerschleife immer noch unstrukturiert ist (Vassylyev et al., 2007b). Dies wird als
Pridinsertionszustand bezeichnet. Im ndchsten Reaktionsschritt bildet die Triggerschleife eine Helix
(Triggerhelix) aus. Hierdurch wird die Grofe des sekundidren Kanals reduziert und das NTP optimal
positioniert, sodass es nicht dissoziieren kann (Vassylyev et al., 2007b). Die Elongation erfolgt dann
durch einen Mg**-abhiingigen, Sx2 nukleophilen Angriff der RNA-3’-Hydroxylgruppe auf das a-
Phosphoratom des NTP, wobei PP; abgespalten wird (Yee et al., 1979; Tomar und Artsimovitch,
2013). Vermutlich fiihrt das Entfernen des PP; zu einer keilformigen Konformation der Triggerhelix,
wodurch die Briickenhelix ebenfalls ihre Konformation dndert und die Translokation stattfindet (Abb.
4B, Fouqueau et al., 2013; Feig und Burton, 2010). Anschlieend liegt wieder eine ungepaarte Base
der DNA im aktiven Zentrum vor und das ndchste NTP kann eingebaut werden. Dies geschieht bis zur
Transkriptionstermination. Da die Vorwirtsbewegung ohne zusitzliche Energie ablduft und der pra-
und posttranslozierte Zustand im Gleichgewicht vorliegen, spricht man bei dem Mechanismus von
einer , Brownschen Ratsche®. Aufgrund der strukturellen Anderungen der Triggerschleife von
unstrukturiert zu helikal bzw. keilartig und dem Einbau des nidchsten NTPs ist die Translokation
begiinstigt, wodurch ein Zuriickrutschen der RNAP verhindert wird (Briickner und Cramer, 2008;
Tagami et al., 2010; Bar-Nahum et al., 2005).

Abbildung 4: Strukturelle Anderungen der Triggerschleife (A) und der Briickenhelix (B) im Zentrum der RNAP
wihrend der Transkriptionselongation. Gezeigt ist die DNA in blau, der neu synthetisierte RNA-Strang in rot (aus PDB-
Code: 1IW7, Cartoondarstellung). A) Struktur der Triggerschleife im offenen (tiirkis, PDB-Code: 2E2H, Wang et al., 2006),
geschlossenen (lila, PDB-Code: 205J, Vassylyev et al., 2007b) und verkeilten (griin, PDB-Code: 1IW7, Vassylyev et al.,
2002) Zustand. Die katalytischen Magnesiumionen sind analog eingefirbt. Die Briickenhelix aller Zustédnde ist in grau, das
NTP im aktiven Zentrum ist in orange gezeigt. B) Die strukturellen Zustinde der Briickenhelix sind farblich analog zu A)
eingezeichnet. Die Postitionen der Triggerschleife sind in grau dargestellt.



Einleitung 7

1.1.2.3 Termination
Die Transkriptionstermination hat in der Zelle zwei wichtige Funktionen. Zum einen werden

benachbarte Transkriptionseinheiten reguliert, zum anderen kann sie als regulatorisches Element
innerhalb eines Gens eingesetzt werden. In der Terminationsphase wird die RNA-Synthese beendet,
das DNA:RNA-Hybrid dissoziiert, die aufgeschmolzene Region der DNA wird wieder gewunden und
die RNAP verldsst die Matrize. Obwohl der Transkriptionskomplex extrem stabil ist und in vitro eine
Halbwertszeit von mehreren Tagen hat, kann die Termination an definierten Stellen abrupt stattfinden
(Arndt und Chamberlin, 1990). Fiir die Transkriptionstermination sind in Bakterien zwei

Mechanismen vorhanden, die intrinsische und die Rho-abhédngige Termination.
Die intrinsische Termination

Der Hauptteil der Terminatoren in E. coli sind mit ca. 80 % intrinsische Terminatoren (Peters et al.,
2009). Fiir die intrinsische Termination sind keine weiteren Faktoren notwendig. Charakteristisch fiir
intrinsische Terminationsstellen ist, dass das naszierende RNA-Transkript eine palindromische GC-
reiche Sequenz enthilt, welcher eine uridinreiche Region folgt (Platt, 1986; Brendel et al., 1986).
Durch die vielen schwachen A:U Basenpaare im Inneren der RNAP ist das RNA:DNA-Hybrid stark
destabilisiert, wodurch die RNAP pausiert und die palindromische GC-reiche Region geniigend Zeit
hat eine Haarnadelschleife auszubilden (Gusarov und Nudler, 1999). Fiir den Mechanismus wie die
Ausbildung der Haarnadelschleife letztlich zur Termination fiihrt, sind drei Modelle vorhanden, wobei
in allen die Destabilisierung des RNA:DNA-Hybrids eine Rolle spielt. Im allosterischen Modell
interagiert die Terminationshaarnadelschleife mit strukturellen Elementen des RNA Austrittskanals
der RNAP (Toulokhonov und Landick, 2003). Dies fiihrt zu konformationellen Anderungen in der
RNAP, der Destabilisierung des RNA:DNA-Hybrids und letztendlich zum Zusammenbruch der
Transkriptionsblase (Toulokhonov et al., 2001; Epshtein et al., 2007). Beim Vorwirtstranslokations-
modell wird durch die Entstehung der Haarnadelschleife die RNAP entlang der DNA gedriickt, wobei
keine RNA-Elongation stattfindet. Die RNAP ist dann in einem hypertranslozierten Zustand mit einem
verkleinerten, destabilisierten RNA:DNA-Hybrid, wodurch es zur Termination kommt (Santangelo
und Roberts, 2004; Yarnell und Roberts, 1999). Im Scherenmodell wird durch die Bildung der
Haarnadelschleife die RNA aus dem RNA:DNA-Hybriden herausgezogen, ohne dass eine
Translokation der RNAP stattfindet (Toulokhonov und Landick, 2003; Macdonald et al., 1993). Die
drei Mechanismen treten abhiingig vom spezifischen Terminator auf und es kdnnen auch mehrere

Effekte gleichzeitig eine Rolle spielen (Larson et al., 2008).
Die Rho-abhiingige Termination

Im Gegensatz zur intrinsischen Termination wird bei der Rho-abhidngigen Termination ein
zusitzliches Protein, der Rho-Faktor (Rho), benétigt. Rho-abhingige Terminatoren kénnen innerhalb
eines Gens vorliegen (intragen) oder zwischen zwei Genen (intergen, Peters et al., 2009). Sie spielen

eine Rolle bei Genpolaritit, wodurch stromaufwirts gelegene Gene hiufiger transkribiert werden als
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stromabwirts gelegene (Richardson et al., 1975). Hierdurch wird auch die Transkription horizontal
erlangter DNA, beispielsweise aus Prophagen, blockiert (Cardinale et al., 2008). AuBlerdem ist Rho
fihig schédliche Hybride aus doppelstringiger DNA und naszierender RNA auflerhalb der RNAP (R-
loops) aufzulosen (Leela et al., 2013).

Rho ist eine ATP-abhiingige Translokase, welche an unstrukturierte und ribosomenfreie RNA bindet,
sich dann in Richtung der RNAP bewegt und dort zur Termination fiihrt (zusammengefasst in Ciampi,
2006). In E. coli ist Rho ein Homohexamer, wobei die sechs Untereinheiten eine ringdhnliche Struktur
einnehmen, mit einem zentralen Kanal. Jedes Protomer besteht aus einer NTD mit einer priméren
RNA-Bindungsstelle und einer CTD. Die sechs CTDs bilden die sekundire RN A-Bindungsstelle im
zentralen Kanal des Hexamers (Miwa et al., 1995; Thomsen und Berger, 2009). In der Grenzfliche
zwischen den benachbarten Untereinheiten findet die ATP-Hydrolyse statt, was zur Translokation der
RNA fiihrt (Thomsen und Berger, 2009). Fiir die Bindung von RNA ist keine Konsensussequenz
bekannt, jedoch werden cytidinreiche Regionen mit einer Linge von 70-80 Nukleotiden bevorzugt
(Morgan et al., 1985; Zhu und von Hippel, 1998). Diese werden als Rho-Anwendungsstellen (Rho
utilization sites, rut) bezeichnet. Um die RNA an der sekundédren Bindungsstelle zu binden liegt Rho
zunichst in einem offenen Zustand, dhnlich einem Federring, vor und nimmt nach der RNA-Bindung
an der sekunddren Bindungsstelle die ringformige Konformation ein (Abb. 5A, Skordalakes und

Berger, 2006; Canals et al., 2010; Kim und Patel, 2001).

A

Rho-CTD

Ringschluss

gebundene
Verfolgung

Abbildung 5: RNA-Bindung und Translokation durch Rho. A) Fiir die RNA-Bindung werden zunichst Kontakte mit der
primidren RNA-Bindungsstelle der Rho-NTDs ausgebildet. AnschlieBend wird die RNA an der sekundiren RNA-
Bindungsstelle gebunden und Rho bildet eine geschlossene ringartige Struktur aus. B) Beim reinen Verfolgungsmodell
beruht die Translokation auf einem ATP/ADP-abhingigen Wechsel der RNA-Bindungsaffinitit zwischen hoch- und
niedrigaffin. C) Im gebundenen Verfolgungsmodell ist Rho durchgingig mittels der NTDs an der rut gebunden und fidelt die
RNA durch die sekundire Bindungsstelle. Dadurch kommt es zur Ausbildung einer RNA-Schlaufe. D) Beim rut-freien
Verfolgungsmodell bindet Rho zunichst an die rut Bindestelle. Diese Interaktionen werden bei der Translokation allerdings
aufgehoben. Weitere Details sind dem Text zu entnehmen. Die Einzelabbildungen stammen aus Koslover et al., 2012 und
wurden leicht bearbeitet.
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Nach der RNA-Bindung transloziert Rho in Richtung der RNAP (5°—3’). Zunichst wurde
angenommen, dass Rho die RNAP einholen kann, wenn diese verlangsamt oder gestoppt wird, und
anschliefend die Termination stattfindet (kinetische Kopplung, Jin et al., 1992). Die Zusammenhénge
zwischen Rho-abhingiger Termination und dem Pausieren der RNAP sind allerdings komplexer und
konnen nicht nur hierauf zuriickgefiihrt werden. Fiir die Translokation werden derzeit drei Modelle
diskutiert (Abb. 5B-D). Im reinen Verfolgungsmodell wird angenommen, dass die NTDs abhidngig
vom Phosphorilierungszustand des gebundenen Adenosins (ATP oder ADP) immer wieder zwischen
einem hoch- und niedrigaffinen Zustand umschalten. Durch das periodische Trennen und Binden an
das Transkript findet demnach eine Translokation der RNA statt (Geiselmann et al., 1993; Walstrom
et al., 1997). Dieses Modell ist unwahrscheinlich, da die ATP-Hydrolyse ausschliefilich eng mit
konformationellen Anderung in zwei Loopregionen der sekundiren RNA Bindungsstelle
zusammenhédngt und fiir die Translokation die RNA an der sekundédren Bindungsstelle gebunden sein
muss (Miwa et al., 1995; Thomsen und Berger, 2009; Wei und Richardson, 2001). Im gebundenen
Verfolgungsmodell ist Rho durchgiingig mittels der NTDs an der rut gebunden und fidelt die RNA
durch die sekundidre Bindungsstelle. Dadurch kommt es zur Ausbildung einer RNA-Schlaufe
(Steinmetz und Platt, 1994). Dieses Modell wurde durch Einzelmolekiilkraftspektroskopie bestitigt
(Koslover et al., 2012). Beim rut-freien Verfolgungsmodell bindet Rho zunichst an die rut
Bindestelle, transloziert dann aber entlang der RNA durch die Kontakte an der sekunddren RNA-

Bindestelle, wobei die anfianglichen Kontakte gebrochen werden.

Die Translokation in Richtung der RNAP spielt eine wichtige Rolle fiir die Rho-abhingige
Termination. Die Dissoziation des Transkriptionskomplexes kann dabei bereits zehn Nukleotide
stromabwirts der rut erfolgen oder 80-100 Nukleotide davon entfernt (Richardson und Richardson,
1996). Fiir die Termination werden ebenfalls drei Modelle diskutiert. Im ersten Modell transloziert
Rho die RNA, wobei keine neuen Nukleotide an den RNA-Strang gekniipft werden. Das fiihrt zu einer
Destabilisierung des DNA:RNA-Hybrids in der RNAP und dadurch zur Termination (Richardson,
2002). Die Destabilisierung des DNA:RNA-Hybrids kann auch dadurch erzeugt werden, dass Rho die
RNAP nach vorne driickt, wobei der RNA-Strang nicht verldngert wird (Park und Roberts, 2006).
Beim dritten Mechanismus wird angenommen, dass Rho wihrend der Transkription durchgehend an
die RNAP und die naszierende RNA gebunden ist, wodurch sich eine Schlaufenstruktur ausbildet
(Epshtein et al., 2010). Durch die Translokation von Rho entlang der RNA wird die RNA-Schlaufe
verkleinert und die ausgebildete Struktur dhnelt der einer Haarnadelschleife. Die Destabiliserung des
DNA:RNA-Hybrids erfolgt dann &hnlich zu der intrinsischen Termination (Epshtein et al., 2010).
Dieses Modell wird kontrovers diskutiert. Durch Chromatin-Immunopreziptiations- (ChIP-chip-)
Experimente ist bekannt, dass Rho wihrend der Transkription immer in einem dhnlichen Verhiltnis
zur RNAP vorliegt (Mooney et al., 2009a). Eine direkte oder starke Interaktion konnte jedoch weder
mittels Einzelmolekiilkraftspektroskopie noch in Pulldowns bestitigt werden (Koslover et al., 2012;

Kalyani et al., 2011).
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1.1.2.4 Antitermination
Terminatoren verhindern, dass benachbarte Gene abgelesen werden und konnen auch innerhalb eines

Gens eine regulatorische Funktion einnehmen (Tomar und Artsimovitch, 2013; Santangelo und
Artsimovitch, 2011). Um die stromabwirts gelegenen Gene transkribieren zu konnen, miissen
Terminationssignale iiberlesen werden. Dieser Vorgang wird als Antitermination bezeichnet und kann
durch Proteine, kleine Molekiile, RNAs oder auch die Temperatur geschehen. Eine Zusammenfassung
einer Reihe an Antiterminatoren und ihrer Funktionsweise ist in Santangelo und Artsimovitch, 2011 zu
finden. Der erste entdeckte Antiterminator war das N Protein des Bakteriophagen A (AN). Der
Bakteriophage A kann sich im lysogenen Zustand in das E. coli-Genom integrieren oder im lytischen
Zustand seine eigene DNA transkribieren und Phagenproteine herstellen, wodurch es zur Produktion
neuer Phagen und zum Platzen des Wirts kommt (Oppenheim et al., 2005). AN spielt im Lebenzyklus
des Phagen eine wichtige Rolle, da es das Uberlesen mehrerer Terminatoren ermoglicht und dadurch
Proteine fiir den lytischen oder lysogenen Zyklus hergestellt werden konnen (Cheng et al., 1995;
Costantino et al., 1990). Hierzu bindet AN es an die nut-RNA-Haarnadelschleife und rekrutiert die N
utilization — substances (Nus) NusA, NusB, NusE und NusG, um einen stabilen
Antiterminationskomplex zu bilden (Mogridge et al., 1995; Rees et al., 1997; Das, 1993). Die Nus-
Faktoren sind Proteine aus dem Wirt, spielen bei der Regulation der sieben ribosomalen RNA operons

(rrn) eine Rolle und sind teilweise allgemeine Transkriptionsfaktoren.

1.2 Die Rolle der Nus-Faktoren in der Transkription

1.2.1 NusA
NusA aus E. coli besteht aus sechs Dominen (Abb. 6), hat eine Molekularmasse von 56 kDa und

besitzt mehrere zelluldre Funktionen. Es verlangsamt die Transkriptionsgeschwindigkeit der RNAP
durch die Verldngerung von Transkriptionspausen und fiihrt neue Pausierungsstellen ein (Farnham et
al., 1982; Lau et al., 1983; Kassavetis und Chamberlin, 1981). Diese Effekte sollten die intrinsische
Termination begiinstigen, da die Haarnadelstruktur mehr Zeit hat um sich auszubilden. NusA kann
tatsdchlich, beispielsweise bei dem Terminator MR2, die Terminationseffizienz erhéhen (Schmidt und
Chamberlin, 1987; Gusarov und Nudler, 2001). Bei anderen Terminatoren wie trpoBa kann die
Termination durch NusA aber auch abgeschwicht werden, indem NusA die RNA-Haarnadelschleife
destabilisiert (Linn und Greenblatt, 1992; Ralling und Linn, 1987; Beuth et al., 2005). Bei Rho-
abhiingigen Terminatoren ist die Rolle von NusA ebenfalls unklar und die Termination kann entweder
inhibiert oder stimuliert werden (zusammengefasst in Borukhov et al., 2005; Roberts et al., 2008).
NusA ist auBerdem Teil des Antiterminationssystems (Mason und Greenblatt, 1991; Mason et al.,

1992b).
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Abbildung 6: NusA-Struktur. Die Dominenstrukturen sind in Cartoondarstellung abgebildet. Die Pfeile zeigen an mit
welchem Partner bzw. mit welchen Partnern die jeweilige Doméne interagieren kann. In E. coli besteht NusA aus einer NTD
(rot, PDB-Code: 2KWP), drei RNA bindenden Doménen S1 (griin), KH1 (dunkelblau) und KH2 (orange), welche die SKK-
Domine ausbilden (PDB-Code: 1HH2, Worbs et al., 2001), und zwei stark negativ geladenen C-terminalen Dominen AR1
und AR2 (hellblau und schwarz, PDB-Codes: 1WCL, 1WCN, Eisenmann et al., 2004).

Der konservierte Teil von NusA besteht aus der NTD, welche durch eine Helix mit der RNA
bindenden SKK-Domine (S1, KH1 (K Homologie) und KH2) verbunden ist (Worbs et al., 2001). Die
NTD bindet nahe des RNA-Austrittskanals an die RNAP und obwohl bisher keine RNA-Bindung der
NusA-NTD nachgewiesen wurde, wird angenommen, dass sie mit der naszierenden RNA interagiert
und dadurch Transkriptionspausen verlidngert (Yang et al., 2009; Ha et al., 2010; Mishra et al., 2013).
In a-, - und y-Proteobacteria, z. B. E. coli sowie in Chlamydia und Treponema sind zwei zusitzliche,
stark negativ geladene carboxyterminale Doménen vorhanden: acidic repeat 1 (AR1) und AR2 (Mah
et al., 2000). Obwohl diese Dominen sich strukturell sehr dhnlich sind, fiithren sie unterschiedliche
Funktionen aus. Die AR2-Domidne kann mit der SKK-Domine interagieren und hat einen
autoinhibitorischen Einfluss auf die RNA-Bindung (Mah et al., 1999). Dieser wird aufgehoben, wenn
AR2 an die aCTD der RNAP bindet (Mah et al., 2000; Schweimer et al., 2011). Die AR1-Doméine
bindet den Antiterminator AN und unterstiitzt die A-Antitermination (Bonin et al., 2004; Eisenmann et
al., 2005; Prasch et al., 2006). Es konnte allerdings gezeigt werden, dass diese Interaktion fiir die AN-
abhiingige Termination nicht essentiell ist (Mishra et al., 2013).

1.2.2 NusE und NusB
NusE ist identisch mit dem ribosomalen Protein S10 und spielt sowohl bei der Transkription als auch

bei der Translation eine wichtige Rolle (Friedman et al., 1981). Bei der Translation iibernimmt es, als
Teil der 30S-Untereinheit des Ribosoms, eine strukturelle Funktion (Wimberly et al., 2000). Wéhrend
der Transkription ist NusE an die RNAP gebunden und wird vor allem bei der Antitermination
bendtigt (Mason und Greenblatt, 1991). Zusammen mit NusB kann NusE ein Heterodimer

(NusB:NusE) ausbilden, welches an die RNA-Sequenzen BoxA und BoxB bindet (Abb. 7A, Stagno et
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al., 2011; Mason et al., 1992a; Luttgen et al., 2002). BoxA und BoxB sind RNA-Kontrollsequenzen
und sind sowohl in nut- als auch in rrn-Antiterminationssequenzen vorhanden (zusammengefasst in
Morgan, 1986). Die Bindung von NusB:NusE an die BoxA ist der erste Schritt bei der Assemblierung
des Antiterminationskomplexes (Stagno et al., 2011; Greive et al., 2005). Obwohl isoliertes NusB
bereits an BoxA bindet, wird die Bindungsaffinitdt im Komplex aus NusB und NusE durch eine
Vergroferung der Bindungsfliche um das zehnfache gesteigert (Luttgen et al., 2002; Greive et al.,
2005). Durch Uberexpression von nusE in einer nusB Deletionsmutante konnte gezeigt werden, dass
NusE die aktive Komponente im Dimer ist und NusB lediglich NusE zur BoxA rekrutiert (Luo et al.,
2008; Weisberg, 2008). Da die Bindungsflache von NusE an NusB und an das Ribosom iiberlappen,
kann NusE nicht Teil des Ribosoms sein wihrend es an NusB gebunden ist (Luo et al., 2008). NusE
bindet auBBerdem als Teil des Ribosoms iiber NusG indirekt an die RNAP, wodurch es ein wichtiges

Protein fiir die Kopplung der Transkription mit der Translation ist (Burmann et al., 2010).
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RNAP
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NusE/S10 Rho-Faktor ops-DNA

Abbildung 7: Strukturen von A) NusB:NusE mit gebundener BoxA-RNA, B) NusG und C) RfaH. Die RNA- und
Proteinstrukturen sind in Cartoondarstellung abgebildet. Die Pfeile zeigen an mit welchem Partner bzw. mit welchen Partnern
das jeweilige Protein oder die jeweilige Doméne interagieren kann. A) NusB (dunkelblau) bildet zusammen mit NusE (griin)
ein Heterodimer, welches in der Lage ist BoxA-RNA (orange) zu binden (PDB-Code: 3R2C, Stagno et al., 2011). B) In E.
coli besteht NusG aus einer NTD und einer CTD, welche durch einen 15 Aminosduren langen, flexiblen Linker verbunden
sind (pink und lila, PDB-Codes: 2JVV, 2K06, Mooney et al., 2009b). C) RfaH liegt in E. coli autoinhibiert vor, da die CTD
(dunkelgrau) an die NTD (rot) gebunden ist (PDB-Code: 20UG, Belogurov et al., 2007). Die jeweiligen Interaktionen
konnen erst nach Dominendffnung erfolgen.

1.2.3 NusG und RfaH
Wihrend die Kernstruktur der RNAP in Bakterien, Archaeen und Eukaryoten konserviert ist, trifft dies

bei den Transkriptionsfaktoren nur auf NusG zu (Werner, 2012). E. coli NusG (EcNusQG) ist essentiell
und besteht aus den beiden Domidnen NTD und CTD, welche durch einen flexiblen Linker
miteinander verkniipft sind (Abb. 7B, Downing et al., 1990; Mooney et al., 2009b; Burmann et al.,
2011). Die NTD bindet an den BGL und die 3‘CH der RNAP, wodurch die beiden Scheren der RNAP

zusammengehalten werden (Martinez-Rucobo et al., 2011; Sevostyanova et al., 2011). Dies fiihrt zu



Einleitung 13

einer stirkeren DNA-Bindung, zum Unterdriicken von Pausen und zur Erhhung der Elongationsrate.
EcNusG-CTD interagiert mit S10 (NusE), welches Teil des Ribosoms ist und koppelt so Transkription
und Translation (Burmann et al., 2010). Des Weiteren rekrutiert die CTD den
Transkriptionsterminationsfaktor Rho an die RNAP und ist notwendig fiir die Rho-abhingige
Termination (Burmann et al., 2010; Pasman und von Hippel, 2000; Sullivan und Gottesman, 1992). In
E. coli gibt es zusitzlich den operonspezifischen Transkriptionsfaktor RfaH, welcher ein Paralog zu
NusG ist (Bailey et al., 1997). Bei diesem ist die Struktur der NTD &dhnlich wie bei NusG. Die CTD ist
jedoch fest an die NTD gebunden und besteht im Gegensatz zu NusG-CTD aus zwei a-Helices
anstelle des B-Fasses (Abb. 7C, Belogurov et al., 2007). Durch die Interaktion zwischen den beiden
Doménen sind die Bindungsflachen fiir RNAP und andere Faktoren verdeckt. RfaH-CTD kann sich in
eine B-Fassstruktur umwandeln, wenn sich die Dominen o6ffnen (Burmann et al., 2012). Die
Doméneninteraktion wird vermutlich durch Bindung der RfaH-NTD an die RNAP aufgehoben,
welche an der operon polarity suppressor (ops-) DNA pausiert (Tomar et al., 2013). Die ops-Sequenz
befindet sich nahe des Promotors in der 5’ nichttranslatierten Region von Operons, welche stark durch
RfaH aktiviert werden. Die Aktivierung ist moglich, indem die Rho-abhingige Termination durch
Ausschluss von NusG verhindert wird und gleichzeitig die Translation durch die Rekrutierung des

Ribosoms aktiviert wird (Sevostyanova et al., 2011; Belogurov et al., 2009).

Strukturell gibt es bei NusG zwischen den Organismen einige Unterschiede. Ahnlich wie bei EcNusG
finden bei NusG aus 7. thermophilus (TtNusG) und Agquifex aeolicus (AaNusG) keine
intramolekularen Wechselwirkungen zwischen der NTD und CTD statt (Reay et al., 2004; Steiner et
al., 2002). In NusG aus T. maritima (TmNusG) interagieren jedoch die beiden Doménen miteinander
in Losung, wodurch die Thermostabilitit erhoht wird (Drogemiiller et al., 2013). TmNusG und
AaNusG haben beide auflerdem eine Insertion von ca. 70 Aminosduren in der NTD, welche eine
eigene Domiéne mit bisher unbekannter Funktion ausbilden. Fiir 7mNusG wird vermutet, dass diese
Domine Nukleinsduren binden kann. Von Mycobacterium tuberculosis NusG (MtNusG) ist bisher
keine Struktur mit atomarer Auflosung vorhanden. Es konnten allerdings funktionelle Unterschiede zu
EcNusG festgestellt werden. So stimuliert MfNusG im Gegensatz zu EcNusG die intrinsische

Termination und ist nicht in der Lage Rho zu binden (Czyz et al., 2014; Kalyani et al., 2014).

1.2.4 Die N-abhiingige Antitermination

Bei der N-abhingigen Antitermination bildet sich ein stabiler Komplex, wodurch weit von der nut-
Bindungsstelle entfernte, stromabwirts gelegene intrinsische und Rho-abhingige Terminatoren
iiberlesen werden konnen. Eine wichtige Rolle spielt hierbei das AN-Protein. Bei ausreichendem
Uberschuss an AN kann die RNAP in eine terminationsresistente Form umgewandelt werden und in
vitro liber Terminatoren hinweg transkribieren, sogar in Abwesenheit der nut-Bindestelle (Rees et al.,
1996; Salstrom und Szybalski, 1978). Verantwortlich hierfiir ist die AN-CTD (73-107), welche in der
Nihe des aktiven Zentrums an die RNAP bindet (Mogridge et al., 1998; Cheeran et al., 2007). Fiir



14 Einleitung

eine effektive Antitermination sind jedoch die nut-Bindungsstelle, bestehend aus BoxA und BoxB,
sowie die vier Proteine NusA, NusB, NusE und NusG nétig (Downing et al., 1990; Friedman et al.,
1984). AN bindet mit seiner argininreichen NTD (1-22) an BoxB und mit der Region 34-47 an NusA-
AR1, wodurch der Terminationsschleife-stabilisierende Effekt von NusA aufgehoben wird (Gusarov
und Nudler, 2001; Mogridge et al., 1998; Tan und Frankel, 1995). Beim derzeitigen Modell (Abb. 8)
bildet die naszierende RNA eine Schleifenstruktur aus, bei der NusA-NTD und NusG-NTD an die
RNAP gebunden sind und NusE indirekt tiber NusG assoziiert ist (Mooney et al., 2009a; Mah et al.,
1999; Belogurov et al., 2009; Whalen und Das, 1990). Ausgebildet wird die RNA-Schleife dadurch,
dass der NusB:NusE Heterodimer BoxA und BoxB bindet (Stagno et al., 2011). Fiir eine zusitzliche
Stabilisierung des Transkriptionselongationskomplexes (TEC) sorgt die Interaktion von NusA-SKK
mit der Sequenz zwischen BoxA und BoxB und die Wechselwirkung von NusG-CTD mit NusE
(Burmann et al., 2010; Prasch et al., 2009). Die Bindung von NusG-CTD an NusE bewirkt, dass
NusG-CTD nicht mehr mit Rho interagieren kann und die Rho-abhingige Termination inhibiert ist
(Burmann et al., 2010). Obwohl die einzelnen Wechselwirkungen im Antiterminationskomplex nicht
sehr stark sind, formt sich durch die Vielzahl der Interaktionen ein stabiler Komplex (Greenblatt et al.,

1993).

BoxB NusB

DNA

a-CTD

Abbildung 8: Schematische Darstellung der Interaktionen innerhalb des Antiterminationskomplexes.
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1.3 Untersuchung grofier Proteine und Proteinkomplexe mittels NMR-

Spektroskopie
Grundlage der NMR-Spektroskopie ist, dass durch ein externes Magnetfeld die Energieniveaus
zwischen den Orientierungen des magnetischen Dipols der Atomkerne aufgespalten werden (Zeeman-
Effekt). Aufgrund dieser Aufspaltung ist das energiedrmere Niveau stirker besetzt als das
energiereichere Niveau. Dies fiihrt zu einer makroskopischen Magnetisierung entlang des externen
Magnetfeldes. Durch Radiofrequenzpulse konnen Uberginge zwischen den Energieniveaus erzeugt
werden, sodass die Energielibergénge aller in der Probe vorhandenen Kerne gleichzeitig gemessen
werden konnen. Die Resonanzfrequenzen der einzelnen Kerne unterscheiden sich, da die elektronische
Umgebung und die Wechselwirkung zwischen benachbarten Atomkernen einen Einfluss auf die
magnetische Umgebung des Spins ausiiben. Diese Unterschiede in den Resonanzfrequenzen kénnen
zur Strukturaufklarung verwendet werden. Die Resonanzfrequenzen werden als chemische

Verschiebung gegeniiber einer Referenzsubstanz in parts per million (ppm) angegeben.

1.3.1 Strukturuntersuchungen kleinerer Proteine

Zur strukturellen Aufkldrung von Proteinen sind eindimensionale (1D) Spektren aufgrund der vielen
Signale und Uberlagerungen nicht geeignet. Hierfiir sind zwei- (2D) oder mehrdimensionale Spektren
erforderlich. Fiir 2D Spektren wird die Magnetisierung vom Proton iiber skalare Kopplung (Bindung)
auf Stickstoff oder Kohlenstoff iibertragen. In den erhaltenen Spektren sind die chemischen
Verschiebungen von zwei Kernen miteinander korreliert. Bei dreidimensionalen (3D) Spektren kénnen
mehrere chemische Verschiebungen korreliert werden, wodurch die Signale den einzelnen
Aminosduren zugeordnet werden konnen. Fiir die Strukturbestimmung werden zusitzlich
Abstandsinformationen zwischen den Kernen benétigt. Hierzu wird ausgenutzt, dass der
Magnetisierungstransfer nicht nur iiber skalare Kopplungen (Bindungen) sondern auch durch Dipol-
Dipol-Wechselwirkungen oder Kreuzrelaxation iiber den Raum erfolgen kann (Kern-Overhauser-
Effekt, NOE). Durch die Kombination einer Vielzahl solcher Abstandsinformationen lédsst sich die
dreidimensionale Struktur eines Proteins berechnen. Durch diese Techniken kdnnen Proteinstrukturen

bis ca. 25 kDa gelost werden (Abb. 9).

1.3.2 Methoden zur Untersuchung mittelgrof3er Proteine

Mit zunehmender Proteingrofie wird es schwieriger Proteinstrukturen mittels NMR-Spektroskopie zu
bestimmen, da es aufgrund der Vielzahl an Resonanzen zu Signaliiberlagerungen kommt und die
Magnetisierung so schnell relaxiert, dass ein Grofiteil des Signals vor der Detektion verloren geht. Die
Spektrenqualitét ist daher fiir eine Zuordnung der Resonanzsignale nicht ausreichend, da zu wenige
Abstandsinformationen erhalten werden. Durch Spektrometer mit hoheren Feldstiarken, den Einsatz
von leistungsstarken Cryoprobenkdpfen und neuen, verbesserten Pulstechniken, wie Transverse
relaxation optimized spectroscopy (TROSY) konnen diese Probleme teilweise behoben werden. Des

Weiteren kann durch Deuterieren des Proteins das Proton-Proton-Netzwerk ausgediinnt werden,
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wodurch Dipol-Dipol-Wechselwirkungen verringert werden und die Magnetisierung langsamer
relaxiert (Plevin und Boisbouvier, 2012). AuBerdem kann die Komplexitdt der Spektren durch die

selektive Markierung einzelner Aminoséduren verringert werden.

Mit zunehmender ProteingroBe ist es allerdings auch mit diesen Techniken nicht mehr moglich die
Struktur zu bestimmen. Das groBte Protein bei dem auf diese Weise die Signale des Proteinriickgrats
zugeordnet werden konnten, ist die Malatsynthase G (81,4 kDa, Abb. 9, Tugarinov et al., 2002). Bei
groBeren Systemen war dies nur moglich, wenn das Zielprotein als Homooligomer vorliegt (Salzmann

et al., 2000; Fiaux et al., 2002).

MBP SecA Proteasome
40 kD 204 kDa 670 kD i
Ubiquitin = MSG TET?2 a  Activator
8 kDa Proteasome
1.03 MDa

82 kDa ‘ 470 kDa

| |
: e ¢ = @8

MW —— | preceenees
10 kDa 100 kDa 1 MDa

Abbildung 9: Grofle der durch NMR-Spektroskopie untersuchten Proteine und Proteinkomplexe. Die Proteine sind
gegen ihr Molekulargewicht aufgetragen. Folgende PDB-Codes wurden verwendet: Ubiquitin, 1UBQ; maltosebindendes
Protein, (MBP), 1DMB; Malatsynthase G (MSG), 1P7T; SecA, 2VDA; TET2, 2WZN; Proteasom, 30KJ; Proteasom—
Aktivator-Komplex, 1Z7Q. Die fiir die Untersuchung geeigneten Markierungsstrategien sind unten aufgefiihrt, wobei U fiir
das gesamte Protein bzw. den Rest des Proteins steht. Abbildung entnommen aus Plevin und Boisbouvier, 2012

1.3.3 Untersuchung groBer Proteine bzw. Proteinkomplexe mittels NMR

Bei groBen Proteinen und Proteinkomplexen ist es, aufgrund der schnellen Magnetisierungsrelaxation
und der Vielzahl an Signaliiberlagerungen, nicht mehr moglich ausreichend viele
Strukturinformationen fiir eine de novo Strukturbestimmung zu gewinnen. Die NMR-Spektroskopie ist
hier daher besonders von Bedeutung, um Aussagen iiber Funktion, Dynamik und Interaktionspartner
zu erhalten. Der Grund fiir die schnelle Relaxation der Magnetisierung ist, dass durch die
MolekiilgroBe die Rotation verlangsamt ist und der Magnetisierungstransfer effizienter abliuft.
Dadurch geht ein Grofiteil der Magnetisierung vor der Detektion verloren und es kommt zu einer

starken Verbreiterung bzw. zum Verschwinden der NMR-Signale.

Um groBle Systeme zu untersuchen, konnen Methylgruppen bestimmter Aminosdurereste spezifisch
'H, C markiert werden, wihrend der Rest des Proteins deuteriert und ansonsten unmarkiert vorliegt

(Methylgruppenmarkierung, Ruschak und Kay, 2010). Methylgruppen sind besonders sensitiv, da
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immer drei Methylprotonen vorliegen, deren Signale aufgrund der Drehung um die
Methylsymmetrieachse entartet sind (Nicholson et al., 1992). AuBlerdem befinden sie sich oft am Ende
langer Aminosdureseitenketten und sind daher dynamischer als Riickgratamide, wodurch die
Magnetisierung langsamer relaxiert. Des Weiteren sind sie liber die gesamte Proteinsequenz verteilt
und befinden sich sowohl im hydrophoben Inneren des Proteins als auch an Interaktionsflichen am
AuBeren des Proteins (Plevin und Boisbouvier, 2012; Rosen et al., 1996; Gardner et al., 1997). Fiir die
Markierung werden entsprechend markierte Aminosduren oder Aminosiurevorstufen den Medien kurz
vor der Induktion zugesetzt. Die Zugabe von a-Ketobutyrat fiihrt beispielsweise zur Markierung von

Ile-Resten und die Zugabe von a-Ketoisovalerat zur Markierung von Val- und Leu-Resten (Abb. 10).

Mit den erhaltenen Spektren konnen, ebenso wie bei anderen NMR-Experimenten, Abstands-,
Struktur-, Funktions- und Dynamikmessungen durchgefiihrt werden. Voraussetzung hierfiir ist eine
sequenzspezifische Zuordnung der Resonanzsignale. Um dies zu erreichen kann das System in
kleinere, isolierte Bausteine zerlegt werden und die Resonanzsignale zugeordnet werden.
Anschliefend wird der Komplex zusammengebaut und die Zuordnung angepasst. Hierdurch konnten
nahezu alle Resonanzen der a-Untereinheit (21 kDa) im 20S-Proteasom (670 kDa) zugeordnet werden
und intermolekulare Bindungsfldchen und Bindungsflachen zum 11S-Aktivatorkomplex nachgewiesen
werden (Sprangers und Kay, 2007). Die isolierten Untereinheiten sollten sich hierbei strukturell nicht
stark von den im Komplex Vorkommenden unterscheiden, da sich die Resonanzsignale ansonsten
stark verdndern. Eine weitere Moglichkeit die Resonanzen zuzuordnen besteht darin die
isotopenmarkierten Aminosduren einzeln zu einer nicht markierten auszutauschen. Beim
entsprechenden Spektrum sollte dann nur das Signal dieser Aminosédure fehlen. Diese Technik wurde
beim homododecameren archaelen Protein TET2 eingesetzt (Amero et al., 2011). Beide
Zuordnungstechniken konnen auch kombiniert werden und es ist von Vorteil bereits eine
Kristallstruktur als Grundlage zu haben. Der Schwerpunkt der NMR-Spektroskopie liegt daher bei
groBlen Proteinkomplexen nicht zwingend in der Strukturaufkldrung, sondern in der Untersuchung von

niedrig besetzten Zustdnden, Interaktionen oder Doménenbewegungen.

A +
[2C, D] Glukose 2CD3  NHg
13CH;—12CD,—12C—12C00- 13CH.—1200a—12 120p—12 ]
3 2 Ammoniumchlorid rd CHB CD2 CD— CD COO
a-Ketobutyrat Isoleucin
B 120D 0 +
R 12i o I [:C, D] Glukose ‘2?)3 Hg
13CH;—12CD—12C—12C00- 13CH.—12CD—12 12cpD—12 .
2 _ R~ e oD “CD—SCD—15C00
a-Ketoisovalerat Leucin
c 12 Da 0] 12CD. RIH
| 3 b—g
13CHs—12CD—12C—12C00- > 13CH,—12CD—12 12C00-
3 , Ammoniumchlorid L . Z o
a-Ketoisovalerat Valin

Abbildung 10: Aminosdurevorstufen, welche zu Minimalmedium zugegeben werden miissen, um bestimmte
Methylgruppen von A) Isoleucin, B) Leucin und C) Valin *C, 'H zu markieren, wiihrend der Rest des Proteins '2C,
2H markiert ist. Die farblichen Hinterlegungen zeigen an, wie die Vorstufen, Ammoniumchlorid und Glukose in die
jeweilige Aminoséure eingebaut werden. Die Abbildung wurde, leicht modifiziert, aus Ruschak und Kay, 2010 entnommen.
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2. Zielsetzung

Die Transkription ist einer der zentralen Prozesse in der Zelle, wobei die RNAP das wichtigste Enzym
ist. Thre Regulation, welche eine hohe Flexibilitdt bei der Genexpression ermoglicht, ist jedoch
weitgehend unbekannt. In Bakterien spielen die Nus-Faktoren hierbei eine entscheidende Rolle. Ziel
dieser Arbeit war es daher, Wechselwirkungen der Nus-Faktoren mit der RNAP und der Nus-Faktoren

untereinander auf molekularer Ebene zu untersuchen.

NusG nimmt bei der Rho-abhingigen Termination eine zentrale Rolle ein und verkniipft die
Transkription mit der Translation. Da MtNusG andere Effekte auf die Transkription ausiibt als
EcNusG, sollte die MfNusG-Struktur gelost werden, um zu untersuchen ob strukturelle Unterschiede
hierfiir verantwortlich sind (Czyz et al., 2014). Da die Dominen in NusG je nach Organismus fest
aneinander binden oder flexibel verkniipft sind, sollte zusitzlich die Domédnenwechselwirkung in

MNusG analysiert werden.

Fiir die Regulation der Transkription sind hiufig direkte Interaktionen mit der RNAP verantwortlich,
aber auch Wechselwirkungen der Faktoren untereinander konnen die Transkription beeinflussen. In
dieser Arbeit sollte daher gepriift werden, ob die beiden Transkriptionsfaktoren NusA und NusG aus
E. coli miteinander interagieren und welche Auswirkungen eine solche Interaktion auf die Elongation

oder Termination haben kann.

Da viele Wechselwirkungen direkt mit der RNAP stattfinden, sollte ein System fiir E. coli entwickelt
werden, um zu ermitteln, an welche Untereinheit der RNAP ein Interaktionspartner bindet. Hierzu
sollten die Gene der einzelnen RNAP-Untereinheiten getrennt exprimiert und die entsprechenden
Proteine gereinigt werden. Durch Titrationen der '"N-markierten Nus-Faktoren (NusA-NTD, NusA-
AR2, NusG-NTD, NusE) mit den isolierten Untereinheiten sollten prognostizierte Bindungsstellen

verifiziert und neue bestimmt werden.

Ein weiteres Ziel war es die Grundlage zu schaffen, um Dynamiken und schwache Wechselwirkungen
der RNAP zu untersuchen. Hierzu sollten NMR-Spektren der RNAP bzw. einzelner Untereinheiten in
der RNAP aufgenommen werden, indem einzelne RNAP-Untereinheiten methylgruppenmarkiert

werden und ein Protokoll fiir die funktionelle Assemblierung der RNAP in vitro entwickelt wird.

Die Bindungsflichen an die RNAP auf Seiten der Nus-Faktoren erlauben eine Aussage iiber die
Orientierung am Transkriptionskomplex. Auflerdem zeigen sie, welche Interaktionen gleichzeitig oder
exklusiv erfolgen konnen und lassen Riickschliisse auf die Mechanismen und Funktionsweisen der
Nus-Faktoren zu. Jedoch sind die Interaktionsfldchen grofitenteils unbekannt. Durch Methylgruppen-
markieren von NusA, NusE und NusG und anschlieBender Titration mit der RNAP sollte eine

Methode entwickelt werden, um die Bindungsfldchen an die RNAP zu bestimmen.
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3. Zusammenfassung und Diskussion der Ergebnisse
3.1 Strukturbestimmung von NusG aus Mycobacterium tuberculosis

Als einziger Transkriptionsfaktor kommt NusG in Bakterien und Archaeen vor und ist als Homolog
Spt5 in Eukaryoten vorhanden (Werner, 2012). EcNusG-NTD interagiert mit der RNAP und erhoht
die Transkriptionsrate, wihrend EcNusG-CTD an NusE/S10 oder an Rho binden kann (Mooney et al.,
2009b; Burmann et al., 2010). Die Strukturen von NusG aus E. coli, T. thermophilus, T. maritima und
Aquifex aeolicus waren bereits bekannt. Bei EcNusG, TfNusG und AaNusG sind keine
intramolekularen Doménenwechselwirkungen vorhanden (Burmann et al., 2011; Reay et al., 2004;
Steiner et al., 2002). Bei TmNusG ist jedoch die NTD fest mit der CTD verbunden, wodurch es in
einem autoinhibierten Zustand vorliegt, da die Bindestellen an Rho, NusE und RNAP verdeckt sind
(Drogemiiller et al., 2013). Funktionell unterscheiden sich MtNusG und EcNusG. So stimuliert
MtNusG die intrinsische Termination, wihrend EcNusG auf diese keinen Einfluss hat (Czyz et al.,
2014). AuBerdem bindet MfNusG nicht an Rho, jedoch an NusE (Kalyani et al., 2014). Um zu
untersuchen ob hierfiir strukturelle Unterschiede verantwortlich sind, wurde die Struktur von MfNusG

in Einzelarbeit A analysiert.

Im Vergleich zu anderen NusG-Proteinen befinden sich bei MfNusG am N-Terminus 40 zusétzliche
Aminosiuren und der Linker zwischen NTD und CTD ist verlingert. Erste ['H, °"N] Heteronuclear
Single Quantum Coherence (HSQC-) Spektren von MtNusG zeigten ein fiir gefaltete Proteine
typisches Spektrum, in welchem die Resonanzfrequenzen breit verteilt sind (Abb. 11). Zusitzlich sind
jedoch mehrere scharfe, intensive Peaks bei chemischen Verschiebungen vorhanden, die typisch fiir
Aminosduren in unstrukturierten Bereichen sind. Diese Signale gehoren vermutlich zu den
zusitzlichen Aminosduren am N-Terminus und der Linkerregion. Die daraus resultierenden
Signaliiberlagerungen und die erhohte Rotationskorrelationszeit lieBen keine Strukturbestimmung des
Gesamtproteins zu. Daher wurden die beiden Doménen getrennt produziert und analysiert (MfNusG-
NTD: Aminosdauren 1-178, MtNusG-CTD: Aminosiuren 178-238) und anschlieBend mit dem

Gesamtprotein verglichen.

Das ['H, "N]-HSQC-Spektrum von MtNusG-NTD zeigt ebenfalls die fiir ein gefaltetes Protein
typischen chemischen Verschiebungen (Abb. 11A). Da das Protein jedoch iiber einen ldngeren
Zeitraum instabil war, wurden fiir die Strukturvorhersage in silico-Methoden verwendet. Programme
zur Sekundirstrukturvorhersage wie PSIPRED (Jones, 1999) prognostizierten, dass 34 Aminosiduren
am N-Terminus unstrukturiert vorligen. Dies ist in guter Ubereinstimmung mit dem gemessenen
['H, "N]-HSQC-Spektrum des Volllingenproteins. Die Programme zur Tertizirstrukturvorhersage I-
TASSER (Roy et al., 2010) und PHYRE?2 (Kelley und Sternberg, 2009) kamen zu dem einheitlichen
Ergebnis, dass der N-Terminus unstrukturiert sei und der restliche Teil der MtNusG-NTD den
bekannten NusG-NTD-Strukturen dhnele (Abb. 12A, B). Fiir den N-Terminus wurde vermutet, dass er
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Abbildung 11: HSQC-Spektren der Konstrukte MtNusG, MfNusG-NTD und M¢tNusG-CTD. A) Uberlagerung der
['H, '>N]-HSQC-Spektren von '"N-MtNusG (schwarz) und ""N-MNusG-NTD (rot). B) Uberlagerung der ['H, "N]-HSQC-
Spektren von "N-MNusG (schwarz) und "N-MtNusG-CTD (blau). C) ['H, "N]-HSQC-Spektrum von *N-MNusG-NTD in
Abwesenheit (rot) und Anwesenheit von MtNusG-CTD (1:1, orange; 1:2 gelb)

hydrophobe Bereiche an der NTD und CTD verdeckt, um die Loslichkeit des Proteins zu erhohen
(Kalyani et al., 2014). Dies ist jedoch unwahrscheinlich, da sich die elektrostatischen Eigenschaften
von MtNusG und EcNusG stark dhneln und eine Maskierung der hydrophoben Bereiche daher nicht
notwendig erscheint (Einzelarbeit A, Abb. S3). Der Aminoterminus besteht im Wesentlichen aus
Alaninen und polaren, meist sauren, Resten (12 Ala, 4 Glu, 5 Asp, 4 Thr). Es konnte sich daher um
einen natiirlichen Loslichkeitsanhang handeln. Gestiitzt wird diese Vermutung dadurch, dass Versuche
durch mich und eine andere Arbeitsgruppe ein aminoterminal verkiirztes Konstrukt zu generieren, zur

Prazipitation des Protein fiihrten (Kalyani et al., 2014).

Fiir die Strukturaufklirung der MfNusG-CTD wurden mit einer 'H, "*C, ""N-markierten Proteinprobe
3D NMR-Standardexperimente gemessen, die Resonanzen zugeordnet und, unter Zuhilfenahme von
NOEs, die Struktur berechnet (Abb. 12C, D). Sie besteht aus fiinf f-Striangen (B1: Ser190-Vall193; B2:
Pro202-Asn209; p3: Lys214-Val219; p4: Thr226-Thr231; B5: Val235-11e238), welche eine
antiparallele, fassartige [-Faltblattstruktur ausbilden. Ein Vergleich der MtNusG-CTD mit den
entsprechenden Abschnitten der Strukturen von EcNusG (PDB-Code: 2JVV), AaNusG (PDB-Code:
IMI1G), TtNusG (PDB-Code: INZ9) und TmNusG (PDB-Code: 2L.Q8) ergab root mean square
deviation (rmsd-) Werte der Riickgratatome von 0,9-1,4 A, was einer hohen strukturellen Ahnlichkeit
entspricht. Fiir MtNusG-CTD wurde aufgrund von Circulardichroismus- (CD-) Daten eine fiir NusG-
CTDs ungewohnliche, verzerrte Struktur prognostiziert (Kalyani et al., 2014). Dies konnte jedoch

durch die Strukturbestimmung nicht bestétigt werden.
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Abbildung 12: Strukturen der MtNusG-NTD (A, B) und M¢tNusG-CTD (C, D). A) Cartoondarstellung der fiinf mittels I-
TASSER berechneten Homologiemodelle fiir die MfNusG-NTD (dunkelrot, pink, braun, orange, gelb) und die Struktur der
EcNusG-NTD (PDB-Code: 2K06, lila, Mooney et al., 2009b; Roy et al., 2010). Zur besseren Ubersicht sind die ersten 40
Aminosduren nicht gezeigt. B) In grau sind die MfNusG-NTD Strukturen aus A) gezeigt. Zusitzlich sind die 40
aminoterminalen Aminosduren in der Farbe des jeweiligen Modells eingezeichnet. C) Bénderdarstellung des Proteinriickgrats
der zehn energetisch besten MfNusG-CTD-Strukturen. Die Strukturen wurden mittels NMR-Spektroskopie bestimmt. Der
unstrukturierte Bereich entspricht dem aminoterminalen Ende der MfNusG-CTD und ist im Gesamtprotein der Linker
zwischen NTD und CTD. D) Cartoondarstellung der energetisch giinstigsten Struktur. Die Termini und die
Sekundérstrukturelemente sind angegeben.

Zur Uberpriifung, ob die beiden MfNusG-Dominen miteinander interagieren, wurden zunichst die
aufgenommenen ['H, "N]-HSQC-Spektren des Volllingenproteins mit denen der isolierten Doméinen
verglichen (Abb. 11). Die chemischen Verschiebungen der MfNusG-CTD und der MfNusG-NTD sind
mit denen des Gesamtproteins nahezu identisch. Daher kann davon ausgegangen werden, dass die
beiden Doménen nicht, oder zumindest nicht stark, interagieren. Zum Nachweis von moglichen
transienten Dominenwechselwirkungen, wurde '“N-markierte MfNusG-NTD mit MNusG-CTD
titriert. Hierbei wurden keine Hinweise auf eine Interaktion beobachtet. Es kam weder zu einer
signifikanten Signalabnahme, noch zu Verdnderungen der chemischen Verschiebungen (Abb. 11C).
Die Unabhingigkeit der beiden Doménen wurde zusitzlich durch NMR-Relaxationsmessungen mit
dem Gesamtprotein untersucht. Die Ergebnisse zeigen eine trimodale Verteilung (Einzelarbeit A, Abb.

5). Diese konnen der MtNusG-CTD, der MfNusG-NTD und weiteren flexiblen Bereichen zugordnet
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werden. Hierdurch wird bestitigt, dass flexible Bereiche vorhanden sind, die Domidnen unabhidngig

voneinander rotieren und daher nicht miteinander wechselwirken.

Da bisher nur bei TmNusG eine Domidnenwechselwirkung und die Maskierung der Bindestellen von
NusE, Rho und RNAP bekannt sind, handelt es sich hierbei vermutlich um kein generelles Konzept.
Bei TmNusG trdgt die Domineninteraktion zur Stabilisierung des Gesamtproteins bei (Drogemiiller et
al., 2013). Diese wird benétigt, da T. maritima ein Temperaturoptimum von 80 °C besitzt (Huber et
al., 1986). Der terminationsverstirkende Effekt von MfNusG ist weder auf den verlidngerten Linker,
noch auf den zusitzlichen Bereich am Aminoterminus zuriickzufithren (Czyz et al., 2014). Da, wie
von mir gezeigt, die elektrostatischen Figenschaften und die Struktur von MfNusG denen von EcNusG
dhneln, gehe ich davon aus, dass die funktionalen Effekte auf einer unterschiedlichen Bindung an die
RNAP im Vergleich zu EcNusG beruhen. Basierend auf den variierenden Effekten von NusG in
unterschiedlichen Organismen, wurde ein Modell entwickelt, wie NusG-CTD unterschiedliche RNAP
modulierende Faktoren binden kann und diese iiber die NusG-NTD an die RNAP bringen kann. Die
spezifischen Funktionen miissen jedoch funktionell und strukturell bestimmt werden (Sevostyanova

und Artsimovitch, 2010).

3.2 Interaktion der Transkriptionsfaktoren NusA und NusG

Die beiden Transkriptionsfaktoren NusA und NusG spielen bei der bakteriellen Transkription eine
wichtige Rolle und koénnen entweder synergistisch oder antagonistisch arbeiten. Beide Faktoren sind
Teil des Antiterminationskomplexes, regulieren die Synthesegeschwindigkeit der RNAP, das
Pausieren der RNAP und beeinflussen sowohl die intrinsische als auch die Rho-abhingige
Termination (zusammengefasst in Roberts et al., 2008). An beiden Transkriptionsfaktoren wird seit
mehreren Jahrzehnten intensiv geforscht, wobei die meisten der Untersuchungen in E. coli
durchgefiihrt wurden. Im Folgenden sind daher, wenn von den Nus-Faktoren oder der RNAP
geschrieben wird, soweit nicht anders vermerkt, die jeweiligen E. coli Proteine gemeint. Bisher war
keine Wechselwirkung der Proteine NusA und NusG untereinander bekannt und oftmals wurde nur
der Einfluss einer der beiden Transkriptionsfaktoren untersucht. Lediglich fiir zwei Terminatoren
wurde gezeigt, dass NusG und NusA unabhiingig voneinander an die RNAP binden und ihren Effekt
ausiiben konnen (Burns et al., 1998). Bei Terminationsassays an Rho-abhingigen Terminatoren
hingegen wurde ein synergistischer Effekt beobachtet (Muteeb et al., 2012). In diesem Fall hatte die
Zugabe von NusG oder NusA alleine kaum einen Einfluss auf das Terminationsverhalten der RNAP,

wihrend sich das Terminationsmuster in Anwesenheit beider Faktoren dramatisch dnderte.

In Einzelarbeit B wurde untersucht, ob NusG und NusA aus E. coli interagieren. Hierfiir wurde
zunichst ein ['H, "N]-HSQC von '"N-NusG vor und nach Zugabe von NusA gemessen. Wihrend die
Signalintensitidten der NusG-NTD in Gegenwart von NusA stark abnahmen, waren die Signale der
NusG-CTD nahezu unbeeinflusst. Dies deutet auf eine Wechselwirkung zwischen NusG-NTD und

NusA hin, da die GréBenzunahme durch die NusA-Bindung zu einer schnelleren Relaxation der



Zusammenfassung und Diskussion der Ergebnisse 23

Magnetisierung und damit zu einem Signalverlust fiihrt. Die NusG-CTD ist im Gegensatz dazu
weiterhin flexibel. Durch Titrationen der isolierten, '"N-markierten NusG-Dominen mit NusA wurde
die Interaktion bestitigt. Erneut war bei der NusG-NTD nach NusA-Zugabe eine starke Signal-
abnahme zu beobachten, wihrend die Signale der NusG-CTD von NusA kaum beeinflusst wurden.
Die interagierende Domiine bei NusA wurde identifiziert, indem zu '"N-NusG-NTD ein zweifacher
Uberschuss der einzelnen NusA-Dominen (NTD, SKK, AR1 und AR2) zugegeben wurde. Lediglich
bei NusA-AR2-Zugabe kam es zu Veridnderungen der chemischen Verschiebungen. Dies deutet auf

eine Interaktion von NusA-AR?2 und NusG-NTD hin, was durch einen Pulldown bestitigt wurde.

Das Vorgehen zur Ermittlung der Bindungsflichen und des Kp-Wertes mittels NMR-Spektroskopie ist
im Folgenden fiir NusG-NTD gezeigt. Die Messungen mit NusA-AR2 erfolgten analog (siehe
Einzelarbeit B). Fiir die Bestimmungen wurde '’N-NusG-NTD vorgelegt und mit NusA-AR? titriert,
wobei nach jedem Titrationsschritt ein ['H, "N]-HSQC-Spektrum aufgenommen wurde (Abb. 13A,
B). Hierbei kommt es zu signifikanten Verschiebungen der Resonanzen einzelner Reste. Durch die
Frequenzidnderungen (Av) konnte, unter Annahme eines Zweizustandsmodells, ein Kp-Wert von
17 uM fiir die Bindung ermittelt werden (Abb. 13C). Fiir die einzelnen Aminosduren wurden
auBerdem, durch Vergleich der chemischen Verschiebungen des Anfangs- und Endzustandes der
Titration, die normierten Anderungen der chemischen Verschiebungen (ASuom) errechnet (Abb. 13D).
Firr die Bestimmung der Bindungsflichen wurden Reste, bei welchen Adnm einen bestimmten
Schwellenwert iiberschritten hatte, auf der NusG-NTD-Struktur markiert (Abb. 13E). Durch die
Software HADDOCK (de Vries et al., 2010) wurde schlieBlich ein Modell fiir die Bindung von NusG-
NTD an NusA-AR?2 erhalten (Abb. 13F). Bei NusA-AR2 sind vor alle die C-terminalen Reste Trp 490
und Phe 491 betroffen, wihrend bei NusG-NTD Signale der C-terminalen Helix und in der

verldngerten Schleifenregion betroffen waren.

Wihrend NusG-NTD an die B‘CH und die BGL der RNAP bindet, interagiert NusA-AR2 mit der
RNAP aCTD (Mah et al., 2000; Martinez-Rucobo et al., 2011; Sevostyanova et al., 2011). Daher
wurde iiberpriift, ob die Interaktion zwischen NusA-AR2 und NusG-NTD auch in Gegenwart der
RNAP stattfindet. Durch Verdriangungsexperimente konnte gezeigt werden, dass sowohl NusA-AR2
von der RNAP o-CTD und der gesamten RNAP, als auch die NusG-NTD von der gesamten RNAP

durch den jeweils anderen Bindungspartner verdringt werden kann (Einzelarbeit B, Abb. 2).

Die physiologische Bedeutung dieser Wechselwirkung der beiden Domédnen wurde mittels eines in
vitro-Transkriptionsassays untersucht (Einzelarbeit B, Abb. 3). Hierbei wurde die Verldngerung eines
radioaktiv markierten RNA-Stiickes wéahrend der Transkription in Abwesenheit oder in Gegenwart der
verschiedenen Proteine bzw. Proteindomédnen beobachtet. Durch NusG-NTD kam es
erwartungsgemill zu einer Unterdriickung von Transkriptionspausen, wihrend durch NusA-AR?2 eine
Pause zu Beginn der Transkription verstirkt wurde. Bei gleichzeitiger Zugabe von NusA-AR2 und

NusG-NTD kam es zur Ausbildung einer neuen Pause. Diese ist in Gegenwart von NusG und NusA-
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AR2 bzw. beider Volllingenproteine deutlicher. Ein synergistischer Effekt von NusA und NusG
wurde bereits fiir die Rho-abhiingige Termination gezeigt (Muteeb et al., 2012). Hierbei hatte die
Zugabe von NusA oder NusG keinen Effekt auf die Termination, wihrend die Gegenwart beider

Proteine zu einer verfrithten Termination fiihrte.
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Abbildung 13: Bestimmung der Interaktionsfliichen zwischen NusG-NTD und NusA-AR2. A) ['H, "N]-HSQC-
Titration von "N-NusG-NTD mit NusA-AR2. Das Spektrum von 140 uM '"N-NusG-NTD ist in schwarz gezeigt. NusA-AR2
wurde in den molaren Verhiltnissen 1:0,5 (rot), 1:1 (orange), 1:2 (pink) und 1:3 (hellblau) zugegeben. B) VergroBerter
Bereich aus A). Die Anderungen der chemischen Verschiebungen einiger Reste durch die Titration sind durch Pfeile
angedeutet und die Signale sind beschriftet. C) Auftragung der Frequenzénderungen der Reste Gln 117, Lys 106 und Leu 115
in Abhingigkeit vom molaren Verhiltnis von NusG-NTD und NusA-AR2. Die Linien entsprechen dem besten Fit unter
Annahme eines Zweizustandsmodells. D) Auftragung der normierten Anderungen der chemischen Verschiebung (A8norm) von
I5N-NusG-NTD bei der Titration mit NusA-AR2 gegen die Sequenznummer. Die Signifikanzgrenzen fiir stark, mittel und
schwach betroffene Reste sind: Adnorm (ppm) = 0,12: rot; Adnorm = 0,08: orange; Adnorm = 0,04: blau. E) Bindungsfldche von
NusA-AR2 an NusG-NTD. Bei der Titration betroffene Regionen sind entsprechend der Adnorm markiert (siehe D). Die
Struktur von NusG-NTD ist in Cartoondarstellung (hellgrau) gezeigt (PDB-Code: 2K06, Mooney et al., 2009b). Die
Sekundérstrukturelemente sind beschriftet. F) Modell des NusG-NTD:NusA-AR2-Komplexes. Nicht betroffene Reste der
NusA-AR2 sind in dunkelgrau gezeigt (PDB-Code: 1 WCN, Eisenmann et al., 2005). Betroffene Reste der Titration von "N-
NusA-AR2 mit NusG-NTD sind farblich markiert. Die Signifikanzniveaus entsprechen denen der Titration von "N NusG-
NTD mit NusA-AR2.
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Die Bildung des NusA:NusG-Komplexes konnte mehrere Effekte der Transkriptionsregulation
erkldaren (Abb. 14). Zunichst ist NusA moglicherweise bei der Rekrutierung von freiem oder an das
Ribosom gebundenem NusG an den TEC behilflich. ChIP-chip Daten zeigen, dass NusG und NusA
erst mit der RNAP interagieren, nachdem der TEC die Promotorregion verlassen hat und der o-Faktor
dissoziiert ist (Mooney et al., 2009a). NusG bindet hierbei spéter als NusA. NusA-AR2 wiirde somit
dabei helfen NusG zu rekrutieren, indem durch die Interaktion die lokale Konzentration erhoht wird.

Hierbei bleibt NusA {iiber die NTD an die RNAP gebunden.

Eine weitere wichtige Aufgabe des Komplexes kénnte die RNAP-Ribosom-Synchronisation zwischen
Ribosom und RNAP sein. NusG verkniipft die beiden Prozesse, indem NusG-NTD mit der RNAP und
NusG-CTD mit dem ribosomalen Protein S10 interagiert (Mooney et al., 2009b; Burmann et al.,
2010). Besonders wenn die Synchronisation beider Prozesse, beispielsweise durch Pausen, gestort ist,
konnte NusG aufgrund seiner geringen Grof3e fiir die Kopplung der beiden Prozesse nicht ausreichen.
Ein voriibergehendes Ablosen der NusG-NTD vom TEC durch NusA-AR2 wiirde zu einem lidngeren
RNAP-Ribosom-Verbindungsglied fiihren. Eventuell ist auch die Rekrutierung des Ribosoms zu

Beginn der Transkription durch den verldngerten Linker vereinfacht.
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Abbildung 14: Mégliche Funktionen der NusG:NusA-Interaktion bei der Transkriptionselongation und —termination.
Durch die NusG:NusA-Interaktion konnte NusG an den TEC rekrutiert werden. AuBlerdem konnte es zur Ausbildung einer
langeren Verkniipfung zwischen Transkription und Translation kommen, beispielsweise wenn das Ribosom verlangsamt ist
und NusG als Linker zu kurz wire. Des Weiteren spielt die Interaktion zwischen NusA und NusG méglicherweise bei der
Rho-abhéngigen und intrinsischen Termination eine Rolle.
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Die Interaktion zwischen NusG und NusA hat eventuell auch einen Einfluss auf die intrinsische oder
Rho-abhiingige Termination. Bei der intrinsischen Termination pausiert der TEC und es kommt
anschlieend zur Ausbildung der Terminationshaarnadelschleife (Weixlbaumer et al., 2013). Der von
uns durchgefiihrte Transkriptionsassay zeigt, dass in Gegenwart beider Proteine zusétzliche Pausen
wihrend der Transkription vorhanden sind, welche moglicherweise einen FEinfluss auf die
Terminationseffizienz haben. Ein wichtiger Schritt hierbei konnte sein, dass NusA-AR2 die NusG-
NTD von der RNAP ablost und dadurch die Prozessivitidt der RNAP verringert wird, da Pausierungen
begiinstigt werden. Auch bei der Rho-abhéngigen Termination konnte gezeigt werden, dass beide
Proteine zusammen neue Terminationsstellen erzeugen, welche bei den einzelnen Faktoren nicht
vorhanden sind (Muteeb et al., 2012). Um die Bedeutung der Interaktion zwischen NusA-AR2 und

NusG-NTD zu kldren sind jedoch weitere Experimente notig.

3.3 Zusammenbau, Reinigung und Aktivititstest der RNAP und ihrer
Untereinheiten

Die RNAP ist das zentrale Enzym der Transkription, da sie die Synthese der RNA Kkatalysiert.
Bakterielle RNAPs bestehen aus den fiinf Untereinheiten o2pp'® (Ebright, 2000). Bisher sind mehrere
Kristallstrukturen unterschiedlicher Organismen bekannt (zusammengefasst in Sekine et al., 2012).
Diese geben allerdings keinen Aufschluss iiber Dynamiken, schwache Interaktionen und
Domiénenbewegungen, welche fiir die Funktion der RNAP jedoch essentiell sind. Mittels NMR-
Spektroskopie konnten diese Fragestellungen zwar untersucht werden, aber aufgrund der Grofle der
RNAP (390 kDa) ist dies mit traditionellen NMR-Methoden nicht méglich. Allerdings kénnen in solch
grolen Systemen Methylgruppen als NMR-Sonden verwendet werden. Hierbei liegt die gesamte
RNAP deuteriert vor und nur die Methylgruppen der Isoleucine, Leucine und Valine sind 'H, "*C
markiert (Methylgruppenmarkierung). Da diese Methylgruppen auch bei groBen Molekiilen
ausreichend frei rotieren, konnen ['H, '*C]-Korrelationsspektren aufgenommen werden. Um auch
selektiv eine bestimmte RNAP-Untereinheit methylgruppenmarkieren zu konnen wurden in
Einzelarbeit C die Gene der einzelnen Untereinheiten getrennt voneinander kloniert und exprimiert
und anschliefend die RNAP funktionsfihig in vitro assembliert. Die iibrigen Untereinheiten tragen
somit keine Signale zum NMR-Spektrum bei (Abb. 15A). Zusitzlich hierzu wurden die einzelnen
Untereinheiten einzeln kloniert, exprimiert und gereinigt. Fiir die Produktion und Reinigung der o-
und pB-Untereinheiten war vorwiegend ich verantwortlich, wihrend meine Kollegin Johanna
Drogemiiller hauptsichlich an der ‘- und o-Untereinheiten arbeitete.

Fiir die in vitro-Rekonstitution der E. coli RNAP wurden die Zellpellets der Bakterienkulturen mit den
einzelnen iiberproduzierten Untereinheiten in denaturierendem Puffer vereinigt und aufgeschlossen.
Der Zusammenbau der Untereinheiten erfolgte durch Entfernung des Harnstoffs mittels stufenweiser
Dialyse. AnschlieBend wurde der Komplex mittels Affinitdts- und Groenausschlusschromatographie

(SEC) gereinigt (Abb. 15B). Die assemblierte RNAP eluierte von der SEC-Sdule in zwei
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Elutionsmaxima (SEC-Peak 1 und 2). Diese entsprachen umgerechnet molekularen Masse von
980 kDa (SEC-Peak 1) und 507 kDa (SEC-Peak 2). Eine Analyse der Fraktionen mittels
Natriumdodecylsulfat-Polyacrylamidgelelektrophorese (SDS-PAGE) zeigte, dass in beiden Peaks alle
RNAP-Untereinheiten enthalten waren. Allerdings waren in der Probe des SEC-Peaks 1 viele
Verunreinigungen vorhanden und die errechnete molekulare Masse des 2. SEC-Peaks von 507 kDa
lieB vermuten, dass es sich hierbei um die korrekt assemblierte RNAP handelte. Bestitigt wurde dies
durch eine Referenzprobe mit in vivo assemblierter RNAP (RNAP"™"), welche auf der Hohe des
zweiten SEC-Peaks eluierte. Hierbei handelt es sich um eine gereinigte RNAP, bei der sich alle
Untereinheiten auf einem Plasmid befinden. Auch die CD-Spektren von RNAP™" und einer Probe aus
dem 2. SEC-Peak waren nahezu identisch, wohingegen das Spektrum eines Aliquots aus dem 1. SEC-

Peak deutliche Unterschiede aufwies (siehe Einzelarbeit C, Abb. 1).
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Abbildung 15: Reinigung und Aktivitéitstest der in vitro assemblierten RNAP. A) Gezeigt ist ein Schema zur Herstellung
aktiver RNAP mit methylgruppenmarkierter f‘-Untereinheit. Die Oberflidche der RNAP (PDB-Code: 4KMU, Molodtsov et
al., 2013) ist in wei} gezeigt. Die B‘-Untereinheit ist grau und die Ile, Leu und Val sind pink hervorgehoben. B) 4-20 %iges
(w/v) SDS-Gradientenpolyacrylamidgel der RNAP-Reinigung nach Firbung mit Coomassie Blau. Vor Ni?* HisTrap: l6sliche
Fraktion nach der Assemblierung; Nach Ni** HisTrap: Vereinte Fraktionen nach der Ni%**-Affinititschromatographie. SEC
Peak 1: 1. Peak der SEC; SEC Peak 2: 2. Peak der SEC; Presc. Std.: Prescision Plus Protein Standard. Auf jede Bahn wurden
2 ug Protein aufgetragen. Die Molekulargewichtsgroen des Standards, sowie die Lauthhe der RNAP-Untereinheiten sind
an den Seiten des Gels notiert. C) RNAP-Aktivititstest, 20 %iges (w/v) SDS-Polyacrylamidgel. Es wurde entweder ATP und
CTP (Bahn 2, 4, 6, 8) oder ATP, CTP und GTP (Bahn 3, 5, 7, 9) zugegeben, um eine Verlidngerung der R16 um drei bzw.
14 nt zu ermdglichen. Die Negativkontrolle (ARNAP) wurde wie alle anderen Proben behandelt, allerdings wurde keine
RNAP zugegeben. Auf Bahn 1 wurde unbehandelte R16 aufgetragen. Auf jede Bahn wurden 3 pmol RNA aufgetragen. Die
Pfeile zeigen die Lauthohe der R16 sowie der elongierten RNAs an.
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Um den korrekten Zusammenbau der RNAP zu iiberpriifen wurde ein Aktivitdtstest durchgefiihrt.
Hierzu wurde mittels eines DN A-Matrizenstranges, eines nicht kodierenden DNA-Stranges und eines
kurzen, fluoreszenzmarkierten RNA-Stranges (R16) der TEC ausgebildet. AnschlieBend wurde die
Transkription durch Zugabe von ATP und CTP oder durch Zugabe von ATP, CTP und GTP gestartet,
wodurch die RNA um drei bzw. 14 Nukleotide in Gegenwart von aktiver RNAP verlidngert werden
konnte. Die Auswertung des Aktivititstests erfolgte durch SDS-PAGE und durch Detektion der RNA
mittels Fluoreszenz. Die in vitro assemblierte RNAP des zweiten SEC-Peaks war dhnlich aktiv wie
RNAP™", wihrend es bei der Zugabe von RNAP aus dem ersten SEC-Peak zu keiner Verlingerung
des RNA-Strangs kam (Abb. 15C). Der aktive Teil der in vitro assemblierten RNAP wird daher im
Folgenden als RNAP™, der inaktive Teil als RNAP™" bezeichnet.

Im Vergleich zu bisher publizierten Protokollen fiir die in vitro-Assemblierung der RNAP, hat die hier
etablierte Methode den Vorteil, dass die Untereinheiten vorher nicht separat gereinigt werden miissen
und daher Material und Arbeitszeit gespart wird (Heil und Zillig, 1970; Borukhov und Goldfarb, 1993;
Tang et al., 1995; Palm et al., 1975). Die Ausbeute und Reinheit ist vergleichbar mit den bereits
publizierten Protokollen. Allerdings wurden die vorherigen Assemblierungen ohne die ®-Untereinheit
durchgefiihrt. Diese wird durch das Gen rpoZ kodiert und ist weder fiir die Zellviabilitét, noch fiir die
Funktion der RNAP essentiell (Gentry et al., 1991). Allerdings kommt es zu einer Erhohung der
RNAP-AKktivitit, wenn die Assemblierung in Gegenwart der o-Untereinheit durchgefiihrt wird, da sie
die Faltung der p’-Untereinheit und die Assemblierung von axp mit f’® fordert (Ghosh et al., 2001;
Mukherjee et al., 1999). Der Zusammenbau in Gegenwart der m-Untereinheit hat daher vermutlich
weniger falsch gefaltete oder falsch assemblierte RNAP zur Folge. Ein weiterer Vorteil der hier
gezeigten Reinigungsstrategie ist, dass der Initiationsfaktor ¢ nicht benétigt wird. Somit entspricht die
gereinigte RNAP der Zusammensetzung wihrend der Transkriptionselongation und zusétzliche
Schritte zur Abtrennung des c-Faktors sind nicht notwendig. Durch die Separation von inaktiven und
fehlgefalteten Varianten durch die SEC, wird auflerdem sichergestellt, dass nur aktive RNAP
vorhanden ist. Dieser Reinigungsschritt wurde in den meisten vorherigen Protokollen nicht

durchgefiihrt.

3.4 Untersuchung der RNAP mittels NMR-Spektroskopie
Zunichst wurde ein ['H, C]-TROSY-Heteronuclear Multiple Quantum-Coherence (HMQC)

Spektrum der deuterierten RNAP™" aufgenommen, wobei die Methylgruppen der Aminosiurereste
Isoleucin, Leucin und Valin aller Untereinheiten 'H, *C markiert waren (Abb. 16). Das TROSY-
HMQC ist eine Abwandlung des HSQC-Experiments. Diese Pulsfolge Iliefert fiir grofe,

methylgruppenmarkierte Proteine bessere Spektren (Tugarinov et al., 2003).
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Abbildung 16: NMR-Untersuchungen an der RNAP. Gezeigt sind C-H Korrelationsspektren von Methylgruppen der
RNAP"" der RNAP oCTD, von der freien B‘-Untereinheit und der B*-Untereinheit eingebaut in die RNAP. Bei RNAP"
und B’ sind diese methylgruppenmarkiert, wohingegen bei ’ in RNAP nur $’ methylgruppenmarkiert ist, wihrend die
restliche RNAP deuteriert ist. Die RNAP aCTD war komplett "N, '3C markiert. A) ['H, '*C]-HMQC-Spektren von
RNAP" (schwarz, 30 uM) und ['H, *C]-HSQC-Spektrum von RNAP aCTD (rot, 700 uM). Einige zugeordnete Signale
sind durch rote Pfeile markiert. B) ['H, '3C]-HMQC-Spektren von RNAP"" (schwarz) und B’ (cyan, 2 uM). Die Peaks mit
denselben chemischen Verschiebungen in RNAP™" und freiem B’ sind durch blaue Pfeile markiert. C) ['H, *C]-HMQC-
Spektren von RNAP" (schwarz) und B’ in RNAP (griin). Die griinen Pfeile zeigen Signale an, welche im Spektrum von
isolierter B¢ nicht vorhanden sind. D) ['H, '3C]-HMQC-Spektren von B’ vor (schwarz) und nach Zugabe von unmarkiertem
NusG-NTD in einem Verhiltnis von 1:1 (griin), 1:2 (blau) und 1:10 (rot). Die Pfeile zeigen verschwindende Signale an.

Das Spektrum der RNAP™" zeigt eine breite Dispersion der Methylgruppensignale mit chemischen
Verschiebungen der Protonenresonanzfrequenzen im Bereich von 1,4 bis -0,3 ppm. Dies deutet auf ein
gefaltetes Protein hin. Es ist ersichtlich, dass es aufgrund der Vielzahl an Signalen (230 Ile, 349 Leu,
287 Val) zu Uberlagerungen im Spektrum kommt, vor allem im Protonenresonanzfrequenzbereich von
1,0 bis 0,5 ppm. Durch die Uberlagerung dieses Spektrums mit dem Metyhlgruppenbereich des
['H, “C]-HSQC-Spektrums der RNAP oCTD konnten einige Signale direkt der RNAP oCTD
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zugeordnet werden (Abb. 16A). Dies war moglich, da viele Signale identische chemische
Verschiebungen aufweisen und die Signale der RNAP aCTD im RNAP™" Spektrum sehr intensiv
sind, da die RNAP aCTD flexibel an die restliche RNAP gebunden ist. Aulerdem war die Zuordnung
der isolierten RNAP aCTD bereits bekannt (Schweimer et al., 2011). Auf analoge Weise wurden die
zur PB°-Untereinheit gehorenden Signale zugeordnet. Hierzu wurde B° methylgruppenmarkiert
gereinigt, ein ['H, "C]-TROSY-HMQC-Spektrum aufgenommen und mit dem Spektrum der
RNAP™ iiberlagert (Abb. 16B). Die Signale der B‘-Untereinheit sind ebenfalls dispergiert und einige
Signale der RNAP™" konnen eindeutig B¢ zugewiesen werden, da die Resonanzfrequenzen in beiden
Spektren nahezu identisch sind. Da fiir die p‘-Untereinheit keine Zuordnung vorhanden ist, konnte
noch nicht bestimmt werden, um welche Sequenzpositionen es sich hierbei handelt. Das ['H, C]-
TROSY-HMQC-Spektrum der methylgruppenmarkierten B°-Untereinheit in in vitro assemblierter
RNAP liefert erheblich mehr Signale als das Spektrum der isolierten B‘-Untereinheit. Hierbei sind alle
Signale der isolierten B‘-Untereinheit noch bei nahezu identischen Resonanzfrequenzen zu finden,
aber die zusitzlichen Signale iiberlagern mit denen im RNAP™"-Spektrum (Abb. 16C). Mit Hilfe des
Spektrums lassen sich daher weitere Signale der B°-Untereinheit zuordnen. Vermutlich kommen diese

zusitzlichen Signale daher, dass sich die f‘-Untereinheit im physiologischen Kontext befindet.

Um zu tiberpriifen, ob die isolierte, methylgruppenmarkierte °-Untereinheit immer noch NusG-NTD
binden kann, wurde unmarkierte, protonierte NusG-NTD zutitriert. Wihrend die meisten
Signalintensitdten unverdndert blieben, kam es bei einigen Signalen zu signifikanten
Intensitdtsverlusten (Abb. 16D). Der Signalverlust beruht hierbei darauf, dass die angeregten
Methylgruppen der B‘-Untereinheit Magnetisierung auf die benachbarten Protonen der NusG-NTD
iibertragen konnen wenn NusG-NTD gebunden ist. Dadurch wird die transversale Relaxation
beschleunigt und Signalintensitit geht verloren. In der Bindungsstelle der NusG-NTD an die f‘CH
sind zwei Ile und zwei Leu positioniert (Martinez-Rucobo et al., 2011). Diese sollten zwei Signale in
der Ile-Region (8(**C) = 9-16 ppm) und vier Signale in der Val/Leu-Region (§(**C) = 17-29 ppm) zum
Spektrum beitragen. Da bei der Zugabe der NusG-NTD diese Anzahl an Signalen einen signifikanten
Intensititsverlust erleidet, kann davon ausgegangen werden, dass die NusG-NTD an die richtige Stelle

der B‘-Untereinheit bindet und die f‘-Untereinheit die korrekte Faltung angenommen hat.

Der Zusammenbau der RNAP aus den einzelnen Untereinheiten und die Aufnahme der
Methylgruppenspektren ist ein erster wichtiger Schritt zur Untersuchung der RNAP mittels NMR-
Spektroskopie. Basierend auf diesen Messungen konnen weitere RNAP-Konstrukte geplant werden,
um Bereiche der einzelnen Untereinheiten zuzuordnen. AuBlerdem koénnen Bindungen gemessen und
strukturelle Anderungen der RNAP bestimmt werden. Besonders interessant sind diese Messungen, da
erstmals gezeigt wurde, dass bei methylgruppenmarkierten Proteinkomplexen das zu messende Protein
nicht mehrfach in dem zu untersuchenden Komplex vorkommen muss, um qualitativ gute Spektren zu

erhalten.
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3.5 Bestimmung der mit einem Transkriptionsfaktor interagierenden RNAP-

Untereinheit
Viele Prozesse und Regulationen der Transkription basieren auf direkten Interaktionen regulatorischer

Faktoren mit der RNAP. Beispiele hierfiir sind Antibiotika wie Rifamycine (Hartmann et al., 1967)
oder Myxopyronine (Irschik et al., 1983), aber auch die Transkriptionsfaktoren NusG, NusA und
NusE (Mooney et al., 2009a; Mason und Greenblatt, 1991; Mah et al., 1999). Um die molekulare
Basis der resultierenden Effekte zu verstehen, ist es notig die Bindungsstelle an die RNAP zu
ermitteln. Wihrend bekannt war, dass NusG-NTD an die B*CH und den BGL bindet (Martinez-Rucobo
et al., 2011; Sevostyanova et al., 2011) und NusA-AR2 mit der RNAP aCTD wechselwirkt (Mah et
al., 1999) wurde bei NusA-NTD lediglich vermutet, dass die Bindung in der Nidhe des RNA-
Austrittskanals an die BFTH erfolgt (Yang et al., 2009; Ha et al., 2010; Yang und Lewis, 2010). Fiir
NusE war keine Bindestelle an die RNAP bekannt. In Einzelarbeit C wurde eine Methode entwickelt,
um zu bestimmen, welche Untereinheit der RNAP mit dem jeweiligen Nus-Faktor interagiert. Zur
Validierung der Methode sollten die bekannten bzw. vorgeschlagenen Bindungsstellen von NusG-
NTD, NusA-AR2 und NusA-NTD bestétigt und die mit NusE interagierende Untereinheit bestimmt
werden. Gleichzeitig konnte hierdurch iiberpriift werden, ob die isoliert gereinigten RNAP-

Untereinheiten korrekt gefaltet sind.

Als erstes wurde die Sekundirstruktur der einzelnen RNAP-Untereinheiten mittels CD-Spektroskopie
analysiert (Einzelarbeit C Abb. 1). Fiir alle Untereinheiten mit Ausnahme von ® wurden Spektren
erhalten, die fiir gefaltete Proteine typisch sind. Von @ war jedoch bereits bekannt, dass es alleine
keine definierte Sekundirstruktur annimmt und lediglich der N-Terminus eine a-helikale Struktur
ausbildet (Ghosh er al., 2001; Greenfield und Fasman, 1969). Um die interagierende RNAP-
Untereinheit zu bestimmen, wurden die zu untersuchenden Transkriptionsfaktoren bzw. einzelne
Domiinen °N isotopenmarkiert gereinigt, mit den Untereinheiten der RNAP titriert und durch 1D oder
2D ['H, "N]-HSQC-Spektren die Signalintensititen bzw. die Anderungen der chemischen
Verschiebungen beobachtet. Fiir NusG-NTD, NusA-AR2 und NusA-NTD konnten hierdurch die
prognostizierten Bindungsstellen bestétigt werden, wodurch die Methode validiert wurde. Die
Ergebnisse fiir NusE sind in Abb. 17 gezeigt. Fiir diese Messungen wurde aus Stabilititsgriinden der
Komplex NusE*:NusB verwendet. In NusE” ist aus Loslichkeitsgriinden die Ribosomenbindungs-
schleife durch ein Serin ersetzt. Bei Zugabe von RNAP™" zu '"N-NusE“:NusB kam es zu einem
vollstindigen Signalverlust, was auf eine Bindung der RNAP an NusE*:NusB hinweist. Der
Signalverlust konnte auch bei Zugabe der isolierten -Untereinheit beobachtet werden. Es kommt also
zu einer Komplexbildung zwischen der p-Untereinheit und NusE*:NusB. In Anwesenheit von B’ ist
die Signalabnahme deutlich geringer. Dies ist vermutlich auf eine unspezifische Wechselwirkung
zuriickzufiithren. Bei Zugabe der a- bzw. ®-Untereinheit sind kaum Verinderungen in den Spektren
erkennbar. Diese sind also nicht an der Bindung beteiligt. NusE*:NusB bindet daher vermutlich an die

B-Untereinheit.
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Abbildung 17: Interaktion von NusE*:NusB mit der RNAP und ihrer Untereinheiten. 1D ['H, "N]-HSQC-Spektren der
Amidregion von '"N-NusE*:NusB in Abwesenheit (schwarz) und in Gegenwart (rot) von dquimolaren Konzentrationen der
A) RNAP™" B) B-Untereinheit, C) B’-Untereinheit, D) a-Untereinheit. E) 2D ['H, 'N]-HSQC-Spektren von 'SN-
NusE2:NusB in Abwesenheit (schwarz) und in Gegenwart (rot) von dquimolaren Konzentration der w-Untereinheit.

Durch diese Methode wurde bestitigt, dass NusG-NTD sowohl an die B- als auch an die B‘-
Untereinheit der RNAP bindet. Dies ist in Ubereinstimmung damit, dass NusG-NTD die beiden
Klammern der RNAP verkniipft und, aufgrund der stirkeren DNA-Bindung, die Prozessivitit der
RNAP erhoht (Sevostyanova et al., 2011). Die Wechselwirkung der NusA-AR2 mit der RNAP aCTD
konnte ebenfalls verifiziert werden. Die Ergebnisse fiir NusA-NTD bekriftigten die Prognose, dass die
Bindung an die B-Untereinheit erfolgt. Gleichzeitig wurde hierdurch bestitigt, dass die isolierten
RNAP-Untereinheiten in dem Bereich der Bindungsstellen die korrekte Faltung annehmen. Fiir NusE*
konnte gezeigt werden, dass es mit der f-Untereinheit der RNAP interagiert. Obwohl die genaue
Bindungsstelle weiterhin unbekannt ist, konnen zukiinftige Experimente zur Untersuchung der
RNAP:NusE-Interaktion zielgerichteter und effektiver geplant und durchgefiihrt werden. Theoretisch
konnte durch die Bindung von NusE an die RNAP die Transkription direkt mit der Translation
verkniipft sein, da NusE als S10 ein Teil des Ribosoms ist. Dies ist jedoch unwahrscheinlich, da der

Komplex aus RNAP und Ribosom ziemlich starr und die Genexpression vermutlich beeintréachtigt
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wire. Wahrscheinlich spielt die Interaktion eine Rolle bei der Transkriptionsantitermination, wie

bereits schon frither vermutet wurde (Mason und Greenblatt, 1991).

Generell ist diese einfache, schnelle Messmethode, die auf konventionellen NMR-Experimenten
beruht, geeignet um festzustellen mit welcher Domidne der RNAP kleinere Molekiile, wie

beispielsweise Antibiotika und kleinere Proteine, interagieren.

3.6 Bestimmung der RNAP-Bindungsflichen von NusG-NTD, NusA-NTD und
NusE

Die Nus-Faktoren haben einen groB3en Einfluss auf die Transkription und spielen besonders bei der
Elongation und der Termination eine wichtige Rolle (Mooney et al., 1998). Dennoch waren die
RNAP-Bindungsfldchen der Nus-Faktoren grofitenteils unbekannt. Aufgrund einer Kristallstruktur war
die Bindungsfliche von NusG-NTD an die B‘CH aufgekliart und die Bindungsfliche an den PGL
wurde auf Basis eines Homologiemodells prognostiziert (Martinez-Rucobo et al., 2011; Sevostyanova
et al., 2011). Fiir NusA-NTD konnte durch Cryoelektronenmikroskopie gezeigt werden, an welche
genaue Stelle der RNAP es bindet. Allerdings war die Aufldsung mit 22 A relativ niedrig und die
Bindungsfliche auf Seite der NusA-NTD konnte nicht eindeutig bestimmt werden (Yang et al., 2009).
Durch Peptidschnitte mittels FeBABE (Fe(IIl) Komplex von (S)-2-[4-(2-Bromoacetamido)benzyl]-
ethylendiamintetraacetat) und die zwei Varianten NusA(S29C) und NusA(S53C) konnte gezeigt
werden, dass S29 in der Interaktionsfldache liegt, wihrend S53 nicht an der Bindung beteiligt ist (Ha et
al., 2010). Hierdurch lésst sich die Orientierung der NusA-NTD allerdings nur grob abschitzen. Fiir
NusE waren keinerlei Informationen iiber die Bindungsfliache bekannt. In Einzelarbeit D wurde daher

eine Methode entwickelt, um die RNAP-Bindungsstellen der Nus-Faktoren detailliert zu bestimmen.

Fiir die Bestimmung der Bindungsflaichen von den Nus-Faktoren an die RNAP, wurden die Nus-
Faktoren  methylgruppenmarkiert und ['H, “C]-Methylgruppen-TROSY-Spektren in DO
aufgenommen. AnschlieBend wurde protonierte RNAP (in D>O) zutitriert. Die Signale der an der
RNAP-Bindung beteiligten Reste nehmen dabei stirker ab, da die Magnetisierung der Methylgruppen
auf die Protonen der RNAP iibertragen werden kann und betroffene Reste somit schneller relaxieren.
Durch die Bestitigung der bereits bekannten Bindungsflichen von NusG-NTD wurde die Methode
validiert. In Abb. 18A sind die Spektren der Titration von methylgruppenmarkierter NusA-NTD mit
RNAP gezeigt. Zur Ermittlung der Bindungsfldche wurden die Reste in stark und schwach betroffen
eingeteilt und auf der jeweiligen Struktur markiert (Abb. 18B). Da die Messungen lediglich Auskiinfte
tiber die Ile, Leu und Val geben, wurden zwei benachbarte Aminoséduren zusitzlich markiert, solange

es sich nicht um ein nicht betroffenes Iso, Leu oder Val handelte.
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Abbildung 18: Modell fiir die Bindung der NusA-NTD an die RNAP. A) Titration der methylgruppenmarkierten NusA-
NTD mit RNAP. Die Methyl-TROSY-Spektren von NusA-NTD in Abwesenheit (schwarz) und in Gegenwart der RNAP (1:1
molares Verhiltnis, cyan; 1:2 molares Verhiltnis, rot) sind gezeigt. Einige zugeordnete Signale sind beschriftet. B) Die bei
der Titration betroffenen Reste sind auf der Struktur der NusA-NTD gekennzeichnet (PDB-Code: 2KWP, Einzelarbeit C).
Stark betroffene Reste sind rot, leicht betroffene Reste orange eingefirbt. Wenn ein Rest betroffen war, wurden die zwei
benachbarten Reste gelb eingefirbt, es sei denn es handelste sich um ein nicht betroffenes Ile, Leu oder Val. C) Modell des
NusA-NTD:RNAP-Komplexes. NusA-NTD (pink) ist in Cartoon- und Oberfldchendarstellung gezeigt. Die ermittelte
Bindungsfliche ist hellgelb markiert. Das Modell ist die beste Losung einer HADDOCK-Simulation von NusA-NTD mit
elongierender 7. thermophilus RNAP (Oberflachendarstellung; B, blau; B°, hellgriin; B°CH, hellblau; BGL, dunkelgriin; o
und o2, grau; RNA, orange; PFTH tiirkis; o, gelb PDB-Code: 2051, Vassylyev et al., 2007a). D) Bindung der naszierenden
RNA durch NusA. Die Orientierung der NusA-NTD ist wie in C). Um die NusA-SKK mit gebundener RNA zu positionieren
wurde TmNusA (PDB-Code: 1L2F, Shin et al., 2003) und MtNusA (PDB-Code: 2ASB, Beuth et al., 2005) mit der Struktur
von EcNusA-NTD iiberlagert. NusA-SKK ist in Oberflidchendarstellung (braun) gezeigt und die durch die RNA-Bindung
betroffenen Reste nach Schweimer et al. 2011 rot gekennzeichnet. RNA aus der Kristallstruktur von MtNusA-SKK ist orange
eingezeichnet. Die gestrichelte Linie zeigt einen moglichen Weg fiir die naszierende RNA. Die abgeschitzten
Basennummern sind eingezeichnet.
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Durch diese Messmethode wurden bei der NusG-NTD zwei betroffene Regionen an der
Proteinoberfliche ermittelt (Abb. 19). Diese entsprechen den prognostizierten Bindungsflichen an die
B‘CH und den BGL (Martinez-Rucobo et al., 2011; Sevostyanova et al., 2011). Hierdurch wird das
Modell bestitigt, wonach NusG gleichzeitig an die B‘CH und den BGL binden kann und die
Prozessivitit der RNAP erhoht, indem die beiden Klammerhilften miteinander verkniipft werden und
die Bindung an die DNA verstiarkt wird (Sevostyanova et al., 2011). Fiir NusA-NTD konnte eine
zusammenhédngende Bindungsfliche ermittelt werden (Abb. 18, 19). Die Ergebnisse der FeBABE-
Messungen wurden durch unsere Messungen bestitigt (Ha et al., 2010), da sich der Rest S29 innerhalb
der Bindungsflache befindet, wihrend der Rest S53 auflerhalb liegt. Da durch unsere Methode die
Bindungsfliche genauer bestimmt wurde, ergab sich, dass der negativ geladene Kopf der NusA-NTD
ebenfalls an der RNAP-Bindung beteiligt ist und NusA-NTD im Vergleich zu dem vorgeschlagenen

Modell von Ha et al., 2010 um ca. 100° um die z-Achse gedreht ist. Basierend auf den betroffenen
Resten wurde mittels HADDOCK (de Vries et al., 2010) ein Bindungsmodell der NusA-NTD an die
RNAP erstellt (Abb. 18C). Zusammen mit der bereits bekannten RNA-Bindungsflachen an die NusA-
SKK (Schweimer et al., 2011), konnte ein Model erstellt werden, wie die naszierende RNA durch die

NusA-NTD zur NusA-SKK gefidelt wird und sich um diese herumwindet (Abb. 18D).

Abbildung 19: Bindungsstellen der Nus-Faktoren an die RNAP. Die Struktur der RNAP ist zentral in
Oberflichendarstellung gezeigt (PDB-Code: 2051). au: gelb az: griin; B: hellblau, f*: dunkelblau; w: ocker; B’CH: rot; BGL:
orange; BFTH: grau; RNA: lila. Die Strukturen der NusA-NTD (PDB-Code: 2KWP, Einzelarbeit C), NusG-NTD (PDB-
Code: 2K06, Mooney et al., 2009b) und des NusE2:NusB-Heterodimers (PDB-Code: 3D3B, Luo et al., 2008) sind ebenfalls
in Oberflichendarstellung gezeigt. Die bei der Titration mit der RNAP stark betroffenen Reste sind in rot gekennzeichnet, die
miBig Betroffenen in orange. In gelb sind benachbarte Reste von betroffenen Resten markiert, sofern sie nicht selbst ein
nicht betroffenes Ile, Val oder Leu waren. Die Pfeile zeigen an welche Stelle der RNAP der jeweilige Faktor bindet. Wihrend
fiir NusA-NTD und NusG-NTD die Bindungsflichen auf Seiten der RNAP gut bestimmt sind, kann fiir NusE2 nur gesagt
werden, dass es an die -Untereinheit bindet.
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Fiir NusE* konnte ebenfalls eine einheitliche Bindungsfliche an die RNAP bestimmt werden (Abb.
19). Im NusE*:NusB-Heterodimer ist diese Fliche frei zuginglich, jedoch iiberlagert sie mit der
Bindungsfliche der NusG-CTD (Burmann et al., 2010). Durch HSQC-Verdringungsexperimente
wurde gezeigt, dass eine gleichzeitige Bindung der NusG-CTD und RNAP nicht moglich ist und die
Affinitdten von NusG-CTD und RNAP an NusE dhnlich sind (Einzelarbeit D, Abb. 3). Daher liegt fiir
die Bindung von NusE an NusG-CTD oder RNAP ein Gleichgewicht vor, zumindest wenn keine
weiteren Einfliisse oder Faktoren vorhanden sind. Mégliche Faktoren konnten beispielsweise weitere
Nus-Faktoren oder bestimmte Sequenzen der naszierenden RNA sein. Die Verdringungsexperimente

zeigen auBerdem, dass die ermittelte Bindungsfliche an die RNAP korrekt ist.

Generell kann durch die vorgestellte Messmethode die RNAP-Bindungsflache von jedem beliebigen
Protein bestimmt werden. Hierbei sind keine aufwendigen Klonierungen oder Mutationen nétig und
die Bindung kann am Wildtypprotein gemessen werden. Prinzipiell ist diese Methode auch fiir andere
Systeme geeignet bei dem ein kleiner Bindungspartner mit einem supramolekularen Komplex
interagiert. Im Bereich der Transkription kdnnten die Bindungsstellen der Nus-Faktoren an den Rho-

Faktor analog bestimmt werden.
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4. Abkiirzungsverzeichnis
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BFTH
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kDa

KH
MtNusG
M. tuberculosis
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NOE
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NTP
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RNA
RNAP
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Circulardichroismus
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Escherichia coli
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Heteronuclear single quantum coherence
Kilodalton
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NusG aus Mycobacterium tuberculosis
Mycobacterium tuberculosis

Nuclear magnetic resonance spectroscopy
Nuklearer Overhauser Effekt

Nukleotide
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Ribonukleosidtriphosphat

N utilization substance A, B, E, G

NusE bei dem die Reste 46-67 durch ein Serin ersetzt wurden
N utilization site

operon polarity suppressor DNA
Pyrophosphat

Ribonukleinsiure

RNA-Polymerase

Carboxy-terminale Domine der a-Untereinheit der RNAP
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RNAP™
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SDS-PAGE
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Amino-terminale Domine der a-Untereinheit der RNAP
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Transcription elongation factor NusG from Escherichia coli couples transcription and translation. It is the only conserved
transcription factor in all three kingdoms of life, playing a variety of roles in gene expression. E. coli NusG consists of
two non-interacting domains. While the N-terminal domain interacts with RNA polymerase, the C-terminal domain con-
tacts NusE (S10), or the Rho transcription termination factor. The two corresponding domains of Thermotoga maritima
NusG are mutually interacting. Therefore, NusG here forms an autoinhibited state, where the binding sites to RNAP,
NusE, and the Rho factor are masked. Recent functional studies showed differences between NusG from E. coli and
Mycobacterium tuberculosis. In contrast to E. coli NusG, M. tuberculosis NusG is able to stimulate intrinsic termination,
but is not able to bind the Rho factor. To analyze whether this has structural reasons, we determined the solution struc-
ture of the carboxyterminal domain of M. tuberculosis NusG by nuclear magnetic resonance spectroscopy. Furthermore,
we modeled the wild-type full-length protein, and present evidence that the two domains of this protein do not interact

in solution by NMR dynamics measurements.

Keywords: bacterial transcription; NusG; RfaH; NMR; Mycobacterium tuberculosis

Introduction

Transcription of deoxyribonucleic acid (DNA) to ribonu-
cleic acid (RNA) in bacteria is performed by the RNA-
polymerase (RNAP) core enzyme. RNAP moves along the
DNA template to synthesize the corresponding RNA
strand. This RNAP movement along the DNA is not uni-
form, but is modulated by nucleic acid sequences, small
molecule regulators, and proteins such as the N-utilization
substances (Nus) A, B, E, and G (Roberts, Shankar, &
Filter, 2008).

NusG is conserved among archaea and bacteria, and
it is highly homologous to the eukaryotic elongation factor
Spt5 (Werner, 2012). The E. coli NusG amino-terminal
domain (NTD) interacts with RNAP and increases the
transcription rate of the transcription elongation complex
(Mooney, Schweimer, Rosch, Gottesman, & Landick,
2009). The E. coli NusG (EcNusG) carboxyterminal
domain (CTD) interacts with E. coli NusE (ribosomal pro-
tein S10) and, alternatively, E. coli termination factor Rho
(Burmann et al.,, 2010). The two EcNusG structural
domains, CTD and NTD, consisting in total of 181 amino
acids, are connected via a flexible linker and move inde-
pendently (Burmann, Scheckenhofer, Schweimer, &
Rosch, 2011; Mooney et al., 2009).

Like EcNusG, NusG proteins from other bacteria
such as Thermus thermophilus and Aquifex aeolicus (A.
aeolicus) also lack intramolecular domain interactions
(Reay et al., 2004; Steiner, Kaiser, Marinkovic, Huber,
& Wahl, 2002). Contrasting, the NusG paralogue RfaH
of E. coli exhibits a NusG-like NTD but a differently
folded, a-helical CTD tightly associated with the NTD
(Belogurov et al., 2007). Upon domain opening, the
RfaH-CTD refolds into an all-B-sheet conformation that
is structurally highly similar to NusG-CTD (Burmann
et al, 2012). This domain interaction serves as an
autoinhibitory mechanism to avoid interference with the
general transcription factor NusG. A related closed
structure was observed in Thermotoga maritima NusG
(TmNusG), where the NTD and CTD are mutually
interacting within the crystal unit (Drogemiiller et al.,
2013). This interaction was confirmed by NMR relax-
ation as well as residual dipolar coupling data in solu-
tion, excluding the possibility of crystal packing effects
(Drogemiiller et al., 2013). In both RfaH and 7mNusG,
the CTD masks a hydrophobic surface on the NTD
that is interacting with the RNAP to modulate tran-
scription (Belogurov et al., 2007; Drogemiiller et al.,
2013).
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TmNusG and A. aeolicus NusG (4aNusQG) contain an
additional domain of approximately 60 residues within
the NTD. For 7TmNusG, the additional domain was sug-
gested to be able to bind nucleic acids (Liao, Lurz,
Dobrinski, & Dennis, 1996). 4aNusG forms domain-
swapped dimers under certain crystallization conditions,
but the physiological relevance of this dimer remains
unclear, as under different conditions 4aNusG also crys-
tallizes as a monomer (Knowlton et al., 2003; Steiner
et al., 2002).

As the functional details of Mycobacterium
tuberculosis (M. tuberculosis) NusG (MfNusG) remain
poorly understood, we investigated the structural proper-
ties of this protein. These studies revealed distinct flexi-
ble parts that are not found in related NusG proteins
studied earlier. Further, we report the high-resolution
solution structure of MfNusG-CTD, revealing a typical
NusG-CTD-fold, and experimental evidence that NTD
and CTD do not strongly mutually interact in this
protein.

Materials and methods
Cloning

The MfNusG gene optimized to E. coli codon usage was
purchased from GenScript (USA) and subsequently
cloned into pET11a (Novagen, Germany) via Ndel and
BamHI1 (pET1la_MiNusG). A DNA fragment coding
MtNusG-CTD (residues 178-238) was cloned into
pET101/D-TOPO (Invitrogen, Germany) containing an
amino-terminal hexa-histidine tag as well as a tobacco
etch virus (TEV) protease cleavage site between the His-
tag and NusG-CTD (pET101/D-TOPO_6His-MNusG-
CTD). The MtNusG-NTD (residues 1-178) gene was
cloned into pET-GBla (G. Stie, EMBL, Heidelberg,
Germany) via Ncol and BamH]I, with a GB1-(streptococ-
cal immunoglobulin-binding domain of protein G) fusion
tag, an amino-terminal hexa-histidine tag, and a TEV
protease cleavage site between GB1 and NusG-NTD
(pETGB_1la_MfNusG-NTD).

Media

Bacterial cells were grown in 21 Luria broth (LB;
Sambrook, Fritsch, & Maniatis, 1994) in the presence of
the required antibiotic (30 pg/ml kanamycin or 100 pg/ml
ampicillin). For "’N-labeling, bacteria were grown in M9
minimal medium supplemented with 1 x MEM vitamin
solution (Gibco, Germany), TS2 solution, and
(**NH,4),SO, (Campro Scientific, Germany) as the only
nitrogen source (Meyer & Schlegel, 1983; Sambrook
et al., 1994). For ">N/"*C double labeled proteins, 4 g/l
p-[*C]-glucose (Spectra Stable Isotopes, USA) was used
as sole carbon source.

Expression and purification of MtNusG

E. coli BL21 DE3 (NEB, Germany) harboring
pET11a MfNusG was grown at 37 °C to an ODggy of
0.6-0.8. Gene expression was induced by adding 0.5 mM
isopropyl 1-thio-B-np-galactopyranoside (IPTG). The cells
were harvested 3 h after induction by centrifugation
(9000 x g, 15 min, 4 °C), and the cell pellet was resus-
pended in 50 mM Tris/HCI, 150 mM NacCl, pH 7.5 (buf-
fer A) four times their weight, and stored at —20 °C
overnight. Subsequently, the cells were thawed, and after
addition of half a tablet of EDTA-free protease inhibitor
(Roche, Germany), they were lysed using a microflu-
idizer (MFTI Corporation, USA). After centrifugation of
the lysate for 30 min at 4 °C, 12,000 g to remove cell
debris, 0.313 g/ml ammonium sulfate were added to the
supernatant under continuous stirring for 15 min at room
temperature and 30 min at 4 °C. Subsequently, it was
centrifuged for 20 min at 4000 g, 4 °C. The pellet was
dissolved in 40 ml of 20 mM Na-phosphate, pH 7.0 (buf-
fer B), and dialyzed against this buffer overnight. The
dialysate was applied to a HiTrap Blue HP column (GE
Healthcare, Germany) and eluted with an NaCl step
gradient up to 2 M. Fractions containing M{NusG were
pooled, dialyzed overnight against buffer B at 4 °C,
applied to a HiTrap Heparin HP column (GE Healthcare,
Germany), and eluted with a NaCl step gradient up to
2 M. MfNusG containing fractions were dialyzed over-
night against buffer B with 150 mM NaCl at 4 °C. The
final purification step was performed with a Superdex75
size exclusion column (GE Healthcare, Germany) with
buffer B supplemented with 150 mM NaCl. Fractions
containing pure M¢NusG were pooled, concentrated by
ultrafiltration (MWCO = 5000 Da, Sartorius, Germany),
and stored at —80 °C after shock-freezing with liquid
nitrogen.

Expression and purification of MtNusG-CTD (178-238)

E. coli BL21 DE3 harboring pET101/DTOPO_6His-
MtNusG-CTD was grown and harvested as described
above. However, induction was performed with 1 mM
IPTG, and cells were harvested 4 h after induction. The
cell pellet was resuspended in buffer (buffer A + 10 mM
imidazole) four times the cell mass and stored at
—20 °C. After cell lysis, the supernatant was applied to a
5ml Ni**-HisTrap column (GE Healthcare, Germany),
and the protein was purified by an imidazole step
gradient (0.01-1 M). The fractions containing 6His-
MMNusG-CTD were pooled and the His-tag was cleaved
off by TEV-protease during dialysis against buffer A at
room temperature overnight. The His-tag and the TEV
protease were removed by a second Ni*-affinity chro-
matography. The untagged M{NusG-CTD protein was
collected in the flow-through, concentrated by
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ultrafiltration (MWCO = 5000 Da, Sartorius, Germany),
and stored at —80 °C after shock-freezing with liquid
nitrogen.

Expression and purification of MtNusG-NTD (1-178)

E. coli BL21 DE3 harboring pETGB_la MfNusG-NTD
(1-178) was grown and harvested as described for the
full-length MfNusG. Resuspension, lysis, and purification
were as described for MfNusG-CTD.

NMR spectroscopy

NMR spectra were recorded on Bruker Avance
600 MHz, Avance 700 MHz, and Avance 800 MHz spec-
trometers; the latter two equipped with cryogenically
cooled triple resonance probeheads at 298 K. For
the assignment of M/MNusG-CTD, triple resonance
experiments with selective proton pulses (BEST-NMR-
experiments) were performed (Lescop, Schanda, &
Brutscher, 2007). NMR spectra to assign chemical shifts
were obtained from 1 mM [U-'° N, '*C]-MNusG-CTD
in 25mM HEPES, 150mM NaCl, pH 7.0, and
supplemented with 10% D,0. Three-dimensional (3D)
BC- and '"N-edited NOESY (nuclear Overhauser
enhancement spectroscopy) experiments (mixing times
120 ms) were recorded for derivation of distance
restraints. Residual dipolar couplings were determined
using a sample containing 10 mg/ml Pfl phages
(Hansen, Mueller, & Pardi, 1998; Hyglos, Germany)
with in-phase anti-phase methodology (Ottiger, Delaglio,
& Bax, 1998). NMR data were processed using in-house
software and visualized as well as analyzed with
NMRView (Johnson, 2004).

For the characterization of overall and internal
motion, °N longitudinal (R,) and transverse (R,) relax-
ation rates together with {'H}'°N steady-state NOEs
were recorded using standard methods (Kay, Torchia, &
Bax, 1989) at 700.2 MHz 'H frequency at 298 K. Relax-
ation delays for R; and R, relaxation experiments were
fitted to a mono-exponential decay using the program
curve fit (A.G. Palmer, Dept. of Biochemistry and
Molecular Biophysics, Columbia University, USA).

Structure calculation

Distances derived from NOEs have been assigned to val-
ues of 5, 4, and 3 A according to their intensities. Dihe-
dral backbone angle restraints were obtained from
chemical shifts using the program TALOS (Cornilescu,
Delaglio, & Bax, 1999). Structure calculations were per-
formed with XPLOR-NIH 1.2.1 (Schwieters, Kuszewski,
Tjandra, & Clore, 2003) using a three-step simulated
annealing protocol with floating assignment of prochiral
groups including a conformational database potential.

Structure of Mycobacterium tuberculosis NusG 3

The ten structures showing the lowest values of the tar-
get function excluding the database potential were further
analyzed with X-PLOR-NIH (Schwieters et al., 2003),
PyMOL (DeLano, 2007), and PROCHECK 3.54
(Laskowski, MacArthur, Moss, & Thornton, 1993).
Coordinates were deposited in the Protein Data Bank
(PDB accession code: 2MI6), and chemical shift assign-
ments were deposited in the BioMagResBank (BMRB,
accession code 19,667).

CD-spectroscopy

Far UV CD measurements were performed on a J-1100
spectropolarimeter with a CDF-426S temperature control
unit (JASCO International, Japan). Samples were pre-
pared by dialyzing protein solutions against 10 mM Na-
phosphate buffer, pH 7.5. Spectra were recorded at
298 K in a wavelength range of 185-260 nm with
50 nm/min scanning speed in a 1-mm path length quartz
cuvette (Hellma, Miillheim, Germany) at a protein con-
centration of 10 uM. Buffer spectra were subtracted, and
10 spectra were accumulated. In order to normalize the
measured ellipticity, the mean residue molar ellipticity
was calculated as:

O yrw = 0/(c-d-N) 1)

6 is the measured ellipticity; MRW is the mean residue
mass; c is the protein concentration; d is the path length;
and N is the number of amino acids. The secondary
structure content was assessed by using the DichroWeb
server with the CDSSTR-algorithm (Sreerama & Woody,
2000).

Computational methods

We used with default parameters: multiple sequence
alignment, ClustalW2 (EMBL-EBI; Larkin et al., 2007);
graphics of protein structures, PyMOL v1.0 (DeLano,
2007); secondary structure predictions, PSIPRED (Jones,
1999); homology modeling, I-TASSER (Roy, Kucukural,
& Zhang, 2010). Calculations of the electrostatic poten-
tials were performed with the PyMOL-included APBS
tool. The required pqr-files were prepared using the
pdb2pqr web server (AMBER force field; Dolinsky,
Nielsen, McCammon, & Baker, 2004).

Results and discussion
Structural analysis of full-length MtNusG

Initial sequence alignments revealed that MfNusG has 40
additional amino-terminal residues compared to AaNusG,
TmNusG, and EcNusG (Figure S1), but lacks the domain
insertion within the NTD that was found in 4aNusG as
well as in TmNusG. Furthermore, the CTD:NTD linker
of MMNusG is extended in comparison to the other NusG
proteins.
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The 2D ['H, '""N] heteronuclear single-quantum
coherence (HSQC) spectrum of [U-""N]-MNusG (U
denotes uniform labeling) displays the typical large dis-
persion of resonance signals characteristic for a well-
folded protein domain (Figure 1(A)). In addition to the
well-dispersed signals, several sharp, intense peaks are
visible in the random-coil region of the spectrum
(Figure 1(B)). Most likely, these signals belong to the
residues of the amino-terminal extension and/or the large
linker region pointing to the high flexibility of these
regions. The large degree of flexibility is additionally
indicated by the high degree of disordered elements
inferred from the CD-spectra of the full-length protein as
well as the individual domains (Table 1, Figure 1(C)).
The full-length MfNusG and MNusG-NTD show flexible
parts over 50% of the protein sequence, compared to
40% in the E. coli protein (Kalyani, Kunamneni, Wal,
Ranjan, & Sen, 2015). However, the stability of the

(3)110 o ¥ e

115 *

.
- ’ %ot
120 - ap® €.

8N (ppm)

125 |* g

(b) 110
Fa ¥
E 15
[=1
2
F 120
w s
[T
125 s

95 90 B85 80 75 7.0
8 'H (ppm)

full-length MfMNusG protein samples was insufficient to
record triple-resonance spectra that would have been
necessary for sequence-specific resonance assignment
and solution structure determination. Therefore, the two
domains were produced, analyzed separately (NTD: resi-
dues 1-178; CTD: residues 178-238), and compared with
full-length protein subsequently.

Homology models for MtNusG-NTD

The well-dispersed 2D ['H, '°N] HSQC-spectrum of
MtNusG-NTD shows nearly perfect overlap with the
spectrum of full-length MNusG, indicative of the native
fold for this single-domain construct (Figure 2(A)). As
the long-term stability for this construct was insufficient
for resonance assignments, we resorted to in silico sec-
ondary structure prediction by PSIPRED (Jones, 1999),
which suggested the N-terminus to be devoid of any
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Figure 1. Spectroscopic analysis of full-length MNusG. (A) ['H, 'N] HSQC spectrum of 0.3 mM [U-'’N]-MNusG in 25 mM
Na-phosphate, 150 mM NaCl, pH 7.5 at 298 K. (B) Same spectrum as in panel (A) plotted at high contour level, showing the high-
intensity resonances. (C) Overlay of the CD-spectra for MfMNusG (black), MfNusG-NTD (red), and MfNusG-CTD. Oyrw Vs. wave-
length in nm. ©ygrw Was calculated according to Equation (1). Temperature, 298 K.
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Table 1. Secondary structure content determined by signal intensity of these residues observed in our NMR
CD-spectroscopy. experiments indicates a high flexibility of this region,
achelix ~ p-sheet  Poturns  Unordered essentially ruling out its participation in dimerization

Construct (%) (%) (%) (%) and/or binding interface masking. The formation of
cross-links might therefore just represent one possible

MtNusG 19 27 23 32 f p £ th p inal p ids. As th
MiNusG-NTD 30 19 7 30 conformation of the amino-terminal amino acids. As the
MNusG-CTD 9 38 17 36 overall charge distributions on the surfaces of EcNusG

stable secondary structure elements up to residue 35
(Figure S2). To obtain a 3D model, we analyzed the
MtNusG-NTD sequence by multiple-threading sequence
alignment with the I-TASSER webserver (Roy et al,
2010), which calculated five structures (Figure 3).
Whereas overall the predictions were almost identical,
the relative orientation of the 35-40 amino-terminal resi-
dues remained undefined. Based on these in silico analy-
ses, we therefore conclude that MMNusG-NTD has a
typical NusG-NTD-fold. This fold is highly conserved as
NusG-NTD binds to RNAP in all three kingdoms of life
(Werner, 2012). Additionally MfNusG-NTD has an addi-
tional, flexible, and mainly unstructured amino-terminus.
This observation is further supported by the observation
that signals within the 2D ['H, '"N] HSQC-spectrum
accumulate at chemical shift regions which are charac-
teristic for residues embedded in unstructured parts of
proteins (5('H)=7.9-8.5 ppm; Figures 1(B) and 2(A)).
The amino-terminus consists mainly of alanines and
polar, mostly acidic residues (12 alanine, 4 glutamic acid,
5 aspartic acid, and 4 threonine). The N-terminus was
recently proposed to be important for dimer formation
by pBlast analysis or for masking a hydrophobic surface
on the NTD or CTD on the basis of in vitro cross-
linking experiments (Kalyani et al., 2015). The high

and MfNusG Al1-40 are very similar (Figure S3), mask-
ing of hydrophobic parts of the latter protein may not be
essential in M. tuberculosis. Calculations with the
ExPASy ProtParam webtool (Gasteiger et al., 2005)
showed that the presence of the additional 40 amino
acids at the amino-terminus leads to a lowering of the
isoelectric point from 8.3 (residues 41-178) to 4.9
(residues 1-178). This suggests that the flexible terminus
may function as a solubility tag, which was supported by
the observation by us and others of reduced solubility of
MiNusG-constructs lacking parts of this amino-terminal
tail (Kalyani et al., 2015).

Structure of MtNusG-CTD

In contrast to the MfNusG-NTD, high-resolution NMR
data were easily obtained for the MMNusG-CTD using a
construct comprising residues 178-238. Resonance
assignments for MfNusG-CTD were possible using stan-
dard double- and triple-resonance through-bond and
through-space NMR experiments, yielding high-quality
spectra (Figures 4(A) and S4). A total of 1016 restraints
for the structure calculation of the CTD could be derived
from the NMR data (Table 2). The ensemble of 10
structures resulting from the final structure calculation
(Figure 4(B)) shows no distance restraint violations
larger than 0.1 A and is devoid of dihedral restraint
violations larger than 3°. The structures superimpose
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Figure 2. Overlays of the ['H, °N] HSQC spectrum of MfNusG with the ['H, N] HSQC spectra of MNusG-CTD and M#NusG-
NTD. (A) 300 uM [U-'*N]-MtNusG in 20 mM Na-phosphate, 150 mM NaCl, pH 7.0, black. 700 uM of [U-'"N]-MfNusG-NTD in
25 mM HEPES, 150 mM NaCl, pH 7.0, red. (B) Spectrum as in (A) black, 1.1 mM [U-">C, "*N]-MtNusG-CTD in 25 mM HEPES,
150 mM NaCl, pH 7.5, blue. (C) Overlay of the three spectra. Colors are as in panel A and B. Temperature was 298 K for all mea-
surements.
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(A)

180°

EcNusG
modell
model2
model3
model4
model5

Figure 3.

(©)

Homology models for MfNusG-NTD calculated via the I-TASSER web server. (A) Cartoon representation of the five

MiNusG-NTD models calculated by I-TASSER (Roy et al., 2010) and the structure of EcNusG-NTD (PDB-code: 2K06, Mooney
et al., 2009), purple. The initial 40 residues are omitted for clarity. (B) Gray: the five homology models in the same orientation as in
(A). The initial 40 amino acids are colored as in (A). These residues show partly helical content, but lack fixed orientation relative to
the rest of the NTD and are therefore assumed to be flexible. (C) Isolated initial 40 amino acids. (D) Structural alignment of the first

40 amino acids of the five different models.

well with a coordinate precision of 0.3 A backbone rmsd
(root mean square deviation) and reasonable stercochemi-
cal properties.

MtNusG-CTD consists of five  strands (B1: Ser190—
Vall93; B2: Pro202-Asn209; B3: Lys214-Val219; B4:
Thr226-Thr231; and B5: Val235-11e238, numbering
according to wild-type full-length MfNusG) forming an

antiparallel barrel-type [-sheet with strand order
B5-B1-B2-pB3-p4 (Figure 4(C)), in good agreement with
the CD data (Table 1, Figure 1(C)). Analysis of the sec-
ondary chemical shifts showed that these secondary
structure elements are stable in solution (Figure S5). On
the basis of an in silico model of the MfNusG-CTD, a
slightly distorted CTD with altered B-strand orientations
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Figure 4. Solution structure of MfNusG-CTD. (A) ['H, '°N]
HSQC spectrum of 1.1 mM [U-"3C, '“N]-MMNusG-CTD in
25 mM HEPES, 150 mM NaCl, and pH 7.5 at 298 K. The
sequence-specific resonance assignments obtained from 3D tri-
ple resonance experiments are indicated. Folded glycine peaks
are shown in red. (B) Structural ensemble of 10 accepted low-
est energy structures. The disordered region belongs to the
amino-terminal part of the CTD and is part of the flexible lin-
ker within the full-length protein. (C) Ribbon representation of
the calculated structure exhibiting the lowest energy. The struc-
ture was determined with experimental NMR restraints obtained
from the MfNusG-CTD construct. The termini as well as the
secondary structure elements are indicated.
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within the barrel-like CTD structure was proposed
(Kalyani et al., 2015). Based on our NOE data and espe-
cially on the RDCs, yielding orientational restraints, we
can unambiguously show that the MfMNusG-CTD exhibits
a typical NusG-CTD-fold wunder our experimental
conditions. The MfMNusG-CTD solution structure compared
to the corresponding domains of EcNusG (PDB code:
2JVV; Mooney et al., 2009), 4aNusG (PDB code: IMI1G;
Steiner et al., 2002), 7/NusG (PDB code: 1NZ9; Reay
et al, 2004), and T7mNusG (PDB code: 2LQS8;
Drogemiiller et al., 2013) yielded backbone rmsds of 0.9—
1.4 A, confirming their high degree of structural similarity.

The domains of MtNusG are flexibly linked

An overlay of the two-dimensional (2D) spectra of the
full-length protein and M¢NusG-CTD (Figure 2(B))
showed that the chemical shifts of the residues belonging
to the CTD were virtually identical in the full-length pro-
tein and the isolated CTD for all residues within the
folded domain. Small deviations could only be observed
for the resonances of the amino-terminal residues of the
CTD that are part of the linker region between NTD and
CTD in the full-length protein. These small chemical
shift differences can be attributed to different linker
conformations in the wild-type MfNusG compared to
the single-domain construct. The 2D ['H, 'N] HSQC-
spectrum of MMNusG-NTD also superimposes well with
the spectrum of full-length MfNusG (Figure 2(A)). Slight
alterations in buffer- and pH-conditions might be the rea-
son for the minor differences in the chemical shifts. To
assess the possibility of transient domain interactions, we
performed a titration of [U-'’N]-MNusG-NTD with
increasing amounts of unlabeled MMNusG-CTD up to a
twofold excess, however, no chemical shift changes or
changes in signal intensities were observed (Figure S6).
The absence of spectral changes upon titration of the
individual domains is in stark contrast to the effects
observed for 7mNusG, where domain interactions can
clearly be derived from the large chemical shift
differences caused by titration of either domain with its
complementary domain (Drogemiiller et al., 2013).

>N relaxation measurements were performed to fur-
ther investigate the relative domain motions. The ratios
of "N transversal (R,) and longitudinal (R,) relaxation
rates are sensitive to the tumbling of proteins. With
increasing rotational correlation time, R; decreases, while
R, increases. Therefore, the ratio R,/R; is a sensitive
measure of molecular reorientation in solution. Globular
proteins are characterized by a single rotational diffusion
tensor. This results in a narrow and uniform distribution
of R,/R, ratios. In the case of different correlation times
for reorientation of the two domains, a non-uniform
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Table 2. Solution structure statistics.

Experimentally derived restraints

Distance restraints

NOE 867
Intraresidual 372
Sequential 208
Medium range 59
Long range 228
Hydrogen bonds 34
Dihedral restraints 78
Residual dipolar couplings 37
Restraint violation
Avegage distance restraint violation 0.004 +0.0002
A
Ma)gimum distance restraint violation < 0.1
A

Average dihedral restraint violation (°) 0.2 +0.08
Maximum dihedral restraint violation 2.6

©)
Average rdc restraint violation (Hz) 0.09+0.01
Maximum rdc restraint violation (Hz)  0.32

Deviation from ideal geometry

Bond length (A) 0.00043 +
0.00002

Bond angle (°) 0.09+0.002

Coordinate precision™®

Backbone heavy atoms (A) 0.30

All heavy atoms (A) 0.76

Ramachandran plot statistics® (%) 89.6/9.2/1.2/0.0

*The precision of the coordinates is defined as the average atomic root
mean square difference between the accepted simulated annealing struc-
tures and the corresponding mean structure calculated for the given
sequence regions.

Pcalculated for residues Aspl84-11e283 (numbering according to full-
length MNusG).

‘Ramachandran plot statistics are determined by PROCHECK and
noted by most favored/additionally allowed/generously allowed/disal-
lowed.

R>/R, distribution will be observed (Burmann et al.,
2012; Drogemiiller et al., 2013; Horstmann et al., 2006).
The distribution of R,/R, ratios of full-length MfNusG is
composed of mainly three regions (Figure 5). R,/R,
ratios about 1-8 are characteristic for highly flexible
regions of the protein, here the amino-terminal extension
and the interdomain linker. The region with R,/R, ratios
about 10-16 (range of Ry: 1.3-1.4 s ! range of Ry: 14—
20 s7") corresponds to residues which in large majority
belong to the CTD (no CTD residue shows an R,/R;
ratio larger than 16). This corresponds to an approximate
effective rotational correlation time of 812 ns. Residues
with R,/R; ratio in the range of 30-60 (range of R;:
0.7-0.8 s~', range of R,: 25-38 s ') are in the NTD.
The significant differences of R,/R; ratios between
residues from CTD and NTD demonstrate a different

25 . : : : : :
20t ]
CTD NTD
15} 5 ]
=
8
10} ]
5- J‘Lu ‘ |
0 | | I |||| | | ‘Ih |||||| gl
0 10 20 30 40 50 60 70

R,/R

1

Figure 5. MfNusG domains do not interact. The distribution
of the ratio of '°N transverse relaxation rate R, and longitudinal
relaxation rate R; at 16.1 T. Residues from the CTD (blue),
NTD (red), and other residues (black) are indicated. The
experiments were measured with a sample of 400 uM [U-H,
5N]-MNusG in 20 mM Na-phosphate, 150 mM NaCl, pH 7.0
at 298 K.

reorientation on the timescale of molecular rotation (low
ns) and rule out a defined stable domain interaction in
MiNusG. From the relaxation data, approximate effective
rotational correlation times of 10 (+2) ns for the CTD
and 22 (£5) ns for the NTD are estimated. The presence
of large interdomain motions, altering the global shape
of the protein during molecular tumbling, prevents a
more detailed analysis.

Thus, no tight domain interactions could be detected
for MtNusG, in complete analogy to the E. coli protein
(Burmann et al., 2011).

Conclusion

The data presented here show that the M¢NusG-CTD
exhibits a typical NusG-CTD-fold as is additionally evi-
denced by the ability of this domain to interact with
MNusE (Kalyani et al., 2015). This is in contrast to a
prediction on the basis of CD-spectroscopy measure-
ments and trypsin proteolytic cleavage (Kalyani et al.,
2015). In Kalyani et al. (2015), EcNusG-CTD was prone
to trypsin digestion, in contrast to MNusG-CTD. There-
fore, it was proposed that MMNusG-CTD has a different,
more compact structure. These results, however, have to
be treated with care as the EcNusG-CTD construct used
has two potential trypsin cleavage sites at the
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amino-terminus, which corresponds to the flexible,
unstructured linker in the full-length protein, while their
MNusG-CTD construct has no potential trypsin cleavage
site in this region. Therefore, the observed protein cleav-
age of EcNusG-CTD may be due to a cleavage in this
unstructured region.

We also showed that the domains of MfNusG are
flexibly linked and do not noticeably interact with each
other. Therefore, among the NusG-type proteins studied
so far, the thermostable 7mNusG is the only one where
interactions between NTD and B-barrel-type CTD can
easily be detected by ['H, '"N] HSQC (Drdgemiiller
et al., 2013). Functionally, 7mNusG seems to be in an
autoinhibited state as the CTD:NTD interaction masks
the respective binding surfaces to NusE, Rho, and RNAP
for both domains, in analogy to the E. coli protein RfaH,
where, however, the CTD transforms completely to -
helical state to accommodate stable domain interactions
(Belogurov et al., 2007; Burmann et al., 2012).

The main function of NusG in E. coli is modification
of RNAP into a pause-resistant state and the maintenance
of operon borders by transcription termination in com-
bination with the Rho termination factor in order to
silence horizontally acquired gene (Cardinale et al.,
2008). Its homologous protein 7mNusG favors forward
translocation of RNAP like its E. coli counterpart, but
slows down transcription elongation like B. subtilis
NusG (Sevostyanova & Artsimovitch, 2010; Yakhnin &
Babitzke, 2010). Initial functional characterization of B.
subtilis NusG revealed its stimulating effect in hairpin-
dependent termination, which resembles MfNusG action
(Czyz, Mooney, laconi, & Landick, 2014; Kalyani et al.,
2015; Yakhnin & Babitzke, 2010). The termination
enhancing effect of mycobacterial NusG does neither
rely on the electrostatic properties (Figure S3) nor the N-
terminal extension nor the enhanced linker (Czyz et al.,
2014). In addition, we showed that the structure and
domain flexibility of M¢NusG is similar to that of
EcNusG, leading to the assumption that differences in
the binding sites or structural effects on RNAP are the
reasons for the functional differences. This, however, has
to be elucidated in more detail in future studies. Based
on the variable effects of NusG from different organisms,
a basic function of NusG proteins as a linker protein for
different factors modulating RNAP could be derived
(Sevostyanova & Artsimovitch, 2010), whereas the
bacterial species-specific functions remain to be function-
ally and structurally assessed.
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maritima: A58-120; A. aeolicus: A66-125). The secondary structure elements on the basis of the 7mNusG crystal structure
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Figure S2. Secondary structure prediction for MtNusG-NTD with PSIPRED (Jones, 1999). a-helices, blue; p-strands,
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Figure S3. Comparison of the electrostatic potentials on the solvent accessible surfaces of MtNusG and EcNusG.
Electrostatic surface potential from -3 kT/e, red, to +3 kT/e, blue. A) E. coli protein, pdb-codes 2K06 (EcNusG-NTD) and
2JVV (EcNusG-CTD; Mooney, Schweimer, Rosch, Gottesman, & Landick, 2009). B) MNusG-CTD, pdb-code 2MI6, our
data, and MtNusG-NTD, first - TASSER model omitting 40 amino-terminal amino acids.
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ABSTRACT

NusA and NusG are major regulators of bacterial
transcription elongation, which act either in concert
or antagonistically. Both bind to RNA polymerase
(RNAP), regulating pausing as well as intrinsic and
Rho-dependent termination. Here, we demonstrate
by nuclear magnetic resonance spectroscopy that
the Escherichia coli NusG amino-terminal domain
forms a complex with the acidic repeat domain 2
(AR2) of NusA. The interaction surface of either tran-
scription factor overlaps with the respective binding
site for RNAP. We show that NusA-AR2 is able to
remove NusG from RNAP. Our in vivo and in vitro
results suggest that interaction between NusA and
NusG could play various regulatory roles during tran-
scription, including recruitment of NusG to RNAP,
resynchronization of transcription:translation cou-
pling, and modulation of termination efficiency.

INTRODUCTION

Transcription, the first step in gene expression, is highly
regulated by a multitude of transcription factors. The
core transcription machinery is RNA polymerase (RNAP),
which consists of five subunits in bacteria (2 x «, B, B, and
) (1). RNAP initiates RNA synthesis at a promoter (initi-
ation), extends the nascent RNA (elongation), and releases
the RNA at a terminator (termination) (2). Among Es-
cherichia coli (E. coli) transcription factors, N-Utilization
Substances (Nus) A and G are the only ones known to af-
fect both the speed of RNA chain elongation and termina-
tion (3). NusG (Spt5 in archaea and eukaryotes), the only
universally conserved transcription factor, is composed of
an N-terminal domain (NTD) flexibly connected to a C-
terminal domain (CTD) (Supplementary Figure S1A) (4,5).
NusG-NTD interacts with the B’ clamp helices (3’CH) and
the B gate loop (BGL) of RNAP to increase RNAP proces-
sivity (4,6,7). NusG-CTD is target of at least two cellular

partners, termination factor Rho and antitermination fac-
tor NusE, which is identical to ribosomal protein S10 (8,9).
NusA comprises an NTD that binds to the B flap tip he-
lix of RNAP at the RNA exit channel, three RNA binding
motifs (SI, KH1, KH2) that together form the SKK do-
main, and, in E. coli and other y-proteobacteria, two addi-
tional C-terminal acidic repeat domains (AR1, AR2; Sup-
plementary Figure S1B) (10-14). NusA-ARI interacts with
N protein of phage A, but is not essential for N-mediated
suppression of transcription termination (antitermination)
(15-17). NusA-AR2 can bind either to the CTD of the
RNAP «a-subunit («CTD) or to the NusA-SKK. NusA-
AR?2 attached to NusA-SKK autoinhibits NusA activity by
preventing RNA binding (15,18).

NusA and NusG differentially alter the properties of
the transcription elongation complex (TEC) via direct and
independent interactions (3). NusG increases TEC pro-
cessivity whereas NusA slows RNAP by either increas-
ing pause times or by introducing new pause sites (19).
The two factors have context-dependent effects on termi-
nation and act either in concert or as antagonists. On the
one hand, NusG and NusA are proposed to support Rho
cooperatively to suppress the toxic functions of foreign
genes. On the other hand, both are part of antitermina-
tion complexes on ribosomal RNA and phage N nascent
transcripts (20-23). Furthermore, NusA can enhance or de-
crease both Rho-dependent and intrinsic termination effi-
ciency, depending on the specific terminator (reviewed in
(24,25)). NusG, in contrast, enhances termination exclu-
sively at Rho-dependent sites (26,27). Importantly, NusG
serves as the physical linker between the RNAP and the
ribosome by binding RNAP via NusG-NTD and S10 via
NusG-CTD, thus coupling transcription and translation
(8).

NusA and NusG bind to different sites on RNAP
(6,7,10). Although these sites are in close proximity, a di-
rect connection between the two factors has not been re-
ported thus far. With nuclear magnetic resonance (NMR)
spectroscopy we here demonstrate that NusA and NusG do
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specifically mutually interact and, supported by in vivo and
in vitro data, we propose that this interaction may have key
regulatory roles in diverse steps of transcription.

MATERIALS AND METHODS
Cloning

nusA was cloned into the pTKK19 expression vector (28)
via Ndel and BamHI restriction sites resulting in the recom-
binant plasmid pTKK19_nusA(1-495). The recombinant
protein carried a deca-histidine tag followed by a PreScis-
sion cleavage site at its N-terminus.

Gene expression and protein purification

Gene expression and protein purification procedures for
NusG, NusG-NTD, NusG-CTD, NusA-NTD, NusA-
SKK, NusA-AR1 and oCTD were described earlier
(8,16,29-32). NusA-AR2 (NusA(424-495)) was produced
as fusion protein with Hisy tag followed by PreScission
protease cleavage site at its N-terminus. Its gene expres-
sion and protein purification were according to the protocol
for NusA(339-495) (33). Hisjo-NusA-AR2 was purified like
NusA-AR?2 omitting the tag-removal step.

nusA was expressed in E. coli BL21 (DE3) harbor-
ing pTKK19_nusA(1-495). Cells were grown in lysogeny
broth (LB) medium containing 30 wg/ml kanamycin
at 37°C. At an optical density at 600 nm (ODg)
of ~0.7 expression was induced by 1 mM isopropyl-
thiogalactoside (IPTG). Cells were harvested after 4 h
(9,000 x g, 15 min, 4°C), resuspended in buffer A (20 mM
Tris(hydroxymethyl)aminomethane (Tris)/HCl, pH 7.9,
500 mM NacCl, 5 mM imidazole, ] mM B-mercaptoethanol)
and disrupted by a microfluidizer (Microfluidics, Newton,
MA, USA). After centrifugation (12,000 x g, 30 min, 4°C)
the crude extract was applied to a 5 ml HisTrap HP col-
umn (GE Healthcare, Munich, Germany) and eluted using
a step gradient from 5 mM to 1 M imidazole in buffer A.
Fractions containing the His;p-NusA fusion protein were
combined and the protein was cleaved by PreScission pro-
tease during dialysis against buffer B (20 mM Tris/HCI, pH
8, 1 mM B-mercaptoethanol) at 4°C overnight. The pro-
tein solution was applied to a 5 ml GSTrap FF column (GE
Healthcare, Munich, Germany) and the flow-through sub-
sequently to a 5 ml QXL column (GE Healthcare, Munich,
Germany). NusA was eluted using a step gradient from 0 to
1 M NaClin buffer B. Fractions containing pure NusA were
combined, dialyzed against 5120 mM Tris/HCI, pH 7.5, 50
mM NaCl, | mM dithiothreitol (DTT), concentrated us-
ing ultrafiltration units (Viva Science, molecular weight cut-
off MWCO): 10 kDa), shock frozen in liquid nitrogen, and
stored at —80°C.

Production and purification of RNAP for NMR experi-
ments was based on Ref. (34). In brief, E. coli BL21(DE3)
(Novagen, Madison, WI, USA) harboring a plasmid con-
taining rpoA, rpoB, rpoC and rpoZ in one operon under
control of T7 promoter was used for gene expression. The
B’ subunit was produced as fusion protein carrying a Hisg
tag at its C-terminus. 2 1 of LB medium in a 5 | flask sup-
plemented with 100 pg/ml ampicillin were inoculated with
an overnight culture to an ODgyy of 0.02 and incubated at

37°C and 150 rpm. Having reached an ODgyy of 0.2 the
temperature was decreased to 20°C. After 2 h, IPTG was
added to a final concentration of 0.5 mM for induction,
and the culture was incubated overnight. Cells were then
harvested by centrifugation for 15 min at 4°C and 9,000
x g, resuspended in buffer C (50 mM Tris/HCI, pH 6.9,
0.5 M NaCl, 5 % (v/v) glycerol, 1 mM DTT) and lysed
with a microfluidizer (Microfluidics, Newton, MA, USA).
RNAP was purified by nickel affinity chromatography with
2x5ml Ni**-nitrilotriacetic acid (NTA) Superflow columns
(QIAGEN) and eluted by a constant gradient from 0 to 1
M imidazole in buffer C. Peak fractions containing RNAP
were dialyzed against buffer D (50 mM Tris/HCI, pH 6.9,
0.5 mM ethylenediaminetetraacetic acid (EDTA), 5% (v/v)
glycerol, 1 mM DTT) overnight at 4°C and then applied to
a 5 ml Heparin HP column (GE Healthcare), followed by
elution with a constant NaCl gradient from 0 to 1 M NaCl
in buffer D. Fractions containing RNAP were pooled, dia-
lyzed against buffer B overnight at 4°C, applied to a 25 ml
Q-Sepharose FF column, and eluted with a constant gra-
dient from 0 to 1 M NaCl in buffer B. RNAP containing
fractions were concentrated using ultrafiltration units (Viva
Science, MWCO: 10 kDa), shock frozen in liquid nitrogen,
and stored at —80°C.

Production and purification of RNAP for in vitro tran-
scription assays was carried out as described (35), with mi-
nor modifications.

Isotopic labeling of proteins

Proteins were uniformly labeled with N or PN,'*C by
growing E. coli in M9 minimal medium (36,37) supple-
mented with (’NH4),SO4 (Campro Scientific, Berlin, Ger-
many) or (’°NH4),SO4 and '3C-D-glucose (Cambridge Iso-
tope laboratories, Inc., Andover, MA, USA) as the only ni-
trogen and carbon source, respectively. Expression and pu-
rification procedures were identical to those used for pro-
teins produced in LB medium.

Pull-down assay

The pull-down assay was performed with a 1 ml HisTrap
HP column (GE Healthcare) equilibrated with buffer E (10
mM potassium phosphate, pH 6.9, 50 mM NaCl). The pro-
teins were dialyzed against buffer E overnight at 4°C before
application to the column. The application volume was al-
ways 1 ml. After extensive washing with buffer E, elution
was carried out with 100 or 400 mM imidazole in buffer E,
respectively, and resulted in a mixture of His;p-NusA-AR2
and NusG-NTD (400 wM and 200 pM, molar ratio: 2:1) as
assayed, with His;p-NusA-AR2 (200 wM) alone and NusG-
NTD (400 wM) alone as controls.

In vitro transcription assay

RNA and DNA oligonucleotides were commercially syn-
thesized by Integrated DNA Technologies with sequences
derived from the T7A1 promoter sequence. Assembly of
the TEC and the in vitro transcription were carried out as
described (38). Briefly, a 65mer template DNA strand was
hybridized to an 11mer RNA labeled with P at the 5’
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end. 50 pmol RNAP in transcription buffer (TB, 20 mM
Tris/HCI, pH 7.9, 5 mM MgCl,, 40 mM KCI, 2 mM B-
mercaptoethanol) were mixed with equimolar concentra-
tions of the DNA:RNA hybrid, followed by addition of the
nontemplate DNA strand. The assembled TECs were puri-
fied by affinity chromatography using Ni**-nitrilotriacetic
acid agarose (QIAGEN) and subsequent membrane filtra-
tion with Ultrafree© 0.65 pum PVDF centrifugal filters (Mil-
lipore). 2.5 wM TEC were incubated with 50 .M of one or
both transcription factors or TB for 10 min at 25°C. When
two proteins were tested they were added simultaneously, as
previous tests indicated that the order of addition had no ef-
fect. Transcription was initiated by addition of | mM NTPs
and stopped after 60 seconds by addition of an equal vol-
ume of 2x loading buffer (10M urea, 50 mM EDTA, pH 7.9,
0.05 % (w/v) bromophenol blue, and 0.05 % (w/v) xylene
cyanol). RNA products were resolved on a 23 % denaturing
polyacrylamide gel containing 7 M urea. Gels were exposed
to phosphor screens and scanned by Typhoon Phosphorim-
ager (GE Healthcare Life Sciences).

NMR experiments

All NMR spectra were recorded at 298 K on Bruker
Avance 700 MHz and Avance 800 MHz spectrometers with
cryogenically cooled triple-resonance probes equipped with
pulsed field-gradient capabilities. Processing of NMR data
was carried out using in-house routines and visualized by
NMRView (39). For all NMR experiments the proteins were
in 10 mM potassium phosphate buffer, pH 6.4, 50 mM
NaCl, at 298 K. The initial sample volume was 550 pl if not
stated otherwise. Backbone assignments of NusG-NTD,
NusG-CTD, NusA-AR2, and «CTD were taken from pre-
vious studies (4,18,32).

To evaluate ['H,' N]J-heteronuclear single quantum co-
herence (HSQC) titration experiments we calculated the
normalized chemical shift changes (A8,orm) according to
Equation (1).

Ndworm =/ AS(H) + 0.1 A5 (SN (1)

Dissociation constants (Kp) were calculated from
['H,N]-HSQC titrations by analyzing the chemical shift
changes and fitting a two-state model as in Equation (2) to
the chemical shift change of amide protons showing fast
exchange on the chemical shift timescale.

[Plo-r + [Pl + Kp —(Kp + [Py + [Ply - )% —4- (Pl - ?)

Av = Avgpg - 2Pl

where Av is the normalized resonance frequency difference
in Hz, Avg,g the normalized resonance frequency differ-
ence between free and fully bound protein in Hz, Kp the
dissociation constant, r the protein:labeled protein ratio and
[P]o the total concentration of '’N-labeled protein. Kp and
Avgpg were used as fitting parameters. The reduction of [P]y
due to dilution was accounted for during fitting.

For the displacement experiment of '"N-NusA-AR2
from aCTD by NusG-NTD separate samples were pre-
pared for PN-NusA-AR2 (100 uM, 500 wl) and PN-NusA-
AR2: «aCTD (100 uM each, 500 wl). NusG-NTD was then
added to the latter sample from a 287 wM stock solution.
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For the quantitative analysis of signal intensities in the
displacement experiments signal intensities were normal-
ized by the number of scans, the concentration, and the
length of the 90° proton pulse.

Docking

The complex of NusA-AR2 and NusG-NTD was modeled
with the HADDOCK webserver (40) using data from the
['H,N]-HSQC titrations as restraints (active residues in
NusG-NTD: 4, 13, 15, 18, 44, 50, 51, 52, 58, 59, 61, 95,
104, 105, 106, 107, 109, 114, 117 and 118; active residues
in NusA-AR2: 463, 474, 483, 487, 489, 490, 491 and 493).
Passive residues were determined automatically. The NMR
ensembles of NusA-AR2 (Protein Data Bank (PDB) ID:
IWCN) and NusG-NTD (PDB ID: 2K06) were used as in-
put.

Strains and (3-galactosidase assays

Strains were derivatives of MDS42, which lacks prophages
and insertion elements (41) containing \ fusions (42). lacZ
is expressed from the fusions Acl857 — pR — cro( ARBS) —
nutR —tR1 —cll::lacZ or LcI857 — pR — cro;7 — nutR — tRI —
cll::lacZ. The TAAGGAGGTTGT to TaccctecTTGT sub-
stitution in the cro ribosome binding site (RBS), blocks cro
translation in the former strain (cro( ARBS)). cro,; has an
RBS, but Cro,; is non functional due to an amino acid ex-
change (R27Q). The creation of strains 10323 and 10881
was described previously (18). The rhoE134K mutation was
introduced by phage P1 transduction, resulting in a Rho
variant which is non functional at A7RI. The strains car-
rying nusA variants were constructed by recombineering.

Cells were assayed for B-galactosidase activity (Miller
units) after overnight growth at 37°C. B-galactosidase ac-
tivity of cells with defective Rho (rhol5) was set to 100 %
(strains 11633 and 11634), since termination was completely
abolished at AzRI. Assays were performed independently
four times and resulting activities were averaged.

Programmes

Graphical representations of protein structures were cre-
ated with PyMOL (43). Sequence alignments were done
with Clustal omega (44).

RESULTS AND DISCUSSION
NusG interacts specifically with NusA

First, we probed a possible NusA:NusG interaction by
NMR spectroscopy with full-length proteins. Addition of
NusA to ’N-labeled NusG to equimolar concentration
resulted in a strong decrease of NusG-NTD signals in
the ['"H,"’N]-HSQC spectrum, whereas NusG-CTD sig-
nals were weakened only marginally (Figure 1A). The high
transversal relaxation rate of the 54.9 kDa NusA strongly
affects magnetization transfer efficiency upon binding,
which leads to line broadening and ultimately to a decrease
of signal intensity. Thus, the observed loss of NusG-NTD
signals suggests direct NusA:NusG-NTD interaction. Spe-
cific NusA:NusG-NTD complex formation was confirmed
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Figure 1. NusG-NTD interacts with NusA. ['H,'>N]-HSQC spectra of (A)
I5N-NusG, (B) ’N-NusG-NTD and (C) "N-NusG-CTD before, black,
and after, red, addition of NusA in equimolar concentration. Numbers in
(A) represent the corresponding amino acid number of NusG with NusG-
NTD signals in red and NusG-CTD signals in black. The concentration
of the NusG construct was 50 M in all experiments.

by addition of NusA to either isolated ’N-NusG-NTD or
SN-NusG-CTD as signal loss was only observed for "N-
NusG-NTD (Figure 1B and C). ['H,">’N]-HSQC spectra of
a 2-fold molar excess of ’N-NusG-NTD in the presence of
isolated NusA-NTD, NusA-SKK, NusA-AR1, or NusA-
AR?2 clearly showed that, of these, only NusA-AR?2 inter-
acted directly with NusG-NTD (Figure 2).

To corroborate the results of the NMR experiments, a
pull-down assay was performed with decahistidine-tagged
NusA-AR2 (Hisjo-NusA-AR2) and untagged NusG-NTD
(Supplementary Figure S2). NusG-NTD eluted from the
nickel column together with Hisjp-NusA-AR2, thus con-
firming the direct interaction between the two domains.

The NusG-NTD:NusA-AR2 complex

From the chemical shift perturbations of ['H,""N]-HSQC
NMR titrations the Kp-value of the NusG-NTD:NusA-
AR?2 interaction can be estimated to be 24 puM (Figure
3A, Supplementary Figure S3). By mapping the normal-
ized chemical shift changes on the three-dimensional struc-
tures of NusG-NTD and NusA-AR?2 the interaction inter-
face can be located in the C-terminal part of helix a5 of
NusA-AR?2, markedly involving W490 and F491 (Figure
3B and C). Although NusA-AR1 and NusA-AR2 share
high sequence identity (31.5%) and have virtually identical
three-dimensional structures with a root mean square devi-
ation of main chain atoms of 1.2 A (Supplementary Figure
S4), NusG-NTD recognizes NusA-AR2 exclusively (Figure
2). This selectivity can probably be attributed to the pres-
ence of W490 and F491 in NusA-AR2, since Leu and Ala
are found at corresponding positions in NusA-AR1 (Sup-
plementary Figure S4). Different binding specificities for
NusA-AR1 and NusA-AR2 to \ protein N and the «CTD
of RNAP have been noted earlier (13,16,18). NusG-NTD
signals from residues in the C-terminal helix o3’ (aa 104-
117) and in the elongated loop region between a1’ and 1’
(aa 48-68) are mainly affected by the NusG-NTD:NusA-
AR?2 interaction (Figure 3B and C). Based on these bind-
ing surfaces a docking model without conformational re-
arrangements of the complex was generated (Figure 3C).
Remarkably, the NusA-AR?2 binding site on NusG-NTD is
also involved in the NusG-NTD:RNAP B’CH interaction
(Supplementary Figure S5) (7,45). Furthermore, NusA-
AR?2 residues responsible for NusG-NTD binding are nec-
essary for the interaction with «CTD (Supplementary Fig-
ure S6) (18). Thus, formation of the NusG-NTD:RNAP
and NusG-NTD:NusA-AR2 complex is mutually exclusive,
as is formation of the NusG-NTD:NusA-AR2 and NusA-
AR2:RNAP complex.

NusG-NTD:RNAP versus NusG-NTD:NusA-AR2 versus
NusA-AR2:RNAP

We asked if NusG-NTD:NusA-AR?2 interaction can take
place in the presence of RNAP. Therefore a ['H,!°N]-
HSQC displacement experiment with isolated «CTD was
performed (Figure 4A,B). Addition of NusA-AR2 to N-
«CTD to equimolar concentration induced the chemical
shift perturbations of "N-aCTD signals observed earlier
for this interaction (18). Stepwise addition of NusG-NTD
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Figure 2. NusG-NTD interacts with NusA-AR2. ['H,'>N]-HSQC spectra of I’N-NusG-NTD in the absence, black, or presence, red, of (A) NusA-NTD,
(B) NusA-SKK, (C) NusA-AR1, and (D) NusA-AR2. S'N-NusG-NTD was present at 100 wM in all experiments, and NusA domains were added in a

twofold molar excess.

to a final three-fold molar excess of NusG-NTD partially re-
versed these shifts, indicating that NusG-NTD can displace
NusA-AR2 from the aCTD. Although the displacement
was incomplete due to the lower Kp of NusA-AR2:aCTD
(Kp < 5 pM) (18) versus NusA-AR2:NusG-NTD (Kp:
24 pM), it confirms that the RNAP/NusA-AR2 bind-
ing sites on NusG-NTD overlap as do the aCTD/NusG-
NTD interaction interfaces on NusA-AR2. This finding
was counter-checked by the displacement of '"N-NusA-
AR2 from «CTD by NusG-NTD (Supplementary Figure
S7). Addition of «CTD to "N-NusA-AR2 to equimolar
concentration resulted in chemical shift changes of signals
from N-NusA-AR2 typical for "’N-NusA-AR2:aCTD
complex formation (18). Subsequent addition of NusG-
NTD caused the ’N-NusA-AR2 signals to shift towards
the resonance positions of the ’N-NusA-AR2:NusG-NTD

complex. Again, the displacement was incomplete owing to
the difference in the affinities of NusA-AR2 to aCTD and
NusG-NTD.

We extended these studies to full-length proteins step-
by-step. In an initial experiment we added RNAP to '’N-
NusG, which led to a loss of almost all "'N-NusG sig-
nals in the ['H,"’N]-HSQC spectrum owing to the dra-
matic increase of the NusG rotational correlation time upon
formation of the NusG:RNAP complex (Supplementary
Figure S8A). Although NusG-NTD is only flexibly linked
to NusG-CTD and NusG is supposed to interact with
RNAP via NusG-NTD (4), NusG-CTD signals were not
observable in the ’N-NusG:RNAP complex. Thus, either
NusG-CTD is sterically hindered in the complex so that it
cannot move freely, or NusG-CTD interacts directly with
RNAP. To exclude such direct NusG-CTD:RNAP interac-
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Figure 3. NusG-NTD:NusA-AR2 complex formation. (A, left) Sections of the ['H,'>N]-HSQC-spectra of the titration of 140 uM N-NusG-NTD with
NusA-AR2. NusA-AR2 was added in a molar ratio of 1:0, black, 1:0.75, red, 1:1.25, orange, 1:2.5, magenta, and 1:3.5, cyan (stock concentration of NusA-
AR2: 1.1 mM). (right) Sections of the ['H,!N]-HSQC-spectra of the titration of 100 wM "N-NusA-AR2 with NusG-NTD. Spectra corresponding to
molar ratios 1:0, 1:0.5, 1:1, 1:2.5, and 1:3 are in black, red, orange, magenta, and cyan, respectively (stock concentration of NusG-NTD: 300 pM). Arrows
indicate chemical shift changes during the titrations, selected signals are assigned. (B) HSQC-derived normalized chemical shift changes versus sequence
position. (Left) Adporm of ISN-NusG-NTD on titration with NusA-AR2; (right) Aénorm of ISN-NusA-AR2 on titration with NusG-NTD. Horizontal
lines: significance levels of Adporm (ppm) = 0.12, red; = 0.08, orange; = 0.04, blue. (C) Model of the NusA-AR2:NusG-NTD complex. The complex was
generated with HADDOCK using the chemical shift perturbations of the ['H,'>N]-HSQC titrations as restraints. The model with the best HADDOCK
score is depicted. NusA-AR2 (PDB ID: 2K06), blue, and NusG-NTD (PDB ID: IWCN), grey, are in cartoon representation. The normalized chemical
shift changes from (B) are mapped on the structures (0.04 ppm < Adnorm < 0.08 ppm, yellow; 0.08 ppm < ASdnorm < 0.12 ppm, orange; Adporm > 0.12
ppm, red). Panels show the surface representations of NusG-NTD, left, and NusA-AR2, right.
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Figure 4. NusG-NTD:NusA-AR?2 interaction in the presence of RNAP. (A and B) ['H,!N]-HSQC displacement experiment of NusA-AR2 from SN-
«CTD by NusG-NTD. Black, ISN-a«CTD; red, "N-aCTD:NusA-AR2 = 1:1; blue, ’'N-aCTD:NusA-AR2:NusG-NTD = 1:1:3. The concentration of
ISN-aCTD was always 50 wM. The rectangle in (A) indicates the section as in (B). The arrows in (B) show the changes in the chemical shifts of selected
residues. (C) NusG binds to NusA in the presence of RNAP. ['H,’N]-HSQC spectra of ’'N-NusG, black, ’N-NusG in the presence of NusA (molar
ratio 1:1), red, and '>’N-NusG in the presence of NusA and RNAP (molar ratio 1:1:1), cyan. (D) NusG binds to NusA-AR2 in the presence of RNAP.
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and RNAP (molar ratio 1:1:1), cyan. Selected signals are labeled (black, NusG-NTD signals; red, NusG-CTD signals). The concentration of ’'N-NusG
was 50 wM in all experiments in (C) and (D). (E) NusA-AR2 removes NusG-NTD from RNAP. ['H,>N]-HSQC spectra of '’ N-NusG-NTD, black, >N-
NusG-NTD in the presence of RNAP (molar ratio 1:0.5), red, and '’ N-NusG-NTD in the presence of RNAP and NusA-AR2 (molar ratio 1:0.5:8), cyan.
The concentration of '>N-NusG was always 50 pM. The rectangle in (E) indicates the section as in (F). In (F), selected signals are assigned with arrows
indicating changes in their chemical shifts corresponding to the complex formation of >N-NusG-NTD and NusA-AR2.
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tion, we monitored isolated " N-NusG-CTD in the presence
of RNAP in a separate experiment and found no changes
in the ['H,N]-HSQC spectra as compared to ’N-NusG-
CTD alone (Supplementary Figure S§B). Consequently, the
loss of all >'N-NusG signals upon RNAP addition solely
originates from formation of the NusG-NTD:RNAP com-
plex.

To probe the NusA:NusG interaction in the presence
of full-length RNAP we added NusA to N-NusG, leav-
ing only NusG-CTD signals visible (Figure 4C and Sup-
plementary Figure S8C). On addition of RNAP all sig-
nals decreased (Figure 4C and Supplementary Figure S8C).
Thus, either (i) NusA:NusG interaction is disrupted by
RNAP and both NusA and NusG bind individually to
RNAP, or (ii)) NusA:NusG remains intact and interacts
with RNAP via NusA-NTD, or (iii) both. To eliminate in-
terference by NusA-NTD:RNAP interactions, we repeated
the experiment using isolated NusA-AR2 instead of full-
length NusA (Figure 4D and Supplementary Figure S§D).
When NusA-AR2 was present, the ['H,">N]-HSQC spec-
trum of N-NusG showed chemical shift changes corre-
sponding to NusG-NTD:NusA-AR2 complex formation
(see also Figure 2D). On addition of RNAP the inten-
sity of the NusG signals decreased, however, in contrast
to the experiment with full-length NusA, both NusG-NTD
and NusG-CTD signals remained visible with the chemi-
cal shifts of the NusG-NTD:NusA-AR2 complex. We con-
clude (i) that at least some of the NusG-NTD:NusA-AR2
complexes remain intact in the presence of RNAP and (ii)
that these complexes cannot bind to RNAP in the absence
of NusA-NTD. This confirms that NusA-AR2:NusG and
NusG:RNAP formation are mutually exclusive. The de-
crease in signal intensity may be explained by dissociation of
a certain portion of the NusG-NTD:NusA-AR2 complex
so that NusG binds to RNAP, and NusA-AR2 either inter-
acts with the «CTD of RNAP or remains free. Thus, with
full length NusA, the NusG:NusA complex is stable and is
connected to RNAP via NusA-NTD, although a fraction of
NusG and NusA might interact with RNAP individually.

We next demonstrated that NusA-AR2 can remove
NusG-NTD from RNAP (Figure 4E). As expected, YN-
NusG-NTD signals were drastically diminished by addition
of RNAP. However, they reappeared upon NusA-AR?2 ad-
dition with the chemical shift perturbations typical for the
NusG-NTD:NusA-AR2 complex. Hence, NusA-AR2 and
RNAP compete for NusG-NTD.

NusA-AR2 induces pausing and blocks NusG suppression of
pausing in vitro

We then asked if the NusA-AR2:NusG-NTD interaction
affects transcription in vitro. For this we utilized a nucleic
acid scaffold to generate a transcription elongation complex
(TEC) which carries an 11 nt *P-labeled RNA primer base-
paired to template DNA and flanked by non-template DNA
(TEC11A, for details see Materials and Methods). Tran-
scription was initiated by the addition of the four NTPs and
stopped after 60 seconds. The TEC paused at several intrin-
sic pause sites in the template in the absence of additional
transcription factors, with pause 1 being the most promi-
nent (Figure 5; lane 2). Full-length NusG suppressed pause

NTPs - + o+ 4+ o+ o+
NusG - . + -
NusA-AR2 - ” . + o+ -
NusG-NTD - - - - -+
NusA . . 2 . B =

+
L}
O
1

FUN-Off e
pause 1 =—
pause 2

pause 3
TECT1A —s|

Figure 5. In vitro transcription assay for combinations of NusG, NusA,
NusG-NTD and NusA-AR2. 23 % urea-polyacrylamide gel. The assem-
bled TEC (TEC11A) was pre-incubated with NusG, NusA, NusA-AR2,
NusG-NTD, combinations of these, or transcription buffer for 10 min at
25°C. Transcription was started by NTP addition and stopped after 60 s.
TECI11A, run-off, and three pause sites are indicated by arrows.

1, increased run-off transcription and introduced a weak
new pause, pause 2 (lane 3). NusA-AR2, interestingly, gen-
erated a strong pause at position 12C (pause 3), 1 nt down-
stream of the transcription start site, without influencing
other pause sites (lane 4). Moreover, NusA-AR2 completely
blocked run-off transcription (lane 4). When both proteins
were present in equimolar amounts, pause 2 was enhanced,
whereas pause 1 and run-off transcripts were suppressed
(lane 5). Enhancement of NusG-dependent pause 2 is con-
sistent with an interaction between NusG and NusA-AR2,
possibly explained by the inability of NusG-NTD to en-
hance processivity when bound to NusA-AR2. The NusA-
AR2-dependent pause 3 was not influenced by NusG (lane
5). NusG-NTD yielded similar results as full-length NusG.
It suppressed pause 1 (lane 6), and this suppression was ab-
rogated by NusA-AR2 (lane 7). As with full-length NusG,
NusG-NTD did not affect NusA-AR2-induced pause 3
(lane 7).

Full-length NusA enhanced pause 1, but did not, how-
ever, induce pausing at pause 3 (lane 8). This suggests that
the NusA-AR2 domain in full-length NusA was still bound
to the NusA-SKK domain, and was not free to interact
with the initiating TEC. Unlike NusA-AR2, suppression
of pause 1 by full-length NusG or NusG-NTD was not
completely abrogated by full-length NusA, possibly because
NusA-AR2 remains bound to the NusA-SKK domain dur-
ing elongation, and is not available to interact with NusG-
NTD (lanes 8-10).

The ability of isolated NusA-AR2 to pause the TEC at
12C (pause 3) was unexpected. [t suggests that at least early
in elongation, when RNA has not yet extruded from the exit
channel, NusA-AR2 may still be bound to the SKK domain
and may thus be unavailable to interact with «CTD. In ad-
dition, the ability of NusA-AR2 to induce a strong pause
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Figure 6. Deletion of NusA-AR2 affects termination at AfR/[. (-
galactosidase reporter assays were performed with lacZ fusions AclI857
— pR — cro(ARBS) — nutR — tRI — cll::lacZ and AcI857 — pR — croz7 —
nutR — tRI1 — cll::lacZ. Strains are derivatives of E. coli MDS42. Cells
were assayed for B-galactosidase activity (Miller units) after overnight
growth at 37°C. B-galactosidase activity of cells with defective Rho was
set to 100% (strains 11633 and 11634). P values are < 0.05 (*), < 0.01
(**), or < 0.001 (***). RBS +/—, functional/defective RBS; Rho +/—,
functional/defective Rho; FL, full length.

implies that NusA-AR2 might act as a regulatory element
during elongation if dissociated from aCTD.

NusA-AAR?2 blocks Rho-dependent termination at A¢R1 in
vivo

NusA suppresses termination at certain Rho-dependent
sites, e.g. within AfRI (46). We propose that the
NusA:NusG interaction contributes to this effect. To
support this hypothesis we asked if a deletion of NusA-
AR2 (NusA-AAR2) affected termination at N\¢tRI in vivo
(Figure 6). We performed B-galactosidase assays using two
fusions to measure termination: AcI857 — pR — cro( ARBS)
—nutR — tRI — cll::lacZ and rcI857 — pR — croy7 — nutR —
tRI — cll::lacZ. Termination at N¢fR/ is indicated by low
B-galactosidase activity. Strains carrying a mutation in the
rho gene show no termination at A¢7R[; (B-galactosidase
activity of these strains was thus set to 100%. The efficiency
of termination at AR/ was 93% when cro translation was
prevented by an RBS mutation (strain 10323), and reduced
to 74 % when cro was translated (strain 11149). Ribosomes
reduce the amount of free RNA upstream to AzR/ that is
available to Rho, and thus block a Rho-binding site (rut)
in cro (47).

We found that termination efficiency was significantly
impaired (50%) in the nus4-AAR2 mutant only when cro
mRNA was translated (compare strain 10881 to strain
10323 and strain 11699 to strain 11149). Our results sug-
gest that NusA-AAR2 may compete with Rho binding near
NnutR, the only rut site available when the cro transcript is
occluded by ribosomes. When cro is not translated, Rho can
attach to the free cro rut site (48). Competition with Rho by
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NusA-AAR2 can be explained by constitutive binding of
NusA-AAR2 to RNA via NusA-SKK. Consistent with the
in vitro studies described above, this implies that full length
NusA may still be, at least partially, in the autoinhibited
state and unable to bind rur RNA at NzRI. It also raises
the possibility that NusG may activate RNA binding of
full-length NusA by displacing NusA-AR2 from the NusA-
SKK domain. Further experimentation will be needed to
address these questions.

Possible regulatory functions of the NusG-NTD:NusA-AR2
interaction

Transcription factors NusA and NusG act independently
to slow or accelerate transcription elongation, respectively.
The two factors can also function synergistically in restor-
ing termination by the partially defective RhoE134K mu-
tant (49). Here, however, we demonstrate a direct interac-
tion between NusA and NusG. Formation of a complex be-
tween NusG-NTD and NusA-AR2 may explain their vari-
ous in vivo and in vitro combinatorial regulatory effects (Fig-
ure 7).

1. NusA-AR?2 supports NusG recruitment.

NusG:NusA interaction may be involved in recruiting
NusG to the TEC. ChIP-chip data suggest that NusA
and NusG associate with RNAP when the TEC has
exited the promoter region, with NusG attaching after
NusA does (50). The delay in NusG association may be
due to a competition between ¢’° region 2 and NusG-
NTD, since both bind to the RNAP B’CH (7,51-53).
Recall that the ¢’ region 2 can remain bound to the
TEC even when ¢’ region 4 has dissociated from the
B flap, allowing NusA-NTD binding (54,55). After pro-
moter escape, NusA attaches to the «CTD via NusA-
AR2, to the B flap via NusA-NTD, and to nascent RNA
via NusA-SKK (10,15,18,56). Thus, stable tethering of
NusA to the TEC may not require continuous binding of
NusA-AR2 to aCTD. NusA-AR2 could, therefore, bind
NusG-NTD without disrupting the NusA:TEC com-
plex. In this model, NusA serves as a long linker to
increase the local concentration of NusG, facilitating
NusG recruitment to the TEC and displacement of o’°
region 2 from the B’CH at the transition from initiation
to elongation.

2. NusG-NTD:NusA-AR?2 interaction assists transcrip-

tion:translation coupling.

As a second function, we suggest that NusG:NusA inter-
action plays a role in coupling transcription and trans-
lation. NusG connects these two processes by physi-
cally linking RNAP and the leading ribosome via NusG-
NTD:RNAP and NusG-CTD:S10 interactions (4,8).
The NusA:NusG interaction could serve to resynchro-
nize transcription and translation by coordinating the
movements of RNAP and the ribosome. If translation
is slowed, transcription could likewise be slowed by the
temporary removal of NusG-NTD from the TEC by
NusA-AR2. Since the NusG:ribosome connection re-
mains intact, transcription and translation can be kinet-
ically resynchronized. Also, the initial coupling of tran-
scription and translation may occur via the NusA:NusG
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Figure 7. Possible functions of NusG:NusA interaction in transcription regulation. First, the NusA:NusG interaction may play a role in the recruitment
of NusG to the TEC. Second, it may provide a long linker between RNAP and the ribosome consisting of NusA and NusG, which would allow resynchro-
nization of transcription:translation coupling. Third, the NusG:NusA interaction may release the autoinhibition of NusA allowing constitutive binding

of NusA-SKK to RNA, so that recruitment sites for Rho are blocked and Rho-dependent termination is decreased. Forth, NusA-AR2 may abstract
NusG-NTD at intrinsic termination sites facilitating the release of nucleic acids and enhancing intrinsic termination.

linker. This would explain the apparent late association
of NusG with the TEC, as detected by ChIP-chip exper-
iments (50).

. NusG-NTD:NusA-AR?2 interaction regulates transcrip-
tion termination.

The NusA:NusG interaction could influence context-
dependent intrinsic or Rho-dependent transcription ter-
mination. In the former, the TEC pauses at an intrin-
sic termination signal, enters an elemental pause state,
and then isomerizes into the termination state where
the termination hairpin is formed (57). NusA-AR2 can
remove NusG-NTD from RNAP, resulting in loss of

both NusA-AR2 and NusG-NTD contacts to the TEC
(Figure 4E). Loss of these interactions might partially
destabilize the TEC, open the clamp around the nu-
cleic acids, and facilitate intrinsic termination. In con-
trast, the NusA-AR2:NusG-NTD interaction might de-
crease Rho-dependent termination. Binding of NusA-
AR2 to NusG-NTD would release NusA autoinhibi-
tion, enhancing binding of NusA-SKK to nascent RNA
to block Rho recruitment.

The Kp values for the various interactions suggest that

scenario 1 is the most probable. This scenario is also con-
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sistent with a global survey of distribution of transcription
factors (50). The relevance of NusG-NTD:NusA-AR2 in-
teraction in detail will need further experimental clarifica-
tion, but the finding that NusG interacts directly with NusA
may explain the various effects of these transcription factors
on elongation and termination reported here and earlier.
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Supplementary Data are available at NAR Online.
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Supplementary Figure S1. Three-dimensional structures of (A) NusG and (B) NusA. Protein
structures are in cartoon representation. Arrows indicate the interaction partner(s) of individual
domains. (A) NusG from E. coli. NusG-NTD, gray, PDB ID: 2K06; NusG-CTD, light blue, PDB ID:
2JVV; flexible linker, black line. (B) NusA from E. coli. NusA-NTD, red, PDB ID: 2KWP; NusA-S1,
olive; NusA-KH1, yellow; NusA-KH2, orange (as no structure of E. coli NusA-SKK is available the
structure of Thermotoga maritima NusA-SKK is shown, PDB ID: 1HH2); NusA-AR1, green, PDB ID:
1WCL; NusA-AR2, blue, PDB ID: 1WCN; linker, black line.
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Supplementary Figure S2. Pull-down of NusG-NTD with Hiss,-NusA-AR2. (A) Hisi;-NusA-AR2
(200 uM) and NusG-NTD (400 uM) were preincubated for 15 min and then applied to a 1 ml HisTrap
column. After washing, stepwise elution was carried out with 100 and 400 mM imidazole. (Upper
panel) Chromatogram of the pull-down assay. Arrows indicate the fractions analyzed by sodium
dodecylsulfate (SDS) polyacrylamide gel electrophoresis. (lower panel) 20 % SDS polyacrylamide gel
of samples taken during the pull-down assay. NusA-AR2, pure Hisio-NusA-AR2; NusG-NTD, pure
NusG-NTD; 0.1 M imidazole, elution with 100 mM imidazole; 0.4 M imidazole, elution with 400 mM
imidazole. (B,C) Control experiments with (B) NusG-NTD and (C) Hisso-NusA-AR2. Isolated NusG-
NTD (400 uM) or Hisso-NusA-AR2 (200 uM) was applied to the column and treated like in (A).
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Supplementary Figure S3. Determination of Kp values of the NusA-AR2:NusG-NTD complex. (A,
left) ['H,"°N]-HSQC titration of ’N-NusG-NTD (140 uM) with NusA-AR2. NusA-AR2 was added in
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molar ratios of 1:0, black, 1:0.75, red, 1:1.25, orange, 1:2.5, magenta, and 1:3.5, cyan. (right) ['H,"N]-
HSQC titration of °N-NusA-AR2 with NusG-NTD. Spectra corresponding to molar ratios 1:0, 1:0.5,
1:1, 1:2.5, and 1:3 are in black, red, orange, magenta, and cyan, respectively. (B) Magnifications of
(A). Selected signals are labeled. (C) Backbone amide chemical shift perturbations for selected
residues obtained form (A) vs. molar ratio of the titration partners. (Left) ’N-NusG-NTD+NusA-AR2;
(right) ®N-NusA-AR2 + NusG-NTD. The lines represent nonlinear least squares best fits of the
normalized changes in the 'H and "N chemical shifts, based on a bimolecular equilibrium binding
model. The optimized average Kp values are 13 uM for 'N-NusG-NTD + NusA-AR2 and 35 uM for
""N-NusA-AR2 + NusG-NTD, yielding an overall Kp of approximately 22 uM for the NusA-AR2:NusG-

NTD interaction.
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Supplementary Figure S4. Comparison of NusA-AR1 and NusA-AR2. (A) Amino acid sequence
alignment of NusA-AR1 and NusA-AR2. Asterisk, identical amino acids; colon, conservation between
groups of strongly similar properties; dot, conservation between groups of weakly similar properties.
(B,C) Structures of (A) NusA-AR1, green, and (B) NusA-AR2, blue, both in cartoon representation.
Residues of NusA-AR2 which are strongly affected by NusG-NTD binding (Adnorm > 0.12 ppm) as well

as corresponding residues in NusA-AR1 are shown as sticks in light colours and labelled. PDB IDs:
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Supplementary Figure S5. Binding of NusG proteins to RNAP B’CH. (A) Superposition of Spt5-
NusG N-terminal domain (NGN) from Pyrococcus furiosus (P. furiosus, green, PDB ID: 3QQC) and
NusG-NTD from E. coli (grey, PDB ID: 2K06), both in cartoon representation. (B) Spt5-NGN bound to
the p’CH (purple) in P. furiosus (PDB ID: 3QQC). (C) NusG-NTD in the same orientation as in (A).
Residues that are affected by the interaction with NusA-AR2 are in red (strongly affected), orange

(moderately affected), and yellow (slightly affected), see Figure 3.
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Supplementary Figure S6. The NusA-AR2 binding sites for aCTD and NusG-NTD overlap.
Solution structure of the NusA-AR2:aCTD complex (PDB ID: 2JZB, cartoon representation). Dark
yellow, aCTD; blue, NusA-AR2. Residues of NusA-AR2 that are affected by the interaction with NusG-

NTD are in red (strongly affected), orange (moderately affected), and yellow (slightly affected), see
Figure 3.
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Supplementary Figure S7. NusG-NTD:NusA-AR2 interaction in the presence of RNAP. (A)
['H,"N]-HSQC displacement experiment of '°N-NusA-AR2 from aCTD by NusG-NTD. Black, '°N-
NusA-AR2 (100 pM):; red, '"N-NusA-AR2:aCTD = 1:1 (100 pM each); blue, '°N-NusA-
AR2:0CTD:NusG-NTD = 1:1:5; yellow, N-NusA-AR2:NusG-NTD = 1:3. (B) Detail of (A). Red arrows,
chemical shift changes of N-NusA-AR2 upon ®N-NusA-AR2:aCTD complex formation; blue arrows,

chemical shift changes of N-NusA-AR2 upon addition of NusG-NTD.
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Supplementary Figure S8. NusG:RNAP vs. NusG:NusA vs. NusA:NusG. (A) ['H,"°N]-HSQC

spectrum of 50 uM "°N-NusG in the absence, black, or presence, red, of RNAP in equimolar
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concentration. (B) ['H,"°N]-HSQC spectrum of 50 uM '°N-NusG-CTD in the absence, black, or
presence, red, of RNAP in equimolar concentration. (C) NusG binds to NusA in the presence of
RNAP. Intensity plots of the titration of Fig. 4C. Relative intensities were calculated in respect to free
NusG. Blue, "°N-NusG:NusA = 1:1; red, "’N-NusG:NusA:RNAP = 1:1:1 (D) NusG:NusA-AR2 complex
remains intact in the presence of RNAP. Intensity plot of the displacement experiment in Fig. 4D.
Relative intensities were calculated as ratio of intensities of "°N-NusG signals in the presence of NusA-

AR2 and RNAP (1:1:1) and "N-NusG signals in the presence of NusA-AR2 (1:1).
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Accepted: 22 April 2015 pNA synthesis is a central process in all organisms, with RNA polymerase (RNAP) as the key

Published: 04 June 2015 enzyme. Multisubunit RNAPs are evolutionary related and are tightly regulated by a multitude

. of transcription factors. Although Escherichia coli RNAP has been studied extensively, only little
information is available about its dynamics and transient interactions. This information, however, are
crucial for the complete understanding of transcription regulation in atomic detail. To study RNAP

by NMR spectroscopy we developed a highly efficient procedure for the assembly of active RNAP

. from separately expressed subunits that allows specific labeling of the individual constituents. We
recorded [*H,*C] correlation spectra of isoleucine, leucine, and valine methyl groups of complete
RNAP and the separately labeled (3’ subunit within reconstituted RNAP. We further produced all
RNAP subunits individually, established experiments to determine which RNAP subunit a certain
regulator binds to, and identified the 3 subunit to bind NusE.

The synthesis of RNA is a central process in cells that is carried out by DNA-dependent RNA polymer-
ases (RNAPs). All cellular genomes are transcribed by multisubunit RNAPs that are evolutionary related.
In spite of their differences in size and complexity, RNAPs share overall architecture, active-site organi-
zation, mechanism of catalysis, and the principles of interactions with nucleic acids’.
In bacteria, the RNAP core enzyme consists of five subunits, 2xa, 3, 3 and w, with different structural
and functional roles*’. The C-terminal domains (CTD) of the « subunits («CTD) are target for many
. regulatory proteins and are thus key factors for the regulation of transcription*®. Dimerization of the
© N-terminal domains (NTD) of the o subunits initiates the RNAP assembly process®. Next, the 3 subu-
. nit attaches to the o dimer, followed by recruitment of the 3’ and the w subunit®’. While the 3 and 3’
subunits constitute the active center of RNAP, the w subunit plays a structural rather than a functional
role as it is supposed to bind to the N- and C-termini of the 3 subunit to support its proper folding
. as well as the assembly of 3’w with the a3 complex”®. The o factor binds to RNAP at the initiation of
* transcription to form holo RNAP. ¢ is essential for the recognition and melting of promoter regions, and
. it leaves RNAP in later stages of transcription®!C.
: Initiation, elongation, and termination of transcription are highly regulated by transcription factors
. that bind to the transcription elongation complex (TEC) and modify the RNAP!!. NusG, for example,
: enhances the transcription rate and suppresses pausing'?. It interacts with the RNAP 3’ clamp helices
© (B’CH) and the RNAP (3 gate loop (3GL)'*!. In contrast to NusG, NusA modifies RNAP to induce
. pausing and to modulate intrinsic as well as Rho-dependent termination of transcription (reviewed in
1516) NusA, NusG, NusB, and NusE can combine with the TEC and certain RNA sequences to form an
antitermination complex which is able to read through termination signals, a process that is essential for
efficient transcription of ribosomal DNA or the DNA of lambdoid phages!”. While NusG-NTD mediates
RNAP binding, NusG-CTD interacts with NusE in the NusE:NusB complex'®!®. As NusE, also known as
. ribosomal protein S10, can be part of the 30S subunit of the ribosome?®, NusG physically links RNAP and
* the ribosome, thus coupling transcription and translation'®. Moreover, NusE may also directly interact
: with RNAP2L
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Numerous crystallographic studies on prokaryotic and eukaryotic RNAPs have elucidated the struc-
tural basis of RNAP architecture and gave insights into its function (reviewed in*?). However, RNAP reg-
ulation is heavily dependent on intra- and intermolecular dynamics as well as transient interactions with
regulators, which are difficult to study in atomic detail by X-ray crystallography or electron microscopy.

Although nuclear magnetic resonance (NMR) spectroscopy of supramolecular complexes is aggra-
vated by 'H-'H and 'H-*C dipolar interactions that lead to fast relaxation of the magnetization and
therefore loss of signal intensity, deuteration?, application of more sophisticated pulse sequences like
transverse relaxation optimized spectroscopy (TROSY), and use of ['H,*C] methyl group probes result
in improvements of spectral quality so that proteins up to 670kDa have been studied successfully?-%.

Encouraged by these results, we improved the assembly of E. coli RNAP from its separately expressed
subunits and started to study this reconstituted RNAP by NMR spectroscopy. We use ['H,"*C] correla-
tion spectra of isoleucine, leucine, and valine methyl groups in complete RNAP and in the 3’ subunit of
reassembled RNAP to study transcription regulator interactions with RNAP, and we propose to extend
this method to other RNAP subunits and RNAPs of other organisms.

Results and Discussion

In vitro RNAP assembly, purification, and biochemical characterization. Bacterial RNAP with-
out w subunit, but containing o factor, can be reconstituted from individually expressed and separately
purified protein subunits”’~*. Analysis of elongating RNAP requires, however, inclusion of the w subunit
and omission of the o factor. Hence, we combined the cell pellets containing the individually expressed
subunits «, 3, 3} or w, respectively, in lysis buffer with 8 M urea. After cell lysis the lysate was stirred
for one hour and subsequently urea was removed by stepwise dialysis. The assembled core RNAP was
purified by Ni** affinity chromatography, and RNAP eluted from a size exclusion chromatography (SEC)
column in peaks at 47.5ml and 54.8ml (Fig. 1a), corresponding to molecular masses of 980kDa and
507 kDa, respectively. Analysis of the peak fractions by sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) clearly showed that both peaks contained all RNAP subunits, although the
980kDa fractions included a high amount of impurities (Fig. 1b). The calculated molecular mass of
RNAP of 390kDa suggests that the protein from the second peak is correctly reconstituted RNAP free
of major contaminants. As a reference, we used RNAP assembled in vivo (RNAP™¢) where the genes of
the subunits were located on a single plasmid. Indeed, RNAP™"¢ eluted from the SEC column in a main
peak coinciding with the 507kDa peak (Fig. 1a). An activity assay testing the ability of RNAP to elon-
gate an RNA primer showed that protein from the 507kDa peak and RNAP™% were both functionally
identical (Fig. 1c). Therefore, we refer to active reassembled RNAP as RNAP*'" in contrast to inactive
reassembled RNAP (RNAP™¥) from the 980kDa peak.

The far-UV circular dichroism (CD) spectra of RNAP and RNAP*'"¢ are very similar (Fig. 1d),
with the typical characteristics of a folded protein. In contrast, the spectrum of RNAP®™*e js of lower
intensity with less distinct minima, in particular the minimum characteristic for a-helical elements at
208 nm is nearly absent, indicating that RNAP**"¢ and RNAP"*% are folded similarly, whereas RNAPinactive
is at least partially unfolded or misfolded.

RNAP*#¥e was reapplied onto a SEC column to analyze if it was in equilibrium with RNAPintive, The
enzyme eluted in a single peak at the same volume as before, indicating that the protein is stable on the
time scale of these experiments (Fig. 1a). Additionally, we could increase the yield of correctly assembled
RNAP by de- and renaturation of RNAP™¥¢, Subsequent SEC again yielded peaks at 46.3 and 55.5ml
corresponding to the two RNAP states (Fig. 1a). Hence, at least a portion of the misassembled RNAP
could be reconstituted into RNAPte,

Overall, the yield was 30-60 mg of RNAP*'"* per liter of bacterial cultures producing «, 3, 3, and w,
the purity exceeding 95%, similar to the published protocols for RNAP assembly lacking w. Although
the w subunit of RNAP, encoded by the rpoZ gene, is neither essential for cell viability nor for RNAP
function, the activity of RNAP lacking o increases when reassembled in the presence of w*=!. In rpoZ
deletion strains RNAP copurifies with GroEL and loses its activity upon GroEL removal. However, activ-
ity can be regained by denaturation and renaturation of RNAP in the presence of w*. w was suggested
to have important functions in folding of the 8’ subunit, in preventing (3’ from aggregation as well as
in promoting the assembly of o, with 3’w’. Thus, its presence during reconstitution might reduce the
amount of misfolded or misassembled RNAP.

Overall, this assembly and purification strategy allows efficient production of complete, pure, and
active core RNAP from separately expressed subunits. In contrast to earlier protocols, purification of
one or all individual subunits prior to RNAP assembly is unnecessary, the w subunit is part of the
assembled RNAP, and the presence of the initiation factor ¢ is not required, so that purified RNAP can
be used directly in an elongation context. Finally, by using SEC as final purification step we selectively
purify active RNAP and exclude all misassembled and inactive variants, a step that was omitted in most
previous protocols.

Purification of individual RNAP subunits and analysis of their secondary structure. We
expressed and purified all RNAP subunits separately (o, 3, 3} and w) with high yield and purity of
> 95%, allowing structural analyses (Supplementary Fig. 1). Additionally, the 33’ complex was assembled
from individually expressed subunits and purified according to the protocol used for the assembly of
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Figure 1. Purification of in vitro assembled RNAP. (a) Gel filtration chromatograms from an S200 column.
Red: combined fractions after Ni>* affinity chromatography; cyan: RNAP*'; blue: RNAPIMt after de- and
renaturation; black: RNAP™"¢ (b) 4-20% gradient SDS-polyacrylamide gel (Roti-Page, Carl Roth, Karlsruhe,
Germany) of aliquots taken during RNAP purification after staining with Coomassie Blue. In lanes 1-4 2pg
protein were applied. Soluble fraction of the assembled RNAP after dialysis (lane 1); combined fractions
after Ni** affinity chromatography (lane 2); SEC peak 1 (lane 3); SEC peak 2 (lane 4); Precision Plus Protein
Standard (BioRad, Munich, Germany, lane 5). (c¢) RNAP activity assay, 20% SDS-polyacrylamide gel. 3

pmol RNA were loaded in each lane. Either ATP and CTP or ATP, CTP and GTP were added allowing
extension of a 16mer RNA (R16) by 3 or 14 nt, respectively. The arrows indicate the migration positions of
R16 and the elongated RNAs. R16, untreated (lane 1); RNAP™, elongation by 3 nt (lane 2) or 14 nt (lane
3); RNAPIn*tie, elongation by 3 nt (lane 4) or 14 nt (lane 5); RNAP*'"¢, elongation by 3 nt (lane 6) or 14

nt (lane 7); control reaction without RNAP, elongation by 3 nt (lane 8) or 14 nt (lane 9). (d) Far-UV CD-
spectra of 0.6 LM RNAP™¥e, black; 0.6 M RNAP®ectve, blue; 0.5 M RNAP*, red; 0.6 M 33" complex,
cyan. (e) Far-UV CD-spectra of the separately expressed and purified RNAP subunits. 2.5uM «, blue;
0.6uM (3, cyan; 1.1 M B black; 10pM w, green.

RNAP. All proteins were soluble, and although 3 was isolated from inclusion bodies it showed no ten-
dency to precipitate up to concentrations of 120puM after refolding. In contrast to previous publications,
our protocol yielded soluble (3’232,

The far-UV CD spectra of «, 3, and 3 show the typical characteristics of structured proteins (Fig. le),
and although the CD spectrum of the w subunit exhibits the least distinct features, w does not appear to
be completely unfolded. Indeed, w possesses a structured NTD, followed by an unstructured C-terminus’
which is in agreement with the ['H,"*N]-heteronuclear single quantum coherence (HSQC) spectrum of
5N-labeled w that shows very low signal dispersion (Supplementary Fig. 2), indicating that the isolated
w is only very poorly folded and might adopt its final structure only upon binding to 3’ or the complete
RNAP. Subunits 3 and 3’ represent the largest part of RNAP and the CD spectrum of the 33’ complex
is indeed nearly identical to that of RNAP™! (Fig. 1d), suggesting that the isolated 33" complex is
assembled as it is in RNAPrative,

NusG-NTD interacts with 3 and 3’ while NusA-NTD binds to 3 and NusA-AR2 to .. As no
activity assay can be conducted for the individual RNAP subunits, their integrity was checked by testing
their ability to interact with transcription factors NusG and NusA whose RNAP binding sites are known.
NusG consists of two domains that are flexibly connected. It enhances RNAP processivity and reduces
pausing by binding to RNAP via its NTD'. Thus, we first asked which RNAP subunit is the target site
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Figure 2. NusG-NTD interaction with RNAP, 3, and 3> 1D ['H,"”N]-HSQC spectra of the amide region
of 30pM ®N-NusG-NTD in the absence, black, and in the presence of equimolar concentrations, red, of (a)
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RNAP™¥e (b) 3 subunit, or (c) 3’ subunit.

for NusG-NTD. Upon addition of RNAP™"¢, the signals of ""’N-NusG-NTD in the one dimensional (1D)
['H,""N]-HSQC spectrum disappeared, except for a few signals in the random coil area as the resonances
of ’N-NusG-NTD are broadened significantly by the dramatic increase in the rotation correlation time
due to the formation of the NusG-NTD:RNAP"*"¢ complex (Fig. 2a). Similarly, addition of isolated {3
or 3’ to "N-NusG-NTD lead to the loss of "'N-NusG-NTD signal intensity (Fig. 2b,c). In contrast, the
spectrum remained unaltered upon addition of o or w (Supplementary Fig. 3), clearly demonstrating
that NusG-NTD interacts only with 3 and 3> When 3" was added, the loss of signal intensity was not as
dramatic as it was upon addition of RNAP™ or (3. This can be attributed to inaccuracies in concen-
tration or to a lower affinity of NusG-NTD to 3’ as compared to complete RNAP or (3. Our results are
in good agreement with the known binding sites of NusG-NTD, i.e. the 3’CH and the 3GL (Fig. 3)'>'*.

During transcription, NusA decreases the elongation rate of RNAP, induces pausing, modulates
intrinsic and Rho-dependent termination, and is part of the antitermination complex (reviewed in'>16).
E. coli NusA consists of six domains, an NTD, three RNA binding domains (S1, KH1, KH2) that together
form the SKK domain, and two C-terminal acidic repeat domains, AR1 and AR2%*3*%, While the interac-

1 10 9 8 7
0'H (ppm)

tion partner of NusA-AR2 is the «CTD of RNAP, NusA-NTD binds to the 3 flap-tip helix>*>%.

The NusA-NTD interaction with RNAP and its subunits was probed as with NusG-NTD. The disap-
pearance of "N-NusA-NTD signals in the presence of RNAP™™ confirms complex formation (Fig. 4a).
However, addition of either 3 or 3’ led to an only slight decrease of ®N-NusA-NTD signals, even in
the presence of a twofold molar excess of the RNAP subunit (Fig. 4b,c), the effect being slightly more
pronounced for the 3 subunit. In contrast, the signal decrease was more severe when the 33’ complex
was added (Fig. 4d). To address the question whether this effect was due to a higher binding affinity
or because of the increase in the molecular mass, we determined the observed amide proton transverse
relaxation rate R, (R,*) of free NusA-NTD and of NusA-NTD after addition of 3, 3 or 33’ in equi-
o of NusA-NTD increased in the presence of the individ-
ual subunits and the 33’ complex (R,**: NusA-NTD, 50 s~'; NusA-NTD+3, 130 s~%; NusA-NTD+;,
90 s71; NusA-NTD+(33) 190 s~!). Assuming that R,*™ is population-averaged, the fraction of unbound
NusA-NTD was calculated according to equation (3). While the actual R, of NusA-NTD corresponds
to its R,°" value, the R, values of NusA-NTD completely bound to 3, 3’ or 333" were estimated based on
the proportionality of R, and the molecular mass. When (3 or 33" were present, approximately 80% of
NusA-NTD molecules were unbound, indicating the same affinity of NusA-NTD for 3 and (33’ Around
90% of NusA-NTD molecules were free upon addition of 3’ Samples containing 3’ were turbid, suggest-
ing the presence of oligomers with a higher molecular mass, i.e. the fraction of unbound NusA-NTD
might be even higher than the estimated value. A small effect of the 3’ subunit on NusA-NTD binding,
however, cannot be excluded. As no interaction was observed between NusA-NTD and the o or the w
subunit (Supplementary Fig. 4), these results agree with previous findings that NusA-NTD interacts with

molar amounts by spin-echo experiments. R,

the 3 flap region (Fig. 3)*.

We probed NusA-AR2:RNAP interaction with the same approach. The signal intensity of ’N-NusA-AR2
was reduced to background levels in the presence of RNAP™¢ (Fig. 5a). The two dimensional (2D)
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NusA-NTD

NusG-NTD

i flap tip
. helix

NusB

.
NusA-AR2

NusE2

Figure 3. Nus factors binding sites on RNAP. RNAP is shown in surface representation with the NTD
and CTD of « subunit 1 in bright and pale orange, respectively, the NTD of o subunit 2 in yellow, the 3
subunit in pale blue, the 8’ subunit in dark blue, the w subunit in dark green. Nus factor binding sites are
highlighted (NusA-AR2 binding site on «;CTD, brown; BGL, cyan; (3 flap tip helix, turquoise; 3’CH, bright
blue). Nus factors are displayed in surface representation with linker regions or domains not studied in this
work being drawn schematically (NusG, bright green; NusA, purple; NusEA, red, NusB, grey). Black arrows
indicate the binding site of each Nus factor or domain. NusE? interacts with the 3 subunit, but the exact
binding site has no been identified yet. Protein Data Bank (PDB) codes: RNAP, 4KMU; NusA-NTD, 2KWP;
NusA-AR2, IWCN; NusB:NusE4, 3D3B; NusG-NTD, 2K06.

['H,"®N]-HSQC spectrum of ’N-NusA-AR2 changed dramatically when isolated o was added (Fig. 5b),
which verifies this interaction. "’N-NusA-AR2 resonances corresponding to amino acid residues known
to be located in the «CTD binding surface disappeared®. The signal intensity was only slightly dimin-
ished in the presence of 3, and the spectrum of ’N-NusA-AR2 was completely unaltered upon addition
of 3’ or w (Fig. 5¢,d and Supplementary Fig. 5). Hence, we conclude that NusA-AR2 binds specifically
to the o subunit (Fig. 3). Weak binding of NusA-AR1 to 3 was observed, just as for NusA-AR2. These
interactions, however, may be unspecific due to the acidity of the AR domains®.

Together with the CD spectra these interaction studies suggest that all subunits are functional and
consequently correctly folded, although we cannot exclude that regions not interacting with NusA or
NusG are not fully intact. Conventional NMR techniques thus allow qualitative studies of the interaction
of RNAP with various transcription regulators, setting the stage for further biochemical and structural
investigations.

Transcription factor NusE attaches to the (3 subunit. NusE is able to bind directly to RNAP, an
interaction that is suggested to be involved in antitermination®'. Thus, we asked which RNAP subunit
was the target of NusE.

As NusE is only poorly soluble and tends to aggregate, we expressed and purified a NusE variant,
NusE?, in which the ribosome binding loop is replaced by a single Ser, in complex with NusB*’. RNAPnativ
or the individual RNAP subunits were added to the NusB:'*N-NusE* complex. While addition of o and
w had no effect on the 1D ['H,"®N]-HSQC spectrum of >’N-NusE* (Supplementary Fig. 6a,b), RNAPnative
addition led to a loss of signals indicating binding of NusE? to RNAP (Fig. 6a). A similar signal loss
was obtained upon addition of 3, demonstrating the formation of the NusE:3 complex (Fig. 6b). When
B> was added to NusB:'""N-NusE?, the signal intensity was reduced by approximately 50%, an effect we
attribute to weak or unspecific binding (Fig. 6¢). To exclude the possibility that NusB alone binds to
RNAP we performed a titration experiment with "N-NusB and RNAP™¢ resulting in an unaltered
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Figure 4. NusA-NTD interaction with RNAP, 3, 3’ and 33’ 1D ['H,"”N]-HSQC spectra of the amide
region of 30puM "N-NusA-NTD in the absence, black, and in the presence of (a) RNAP™¢, (b) 3 subunit,
(c) B’ subunit, or (d) B3’ complex; red, equimolar concentrations; blue, 1:2 molar ratio.
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Figure 5. NusA-AR?2 interaction with RNAP, o, 3, and 3’ ['H,"N]-HSQC spectra of the amide region
of 30pM ®N-NusA-AR?2 in the absence, black, and in the presence of equimolar concentrations, red, of
(a) RNAP™* (1D spectra), (b) a subunit (2D spectra), (c) 3 subunit (1D spectra), or (d) 3’ subunit (1D
spectra).

spectrum (Supplementary Fig. 6¢). Crosslinking experiments using NusB:NusE* and His,-tagged
RNAP™"¢ in the presence of paraformaldehyde confirmed the formation of the NusB:NusEA:RNAP com-
plex (Supplementary Fig. 6d.e). Addition of RNAP™"¢ to *'N-NusB:NusE” led to a dramatic decrease
of "'N-NusB signal intensity, indicating that NusB is not released upon binding of NusE* to RNAP
(Fig. 6d). Thus, the NusB:NusE complex directly binds to RNAP via NusE2 and the (3 subunit is prob-
ably the key target of NusE* (Fig. 3).

Although this might imply that the ribosome could directly interact with RNAP as NusE is part of
the 30S subunit, we consider this scenario unlikely as the resulting supramolecular RNAP:ribosome
complex would be very rigid and consequently gene expression would probably be impaired. Thus, we
propose that the NusE:RNAP interaction might be involved in transcription antitermination as suggested
earlier”’.
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Figure 6. Interaction of NusE* with RNAP, 3, and 3’ 1D ['H,"*N]-HSQC spectra of the amide region of
30.M NusB:'°N-NusE* in the absence, black, and in the presence of equimolar concentrations, red, of (a)
RNAPmtive (b) 3 subunit, or (c) 3’ subunit. (d) 1D ['H,"N]-HSQC spectra of the amide region of 30 uM
15N-NusB:NusE* in the absence, black, and in the presence of RNAP™* in equimolar concentration, red.

The isolated w subunit does not interact with the isolated 3’ subunit. The w subunit of RNAP
was proposed to have an essential function in folding of 3’ and in preventing it from aggregation as well
as in promoting the assembly of «,3 with 3’w’. The signals of "N-w are not diminished significantly
upon addition of 3} indicating that the two proteins do not interact (Supplementary Fig. 7). Yet, w coe-
luted with the other RNAP subunits in Ni*" affinity chromatography after assembly (Fig. 1b), and w was
present in active RNAP. Thus, we conclude that w binds only to unfolded or partially folded 3. Together
with the analysis of its secondary structure (Fig. le and Supplementary Fig. 2) this, in turn, suggests that
w adopts its properly folded state either during RNAP assembly or during folding of (3’

NMR studies of RNAP. The ['H,"*C]-TROSY heteronuclear multiple quantum coherence (HMQC)
spectrum of deuterated RNAP""¢ with 'H,"3C-labeled Ile, Leu, and Val methyl groups shows high signal
dispersion, typical for a folded protein (Fig. 7a). However, owing to the size of RNAP (287 Val, 230 Ile,
349 Leu), many signals overlap.

Numerous aCTD signals could be assigned in RNAP™¢ by superposition of a ['H,*C]-HSQC spec-
trum of “C,”>N-aCTD and the spectrum of RNAP™™ labeled as above (Fig. 7a), as the «CTD signals
in RNAP™" are of higher intensity than signals of the rest of the RNAP due to the fact that this domain
is flexibly connected to RNAP. A similar approach was used to assign signals in the RNAP™¥ spectrum
that belong to the (3’ subunit (Fig. 7b). In this case, 3’ was deuterated and contained 'H,"*C-labeled
methyl groups of Ile, Leu, and Val residues. The signals of the isolated 8’ subunit are widely dispersed,
and several of the RNAP™!* gignals can be assigned clearly to the 3” subunit, since the chemical shifts
are almost identical in the two spectra.

Addition of unlabeled NusG-NTD to methyl group labeled 3’ led to a significant decrease of some
(> signals (Fig. 7c), indicating that the corresponding residues are affected by NusG-NTD binding. Two
Ile and two Leu residues, which give rise to two and four signals in the Ile (**C, 9-16 ppm) and Val/Leu
(1*C, 17-29 ppm) region, respectively, are positioned directly in the NusG-NTD interaction site of the
B’CH (Supplementary Fig. 8), matching the number of significantly affected (3’ signals. Other Ile, Leu,
and Val residues are located in the vicinity of the interaction site and are probably affected by NusG-NTD
binding as well (Supplementary Fig. 8). Hence, we conclude that the separately expressed and purified 3’
subunit is indeed functional in NusG-NTD binding.

In order to reduce the number of signals in the spectrum of methyl group labeled RNAP™¥, we
specifically labeled only the Ile, Val, and Leu methyl groups of the 3’ subunit with 'H,"*C while all other
residues of 3’ as well as the other subunits were deuterated (Fig. 7d). The signals in the resulting spec-
trum are as well dispersed as the signals of isolated 3’ (Fig. 7b), but new signals appear. Hence, by com-
paring the spectrum of methyl group labeled 3’ in RNAP with the one of methyl group labeled RNAPatve
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Figure 7. NMR studies of RNAP. C-H correlation spectra of ’N,"*C-RNAP aCTD; methyl group labeled
RNAPrative; methyl group labeled (3’; and methyl group labeled 3’ in reconstituted RNAP (other subunits
deuterated). (a) Superposition of a ['H,’*C]-HMQC spectrum of 30 .M RNAP™¢, black, and a ['H,*C]-
HSQC spectrum of 700 .M RNAP oCTD, red. Directly assigned peaks are labeled. (b) Superposition

of ['H,*C]-HMQC spectra of 30 .M RNAP™¢, black, and 2pM (3} cyan. Example peaks with identical
chemical shift in RNAP"" and free 3’ are indicated by blue arrows. (c) Superposition of ['H,”*C]-HMQC
spectra of 2pM (3 before, black, and after addition of unlabeled NusG-NTD in a 1:1, 1:2, and 1:10 molar
ratio (green, blue, and red, respectively). Arrows indicate signals that decrease significantly upon NusG-
NTD addition. (d) Superposition of the ['H,*C]-HMQC spectra of RNAP™, black, and (3’ in reconstituted
RNAP, green. (3’ signals identical to signals of RNAP"¥ and those whose positions differ in free 3’ and 3’ in
reconstituted RNAP are indicated by green arrows.

(Fig. 7d) more signals of RNAP™¢ could be assigned to the 3’ subunit than using the spectrum of iso-
lated methyl group labeled (3’ This is probably due to the fact that here 3’ was in its physiological context.

Thus, this work demonstrates that even heterooligomeric systems as complex as RNAP can be tackled
by NMR spectroscopy, and, moreover, that intra- and interdomain dynamics and the transient interac-
tion with regulatory factors can be studied. In fact, we expect that further refinement of the method we
presented here by, e.g., specific labeling of parts of the RNAP subunits will lead to very major contribu-
tions to detailed studies of transcription factor:RNAP interactions by solution state NMR spectroscopy.

Methods

Assembly and purification of the RNAP and the 33’ complex. All RNAP subunit genes were
expressed separately (see Supplementary Methods), with the 3’ subunit being produced as a fusion pro-
tein carrying an N-terminal Hisg tag. Cell pellets from equal volumes of cell cultures of the individual
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subunits were resuspended in denaturing lysis buffer (50 mM tris(hydroxymethyl)aminomethane (Tris)/
HCI, pH 7.5, 500mM NaCl, 5% (v/v) glycerol, 0.5mM ethylenediaminetetraacetic acid (EDTA), 10mM
MgCl,, 10pM ZnCl,, 8 M urea, 1 mM dithiothreitol (DTT)) and combined. Cell lysis was performed
with a microfluidizer, and the cell lysate was stirred for 1h at room temperature. For the assembly of
RNAP, the lysate was dialyzed against lysis buffer with decreasing urea concentrations (4 M, 1 M, 0.5 M,
0 M; 2h each buffer at 4°C). Finally, the extract was dialyzed overnight against buffer A (50 mM Tris/
HCI, pH 7.5, 500mM NaCl, 5% (v/v) glycerol, 10mM MgCl,, 10pM ZnCl,, 10mM imidazole). The
dialysate was incubated for 1h at 30°C, centrifuged at 12,000 x g and 4°C for 30 min, and the super-
natant was applied to a HisTrap HP column (GE Healthcare, Munich, Germany). After washing with
buffer A, elution was performed using a constant gradient with imidazole concentrations increasing up
to 1 M in buffer A. RNAP containing fractions were combined and dialyzed against 50 mM Tris/HCI,
pH 7.5, 500mM NaCl, 5% (v/v) glycerol, 0.5mM EDTA, 10mM MgCl,, 10pM ZnCl,, ImM DTT at
4°C overnight. The protein solution was then concentrated by ultrafiltration (molecular weight cut-off
(MWCO) = 10kDa) and applied to a HiLoad 16/600 Superdex 200 pg column (GE Healthcare, Munich,
Germany). The fractions of the main peaks from the SEC were concentrated separately by ultrafiltration
(MWCO = 10kDa), frozen in liquid nitrogen and stored at -80°C.

The assembly and purification of 33’ was performed according to the protocol used for RNAP.
However, the incubation step after removing urea was omitted and 37 mg protein were obtained from
11 cultures.

Protein production and purification of RNAP™e,  The genes for all subunits were expressed on
the same plasmid from one promoter as an operon. Expression and purification are based on a slightly
modified published protocol®®. For the overexpression, the LB/M9 minimal medium®*° supplemented
with ampicillin (100 pg/ml) was inoculated with a preculture to an ODgy, of 0.03 and cells were grown at
37°C. At ODy,~0.2 the temperature was lowered to 16°C. After 90 min, overexpression was induced by
0.5mM IPTG and cells were grown overnight. The first purification step was performed using Ni-NTA
Superflow cartridges (QIAGEN, Hilden) on an AKTA purifier system.

Isotopic labeling of proteins. !*N- and *N-, 1*C-labeled proteins were obtained by growing E. coli
in M9 minimal media**® upon respective addition of (**NH,),SO, (Campro Scientific, Berlin, Germany)
and ®C-D-glucose (Spectra Stable Isotopes, Columbia, MD, USA) as the only nitrogen and carbon source.
Expression and purification was the same as for proteins produced in LB medium (see Supplementary
Methods).

The protocol for deuteration of proteins in which the methyl groups of Ile, Leu and Val residues are
'H,13C-labeled is based on a published method?. First, cells were slowly accustomed to D,0O (Campro
Scientific, Berlin, Germany) in precultures (LB, M9 minimal medium in H,0, M9 with 25% (v/v), 50%
(v/v) and 100% (v/v) D,O consecutively). In the 100% D,O preculture and the main culture, deuter-
ated glucose (Campro Scientific, Berlin, Germany) was added as the sole carbon source. The time for
gene expression was doubled as compared to expression in H,O. For methyl group labeling, 60 mg/L
cell culture 2-keto-3-d;-4-1*C-butyrate (isoleucine; Eurisotop, St. Aubin Cedex, France) and 100 mg/L
cell culture 2-keto-3-methyl-d,-3-d,;-4-1*C-butyrate (valine, leucine; Eurisotop, St. Aubin Cedex, France)
were added 1h prior to induction. To produce completely deuterated proteins without *C or °N label
the final step was omitted.

RNAP activity assay. As RNAP™#" and the assembled RNAPs do not contain the o subu-
nit for binding of a promoter region, a nucleic acid scaffold consisting of a template DNA without
a promoter, a non-template DNA, and an RNA primer was used for the activity assay. The 24mer
template (T24, 5-GCCGCGCGCTTGCGGTCTGTCCC-3’) and 14mer non-template (NT14,
5-AACGCCAGACAGGG-3’) DNA oligos overlap only partially to form a short downstream duplex DNA.
The other end of T24 is complementary to the 16mer RNA primer (R16, 5-GAGUCUGCGGCGCGCG-3’)
that is labeled with 6-carboxyfluorescein (6-FAM) at the 5’-end for visualization. These oligonucleotides
are identical with the ones used to obtain the crystal structure of Thermus thermophilus elongation com-
plex PDB code: 205I*).

The reactions were carried out in 20mM Tris/HCI, pH 8.0, 40 mM KCl, 0.1 mM EDTA, 0.1 mM DTT.
For a 50pL reaction, 12 pmol of T24 and 10 pmol of R16 were mixed, heated to 75°C for 5min, and
cooled to RT. 12 pmol of NT14 were added and incubated for 10 min at RT. 20 pmol RNAP were added
and again incubated at RT for 10 min. To start the activity assay, 5mM MgCl, and 2.5pM of each NTP
were added and incubated at 37°C for 5min. ATP and CTP were added for an RNA extension of 3 nt.
When GTP was also added, the RNA was extended by 14 nt. The reaction samples were analyzed on a
20% (w/v) polyacrylamide/8.3 M urea gel and fluorescence was visualized by a Stella Imaging System
(raytest, Straubenhardt, Germany). To compare the activities of RNAP**" and RNAP™", the intensity
of the strongest band from extended RNA was divided by the intensity of non-extended RNA primer.

CD measurements. Far-UV CD spectra were recorded on a Jasco J-810 spectropolarimeter (Jasco,
Gross-Umstadt, Germany) with protein concentrations between 0.5 and 10pM in 10mM potassium
phosphate buffer, pH 7.5. Spectra were accumulated ten times at 20°C with an increment of 0.2nm.
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Measured ellipticity [©] was normalized against the protein concentration ¢ inmM, the path length d in
cm and the number of amino acids N according to equation (1).
(O] =100 - [O] - /(c-d-N) (1)

MRW

NMR spectroscopy. NMR measurements were conducted at 25°C on Bruker Avance 600 MHz,
700 MHz, and 800 MHz spectrometers, the latter two equipped with cryogenically cooled probes. The
interaction studies of transcription factors with RNAP™" and individual subunits were carried out in
25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5, 50mM NaCl, 5% (v/v)
glycerol, 0.5mM EDTA, 1mM DTT. Methyl group and '"N-labeled proteins were in 25mM HEPES,
pH 7.5, 50mM NaCl, 5% (v/v) glycerol, 0.5mM EDTA, 10mM MgCl,, 10pM ZnCl,, 1mM DTT while
[N,BC]-aCTD was in 10mM potassium phosphate, pH 6.4, 50 mM NaCl, 1 mM (3-mercaptoethanol.
2D spectra were visualized and analyzed using NMRView*?, 1D spectra by Matlab (The MathWorks, Inc.,
Version 7.1.0.183). To compare different 1D ['H,"’N]-HSQC spectra, the intensity was divided by the
number of scans and the protein concentration.

Transverse relaxation rates of amide protons were determined with two-point measurements, using
1D ['H,®N]-HSQC experiments including a spin echo in the first insensitive nuclei enhancement
by polarization transfer (INEPT) step®. Samples contained either 40uM "N-NusA-NTD or 40pM
I5’N-NusA-NTD and an equimolar amount of 3, 3° or 34° in 25mM HEPES, pH 7.5, 50mM NaCl, 5%
(v/v) glycerol, 0.5mM EDTA, 10mM MgCl,, 10pM ZnCl,, 1mM DTT. For the experiment with free
NusA-NTD the difference between the two time points for the spin-echo experiments (Af) was 10 ms,
while it was 5 ms for all other measurements. The population-averaged observed R, was determined
according to equation (2).

NTD

obs __ NTD+partner
RZ = Xunbound RZ + (1 - xunbound) : RZ (2)

R,NTD is R, of free NusA-NTD and R NTP+partaer jg R of the complex of NusA-NTD and 3, 8’ or 33> Thus,
the fraction of unbound NusA-NTD (x,,peuna) Was calculated using equation (3).

X ynbound = (Rzobs _ R2NTD+partner)/(RZNTD_RZNTD+purtner) (3)

R,NP corresponds to R,*of NusA-NTD and was experimentally determined to 50 s~!. R,NTD+partner g
estimated based on the proportionality of R, and the molecular mass (R,NP*%: 500 s~1, R,NTP+R: 500
s~ R,NTD+B%: 1000 s71).
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Supplementary Figure 1: Purification of individual RNAP subunits. 2 ug protein were applied

to each lane. S1, Precision Plus Protein Standard (BioRad, Munich, Germany); S2, PageRuler Low

Range Protein Ladder (Thermo Scientific, Schwerte, Germany); SN, supernatant; P, pellet; PEI,

polyethylenimine, AS, ammonium sulfate (a) 19 % (w/v) SDS-polyacrylamide gel of aliquots taken

from the fractions during a subunit purification after staining with Coomassie Blue. (b) 10 % (w/v)

SDS-polyacrylamide gel of aliquots taken from the fractions during 3 subunit purification after

staining with Coomassie Blue. (¢) 10 % (w/v) SDS-polyacrylamide gel of aliquots taken from the

fractions during [’ subunit purification after staining with Coomassie Blue. (d) Schigger-Jagow

gel' of aliquots taken from the fractions during w subunit purification after staining with Coomassie

2



Blue. (e) 10 % (w/v) polyacrylamide gel of aliquots taken from the fractions during B’ complex

purification after staining with Coomassie Blue.
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Supplementary Figure 2: ['H,”"N]-HSQC spectrum of 300 uM ""N-w. Positive and negative

signals are colored in black and red, respectively.
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Supplementary Figure 3: NusG-NTD does not interact with isolated o. or w. (a) 1D ['H,"’N]-
HSQC spectra of 30 uM NusG-NTD in the absence, black, and in the presence, red, of an equimolar
concentration of a. (b) 2D ['H,"”N]-HSQC spectra of 100 uM NusG-NTD in the absence, black,

and in the presence, red, of an equimolar concentration of .
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Supplementary Figure 4: NusA-NTD does not interact with isolated o or w. (a) 1D ['H,"°N]-
HSQC spectra of 30 uM NusA-NTD in the absence, black, and in the presence, red, of an equimolar
concentration of a. (b) 2D ['H,"”N]-HSQC spectra of 100 uM NusA-NTD in the absence, black,

and in the presence, red, of an equimolar concentration of .
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Supplementary Figure 5: NusA-AR2 does not interact with isolated w. 2D ['H,"°N]-HSQC
spectra of 30 uM NusA-AR2 in the absence, black, and in the presence, red, of an equimolar

concentration of .
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Supplementary Figure 6: Interaction studies of NusB and NusB:NusE* with RNAP, isolated o
and w. (a) 1D ['H,"°N]-HSQC spectra of 30 uM NusB:'°N-NusE? in the absence, black, and in the
presence, red, of an equimolar concentration of a. (b) 2D ['H,"°N]-HSQC spectrum of 100 uM
NusB:'°N-NusE? in the absence, black, and in the presence, red, of an equimolar concentration of
o. (¢) 1D ['H,""N]-HSQC spectra of 30 uM '"N-NusB in the absence, black, and in the presence,

red, of an equimolar concentration of RNAP™". (d,e) Crosslinkling of RNAP and NusB:NusE?.
19% (w/v) SDS-polyacrylamide gel after Ni** affinity chromatography and staining with
Coomassie Blue. Crosslinking of RNAP and NusG-CTD was used as negative control. S: BioRad

low range SDS-PAGE Standard (BioRad, Munich, Germany), FT: flow through, W: fraction of the



last washing step with 5 mM imidazole, E: eluate.
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Supplementary Figure 7: The o subunit does not interact with the p’ subunit. 1D ['H,"’N]-

HSQC spectra of the amide region of 30 uM N-o subunit in the absence, black, and in the

presence of an equimolar concentration of f3’, red.
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Supplementary Figure 8: Model of NusG-NTD binding to the $°CH. The NusG-NTD: ’CH
complex (PDB code: 2K06, NusG-NTD, surface representation; PDB code: 4KMU, B’ clamp
helices, ribbon representation) was modeled based on the crystal structure of Pyrococcus furiosus
Spt4/5 binding to the RNAP clamp domain®. Ile (brown), Leu (pink) and Val (beige) residues in the

B’ clamp helices are represented as sticks.

11



Supplementary Methods

Cloning. Plasmids containing the genes rpoA, rpoB, rpoC and rpoZ were kindly provided by Irina
Artsimovitch. rpoB was cloned from pIA942 into pET29b (Novagen, Madison, WI, USA) via
BamHI and Ndel. rpoC was cloned from pIA661 into pET29b via Ndel and Hindlll restriction sites
allowing the expression of rpoC with a hexahistidine tag at the C-terminus. For tagless production
of rpoZ the gene was excised from pIA839 with its ribosome binding site via Xbal and Hindlll and
cloned into pET32a (Novagen, Madison, WI, USA). For expression of rpoZ with an N-terminal
SUMO tag the rpoZ gene was cloned into pET28 derivative harboring the small ubiquitin-like
modifier (SUMO) 1 gene via BamHI and X#hol restriction sites.

The gene for NusA-NTD (1-125) was cloned using the Champion™ pET101 Directional TOPO®
Expression Kit (Invitrogen, Carlsbad, CA, USA) with the following primers: Fwd-primer: 5’-CAC
CAT GAA CAA AGA AAT TTT GGC-3’; Rev-primer: 5’-AGA ACC ACG CGG AAC CAG CAT
CGC ACG TTC GGC TTC ACG-3’. The resulting E. coli expression vector pET101_NusA-NTD
contains a C-terminal hexa-histidine tag and a thrombin cleavage site between NusA-NTD and the

histidine tag.

Gene expression and protein purification. rpo4 was expressed in E. coli BL21 (DE3) (Novagen,
Madison, WI, USA) harboring the plasmid pIA287. Cells were grown in M9 minimal medium®*
containing 100 ug/ml ampicillin at 37 °C. At an optical density of 600 nm (ODgy) of ~ 0.7
expression was induced by 0.1 mM isopropyl-thiogalactoside (IPTG). Cells were harvested after 3 h
(9,000 x g, 15 min, 4°C), resuspended in 50 mM Tris/HCI (pH 8.0) containing 500 mM NaCl and
disrupted by a microfluidizer (Microfluidics, Newton, MA, USA). Nucleic acids were precipitated
by addition of 0.6 % (v/v) polyethylenimine and removed by centrifugation (12,000 x g, 30 min,
4 °C). Subsequently, an ammonium sulfate precipitation (60 % (w/v)) was performed with the
supernatant. After centrifugation (12,000 x g, 4 °C, 30 min) the supernatant was dialyzed against

20 mM Tris/HCI (pH 8.0) overnight at 4 °C and applied to a HiTrap QXL column (GE Healthcare,

12



Munich, Germany). After washing with 20 mM Tris/HCI (pH 8.0) elution was performed using a
step gradient with increasing NaCl concentrations (0.25-1 M NaCl in 20 mM Tris/HCI (pH 8.0)).
Fractions containing the target protein were combined, dialyzed against the required buffer,
concentrated by ultrafiltration (VivaSpin units, molecular weight cut-off (MWCO) = 3.5 kDa,
Sartorius Stedim Biotech GmbH, Goéttingen, Germany) and stored at -80 °C after freezing with

liquid nitrogen. 67 mg protein were obtained from a one liter culture.

rpoB was expressed in E. coli BL21 (DE3) harboring the pET29b/rpoB plasmid. Cells were grown
in M9 minimal medium™* containing 30 pg/ml kanamycin at 37 °C. At an ODgyp of ~ 0.7
expression was induced by 1 mM IPTG. Cells were harvested 4 h after induction and lysed as
described for rpoA using a buffer containing 50 mM Tris/HCI (pH 8.0), 500 mM NaCl, 5 % (v/v)
glycerol, 1 mM DTT. After centrifugation (30 min, 4 °C, 12,000 x g) the pellet was resolved in
I mM EDTA (pH 8.0), 1 mg/ml deoxycholic acid sodium salt, 20 mM DTT and lysozyme
(0.2 mg/ml) and again centrifuged for 30 min at 12,000 x g and 4 °C. The pellet was then washed
three times with the same buffer, subsequently three times with 50 mM Tris/HCI (pH 8.0), 50 mM
NaCl, 10 mM EDTA, 5mM DTT and once with H,O. Finally, the pellet was resuspended in
50 mM Tris/HCI (pH 7.2), 8 M Urea, 500 mM NaCl and stirred for 1 h at room temperature. Urea
was removed by dialysis against 50 mM Tris/HCl (pH 7.2), 5 % (v/v) glycerol, 500 mM NaCl,
0.5 mM EDTA, 1 mM DTT at 4 °C for 3 h followed by overnight dialysis using the same buffer
without NaCl. The dialysate was centrifuged (30 min, 4 °C, 12,000 x g) and the supernatant was
applied to a HiTrap Heparin HP column (GE Healthcare, Munich, Germany). After washing with
50 mM Tris/HCI (pH 7.2), 5 % (v/v) glycerol, 0.5 mM EDTA, 1 mM DTT elution was performed
using a constant NaCl gradient up to 1 M in 50 mM Tris/HCI (pH 7.2), 5 % (v/v) glycerol, 0.5 mM
EDTA, 1 mM DTT. Fractions containing pure [3 were combined and dialyzed against the required
buffer before the protein solution was concentrated by ultrafiltration (MWCO = 10 kDa) and stored

at -80 °C after freezing with liquid nitrogen. The yield was 53 mg protein per | culture.
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rpoC was expressed in E. coli Rosetta (DE3) pLysS (Novagen, Madison, WI, USA). The
recombinant protein harbored a seven amino acid linker followed by a hexahistidine tag (Hise) at
the C-terminus. Cells were grown in M9 minimal medium®* containing 30 pg/ml kanamycin and
34 pg/ml chloramphenicol at 37 °C. When an ODgy of ~ 0.5 was reached the temperature was
lowered to 16 °C and gene expression was induced with 1 mM IPTG at an ODg of 0.6-0.8. Cells
were harvested 6 h after induction, resuspended and lysed as described above using buffer A
(50 mM Tris/HCl (pH 7.5), 500 mM NacCl, 5 % (v/v) glycerol, 10 mM MgCl,, 10 uM ZnCl,,
10 mM imidazole). After centrifugation (30 min, 12,000 x g, 4 °C) the supernatant was applied to a
HisTrap HP column (GE Healthcare, Munich, Germany). After washing with buffer A, elution was
carried out using a step gradient with increasing imidazole concentrations (10-500 mM in buffer A).
Fractions containing 3” were combined. Following dialysis against the required buffer the protein
solution was concentrated by ultrafiltration (MWCO = 10 kDa) and stored at -80 °C after shock

freezing in liquid nitrogen. One liter culture yielded 15 mg protein.

The o subunit with N-terminal Hisc-SUMO tag was produced in E. coli Rosetta (DE3) pLysS
harboring pET28M-SUMO1/rpoZ. Cells were grown in M9 minimal medium®™” in the presence of
30 pg/ml kanamycin and 34 pg/ml chloramphenicol at 37 °C until an ODggo of 0.4 was reached.
The temperature was lowered to 25 °C and at an ODggo of 0.6-0.8 expression was induced with
1 mM IPTG. Cells were harvested after 4 h, resuspended and lysed as described above. In this case
25 mM Tris/HCl (pH 7.5), 300 mM NaCl, 10 mM imidazole was used for resuspension. After
centrifugation (12,000 x g, 30 min, 4 °C), the supernatant was applied to a HisTrap HP column.
After washing with 25 mM Tris/HCl (pH 7.5), 300 mM NaCl, 10 mM imidazole, elution was
performed using a step gradient with increasing imidazole concentrations (10-500 mM in
resuspension buffer). Fractions containing Hisc-SUMO-w were combined and cleaved during
dialysis overnight against 25 mM Tris/HCI (pH 7.5), 300 mM NaCl by Senp2, a protease that

cleaves directly after SUMO protein. The protein solution was reapplied to the HisTrap HP column.
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Pure ® was found in the flow through, dialyzed against the required buffer, concentrated by
ultrafiltration (MWCO = 3 kDa) and stored at -80 °C after freezing with liquid nitrogen with a yield

of 3 mg protein per liter culture.

Tagless @ was used for in vitro assembly of RNAP and produced in E. coli Rosetta (DE3) pLysS
containing pET32a/rpoZ. Cells were grown in M9 minimal medium™* containing 100 pg/ml
ampicillin and 34 pg/ml chloramphenicol at 37 °C. After induction with 0.1 mM IPTG at an ODsego

of 0.6-0.8 cells were grown for another 3 h before harvesting (9,000 x g, 15 min).

NusA-NTD contained amino acids 1-125 and was produced in E. coli BL21 Star (DE3) (Invitrogen,
Darmstadt, Germany) harboring pET101 NusA-NTD. Cells were grown at 37 °C in LB medium
containing ampicillin (100 pg/ml) until an ODgy of 0.6 was reached. Then the temperature was
lowered to 20 °C. After 30 min overexpression was induced by 1 mM IPTG. Cells were harvested
after overnight growth, resuspended and lysed as described for rpoA using a buffer containing
20mM Tris/HC1 (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 20 mM imidazole. After
centrifugation at 12,000 x g and 4 °C for 30 min, the supernatant was applied to a Ni*-NTA HiTrap
column (GE Healthcare, Munich, Germany). After washing with 20 mM Tris/HCl (pH 7.5),
150 mM NaCl, 10 % (v/v) glycerol, 20 mM imidazole elution was performed via a step gradient
with increasing imidazole concentrations (20 mM — 1 M imidazole in 20 mM Tris/HCI (pH 7.5),
150 mM NaCl, 10 % (v/v) glycerol, 20 mM imidazole). The fractions containing the NusA-NTD-
Hise fusion protein were combined and the protein was cleaved by thrombin (Novagen, Madison,
WI, USA), during dialysis against 20 mM Tris/HCI (pH 7.5) at room temperature overnight. The
protein solution was applied to a HiTrap QXL column which was subsequently washed with 20 mM
Tris/HCI (pH 7.5) before elution was carried out via a step gradient with increasing NaCl
concentrations (0 M-1 M NaCl in 20 mM Tris/HCI (pH 7.5)). The fractions containing NusA-NTD

were combined and dialyzed against the required buffer. Finally, the protein solution was
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concentrated by ultrafiltration (MWCO = 3 kDa), frozen in liquid nitrogen and stored at -80 °C.

The gene of the SUMO protease SENP2 was expressed in E. coli Rosetta (DE3) (Novagen,
Madison, WI, USA) harboring the plasmid pET28b-senp2. Cells were grown in LB medium
containing 30 pg/ml kanamycin and 34 pg/ml chloramphenicol at 37 °C. At ODggo ~ 0.7 expression
was induced by 1 mM IPTG. Cells were harvested after 4 h (9,000 x g, 15 min, 4°C), resuspended
in 40 mM Tris/HCI (pH 7.5) containing 500 mM NaCl, 10 mM imidazole and 5 mM DTT and
disrupted by a microfluidizer. The supernatant was applied to a HisTrap HP column. Elution was
performed using a step gradient with increasing imidazole concentrations (10-500 mM in
resuspension buffer). The fractions containing SENP2 were combined, dialyzed against 5 mM
Tris/HCI (pH 7.5), 250 mM NaCl, 10 mM DTT, 0.1 mM EDTA and concentrated by ultrafiltration
(MWCO = 10 kDa). Finally the glycerol concentration was adjusted to 20 %, aliquots were frozen

in liquid nitrogen and stored at -80 °C.

The production and purification of NusB:NusE*, NusB, RNAP «a-CTD, NusG-NTD, NusG-CTD

and NusA-AR2 were carried out as described previously (Refs.”” for NusB:NusE* and NusB,

Ref. ® for oCTD, Ref. ? for NusG-NTD, Ref. % for NusG-CTD, Ref. 8 for NusA-AR2).

Formaldehyde crosslink. The crosslinking of RNAP and NusB:NusE* was based on the SPINE
method'’. 7.7 nmol RNAP were mixed with 15.4 nmol NusB:NusE+ in 25 mM HEPES (pH 7.5),
100 mM NaCl and a 4 % (w/v) paraformaldehyde solution in the same buffer was added to a final
concentration of 0.6 % (w/v). For the crosslink, the mixture was incubated at 37 °C for 20 min.
0.7 ml of Ni*" chelating sepharose (50 % (w/v), GE Healthcare, Munich, Germany), equilibrated
with 25 mM HEPES (pH 7.5), 100 mM NaCl, were added and incubated for 20 min at room
temperature. Afterwards the mixture was transferred to a 2.5 ml gravity flow column and the flow

trough was collected. The column was washed ten times with 1 ml of 25 mM HEPES (pH 7.5),
16



100 mM NaCl and seven times with 1 ml of the same buffer containing 5 mM imidazole. Bound
protein was eluted with 25 mM HEPES (pH 7.5), 100 mM NaCl, 500 mM imidazole. The protein
contained in 200 pl in the flow through, the last washing step and the eluate was precipitated with
50 ul 50 % (v/v) trichloroacetic acid (TCA) by incubation for 20 min on ice and subsequent
centrifugation for 10 min at 15,000 x g. The pellet was dissolved in 50 pl 2x Roti (Roth, Karlsruhe,
Germany). The crosslink was broken by boiling the solution for 20 min and the samples were

analyzed by SDS-PAGE. The isolated RNAP, the isolated NusB:NusE* complex as well as NusG-

CTD in the absence and presence of RNAP as negative control were treated accordingly.

Programs. All structures were visualized using PyMOL'".
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In bacteria, RNA polymerase (RNAP), the central enzyme of transcription, is regulated by

. N-utilization substance (Nus) transcription factors. Several of these factors interact directly, and only

. transiently, with RNAP to modulate its function. As details of these interactions are largely unknown,

we probed the RNAP binding surfaces of Escherichia coli (E. coli) Nus factors by nuclear magnetic
resonance (NMR) spectroscopy. Perdeuterated factors with [*H,**C]-labeled methyl groups of Val,

. Leu, and lle residues were titrated with protonated RNAP. After verification of this approach with

the N-terminal domain (NTD) of NusG and RNAP we determined the RNAP binding site of NusE. It

. overlaps with the NusE interaction surface for the NusG C-terminal domain, indicating that RNAP
and NusG compete for NusE and suggesting possible roles for the NusE:RNAP interaction, e.g. in
antitermination and direct transcription:translation coupling. We solved the solution structure of

© NusA-NTD by NMR spectroscopy, identified its RNAP binding site with the same approach we used

. for NusG-NTD, and here present a detailed model of the NusA-NTD:RNAP:RNA complex.

. Transcription of genomic information from DNA to RNA is the initial step in gene expression, with RNA
. polymerase (RNAP) being the key enzyme of this process in all domains of life!. Bacterial core RNAP
© consists of five subunits, 2x «, 3, ', and w. While the o subunits promote the assembly of the enzyme
and are target of many regulatory proteins’™, the 3 and 3’ subunits form the active site and catalyze
 RNA synthesis®S. The w subunit is supposed to play a structural rather than a functional role. It binds
. to the N- and C-termini of the 8’ subunit to prevent 3’ aggregation until the w3’ complex is integrated
. into the RNAP’. During initiation of transcription the o factor binds to core RNAP to form the holo
© enzyme, and o is also essential for the recognition and melting of promoter regions (reviewed in®). The
© transcription cycle consists of three major phases: initiation, elongation, and termination. It is highly
regulated by a multitude of transcription factors that bind to RNAP modifying its action. Prominent
examples are the N utilization substance (Nus) factors that influence especially elongation and termi-
nation. Among all transcription factors NusG (Spt5 in archaea and eukaryotes) is unique as it is the
. only one that is universally conserved®. Escherichia coli (E. coli) NusG is a two-domain protein, with an
© N-terminal domain (NTD) and a C-terminal domain (CTD) connected via a flexible linker'®. During
- elongation NusG-NTD binds to RNAP, enhancing the elongation rate and suppressing pauses'®!’. To
fulfill this function NusG-NTD contacts the 3’ clamp helices (3'CH) and the 3 gate loop (3GL), clos-
ing the active site cleft so that the nucleic acids are locked and the transcription elongation complex
(TEC) is stabilized (Fig. 1)!*". Although NusG/Spt5-NTDs highly likely have the same function in all
. domains of life, NusG/Spt5-CTDs are targets of various interaction partners and thus serve as recruit-
. ment platform for further accessory factors. In E. coli, NusG-CTD binds to the termination factor Rho,
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stefan.knauer@uni-bayreuth.de)
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blue; RNAP, grey; ribosome, light green; DNA, black; RNA, yellow. In RNAP selected structural elements
involved in Nus factor binding are indicated.
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promoting Rho-dependent termination'#®. Additionally, E. coli NusG-CTD interacts with ribosomal
protein S10 to couple transcription and translation (Fig. 1)'. S10 is identical to transcription factor
NusE that forms a complex with NusB and as such is involved in antitermination'®. In the multiprotein
antitermination complex RNAP is modified to be able to read through termination signals, a process that
is essential for efficient transcription of ribosomal RNA operons!” or the DNA of lambdoid phages'®. The
NusE:NusB complex formed during antitermination binds to the single stranded, highly conserved BoxA
RNA sequence!® and is anchored to RNAP via NusE:NusG-CTD interaction'*. However, NusE is also
able to bind directly to RNAP where it remains during elongation!®?. This interaction may be involved
in antitermination, and the binding site on RNAP is suggested to be located in the 3 subunit®.

NusA is a multidomain protein consisting of an NTD, an S1, and two K-homology RNA binding
domains, KH1 and KH2, the latter three forming the SKK domain. In E. coli and several other proteobac-
teria the NusA C-terminus comprises two acidic repeat domains, AR1 and AR2?%22. With its multitude
of interaction partners, NusA is able to accomplish various functions. It modulates Rho-dependent and
intrinsic termination, it either prolongs pauses or introduces new ones, and it is part of the antitermi-
nation complex (reviewed in?*?*). NusA interacts directly with RNAP via NusA-NTD and NusA-AR2
(Fig. 1)*. While a high resolution solution nuclear magnetic resonance (NMR) structure is available for
the complex of NusA-AR2 and the CTD of the RNAP « subunit (a-CTD)*, the RNAP interaction sur-
face of NusA-NTD is not experimentally defined in atomic detail. A low resolution electron microscopy
structure of the Bacillus subtilis (B. subtilis) NusA-NTD:RNAP complex as well as initial binding models
are available and all studies suggest that NusA-NTD binds to the flap region of the 3 subunit at the RNA
exit channel?*-%%. However, the exact RNAP binding surface on NusA-NTD remains to be determined.

Knowledge of the RNAP interaction surfaces of transcription factors is crucial for the complete under-
standing of RNAP regulation. Owed to the molecular mass of RNAP (E. coli RNAP ~390kDa), the main
techniques to study RNAP:transcription factor complexes structurally in atomic detail are X-ray crystal-
lography and electron microscopy. However, RNAP regulation heavily depends on transient interactions
and dynamics, i.e. information not easily accessible by these techniques. Thus, we chose to study E. coli
RNAP:Nus factor interaction by NMR spectroscopy to identify the RNAP binding surface of these tran-
scription factors. Our approach is based on observations that even in systems >100kDa methyl groups
are excellent NMR probes as they are still mobile enough to produce highly resolved spectra with good
signal intensities owed to their fast motions around the methyl axis®.

Results and Discussion

RNAP interface of NusG-NTD. To identify the RNAP binding surface of transcription factors the
methyl groups of Ile (61), Leu (81 or 62), and Val (y1 or ~2) residues of the respective, deuterated factor
were labeled with ['H,*C] ([I,L,V]-labeled transcription factor; for clarity, all protein names without
prefix refer to E. coli proteins). The titration of this [I,L,V]-labeled regulator with protonated RNAP
was observed by two-dimensional (2D) ['H,*C]-methyl transverse relaxation optimized spectroscopy
(TROSY). As a test case for the applicability of this method, we asked whether we were able to confirm
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Figure 2. RNAP binding site of NusG-NTD. (a) Titration of [L,L,V]-NusG-NTD with protonated RNAP.
Methyl-TROSY spectra of [I,L,V]-NusG-NTD in the absence, black, and in the presence of RNAP (1:1 molar
ratio, cyan; 1:2 molar ratio, red). Selected signals are labeled. (b) Relative signal intensity of [I,L,V]-NusG-
NTD after addition of RNAP in equimolar concentration vs. residue number of NusG-NTD. The dashed
black line indicates the average relative signal intensity. Dark red and light red lines indicate the thresholds
for strongly affected (55% of the average relative intensity) and slightly affected (75% of the average relative
intensity) methyl groups, respectively. (c) Mapping of affected methyl groups onto the NusG-NTD structure
(Protein Data Bank (PDB) ID: 2K06, cartoon representation, grey). Ile, Leu, and Val residues are in stick
representation with the carbon atoms of their methyl groups as spheres. Strongly affected methyl groups,
dark red; slightly affected methyl groups, light red; unaffected methyl groups, grey; unassigned methyl
groups, black. Secondary structure elements and termini are labeled. (d) Mapping of affected residues

onto the NusG-NTD structure (surface representation). For graphical illustration of the interaction site the
complete amino acid was colored as affected in lieu of the methyl group. Colors are as in (c). Two amino
acids on either side of affected Ile/Leu/Val residues are highlighted in yellow unless they were unaffected Ile/
Leu/Val residues. (e) Model of NusG-NTD as in (d) bound to E. coli RNAP (PDB ID: 4KMU). The model

is based on the structure of the Pyrococcus furiosus (P. furiosus) Spt4/5 complex bound to the RNAP clamp
domain (PDB ID: 3QQC). NusG-NTD was superposed on Spt5 and RNAP 3’ subunit on the clamp domain.
As NusG-NTD and RNAP were treated as rigid bodies and no further optimization was carried out some
minor clashes occur. 3 subunit, light blue; 3" subunit, light green; 3'CH, dark green; 3GL, cyan.

the RNAP binding surface of NusG-NTD. This surface is known from a crystallographic study of the
archaeal Spt4/5 complex with the 3’ clamp domain of RNAP and biochemical experiments on NusG and
RfaH, the latter being a paralog of NusG'>*.

Upon addition of RNAP, the methyl group signals of [L,L,V]-NusG-NTD decreased in intensity, but
not uniformly over all signals (Fig. 2a), likely caused by a combination of several effects. First, a gen-
eral loss of signal intensity is owed to [LL,V]-NusG-NTD:RNAP complex formation as the molecu-
lar mass (MM) of the complex is roughly 30-fold that of [LL,V]-NusG-NTD (MMyyc.nmp = 14kDa,
MDMgnap = 389kDa), resulting in severe line broadening. Second, by binding of [LL,V]-NusG-NTD to
RNAP, the specifically labeled methyl groups of [I,L,V]-NusG-NTD located in the binding interface get
into close proximity of the RNAP protons, and the resulting intermolecular dipole-dipole interactions
cause an additional contribution to relaxation, so that the signal intensity of methyl groups in the bind-
ing surface decreases more strongly than that of methyl groups located elsewhere in [I,L,V]-NusG-NTD.
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Finally, signal intensities can be influenced by chemical exchange processes in the intermediate range of
the NMR timescale. Quantitative analysis of signal intensities for the 1:1 complex revealed two patches in
the protein structure where signal intensities changed noticeably (Fig. 2b,c). Patch 1 comprises residues
in helix a3 and strands 1 and 33, while patch 2 is formed by residues located in helices a1 and a2, and
these two patches are located at nearly opposite sides of NusG-NTD. No assigned, but unaffected methyl
groups were found in either of these patches. This approach provides only information about Ile, Leu,
and Val residues, but most likely additional amino acids, especially in the direct vicinity of the affected
residues, are involved in the interaction. Thus we graphically extended the representation of patches 1
and 2 by including the two residues preceding and following each affected Ile, Leu, or Val residue, unless
they were unaffected Ile, Leu, or Val residues, resulting in two continuous regions (Fig. 2d). In a model
of NusG-NTD bound to RNAP based on the crystal structure of the archaeal Spt4/5: 3’ clamp domain
complex'?, residues of patch 1 are in direct proximity of the 3’CH, indicating that we identified correctly
the 3'CH binding site (Fig. 2e). The NTD of RfaH, an E. coli paralog of NusG, not only interacts with
the 3"CH, but also binds to the 3GL via His65, Thr66, and Thr67 which form an HTT motif located
at the N-terminus of helix a2 (Supplementary Fig. 1)1°. Although this interaction does not contribute
significantly to the overall affinity of RfaH-NTD for RNAP it is essential for the antipausing activity of
RfaH". Similarly, structurally homologous residues in NusG-NTD (Ser79-His81) have been proposed to
be involved in BGL binding, suggesting that this interaction is a general feature of NusG-like proteins'?.
NusG-NTD patch 2 corresponds to the RfaH region that is in immediate neighborhood of the 3GL
binding motif suggested for RfaH-NTD (Supplementary Fig. 1)'*. Due to the absence of Ile, Leu, and Val
residues in the NusG-NTD region that is structurally homologous to the HTT motif in RfaH, no direct
information about this region is available in our experiments (Supplementary Fig. 1). Thus, we conclude
that either the 3GL binding surface in NusG-NTD differs slightly from the one in RfaH-NTD or that
patch 2 constitutes only part of the BGL interaction surface or that residues of patch 2 are indirectly
affected as they are located next to the actual binding site.

The clamp domain undergoes structural rearrangements during the transcription cycle, having closed
and open conformations, and NusG-NTD/RfaH-NTD is proposed to lock the clamp in a closed state
during elongation by making bridging contacts between the 3’CH and the 3GL so that the downstream
DNA is completely encircled'**°-3*. Hence, the elongation complex is stabilized and structural rearrange-
ments that occur during pausing are prevented, which, in turn, leads to increased processivity. As we
used core RNAP in our experiments the clamp is probably in an open state. Thus our findings indi-
cate that in the absence of nucleic acids NusG-NTD contacts the 3’CH and BGL either separately or
simultaneously, suggesting that the RNAP claw is in a conformation that allows these contacts or that
NusG-NTD induces a closed state.

Overall, the binding surfaces identified here are consistent with the previously published interaction
sites of NusG-NTD, demonstrating that the present approach may be used to determine the RNAP bind-
ing surfaces of transcription factors in solution in a single experiment using intact RNAP and avoiding
molecular alteration of the constituents. However, the limited number of NMR probes and their distri-
bution over the structure restricts the structural resolution of the resulting binding site. Although we
are not able to distinguish between methyl groups that are directly involved in the molecular interaction
from those that are only indirectly affected, the careful interpretation of the surface representation allows
us to identify the interaction surface.

RNAP interface of NusE. Transcription factor NusE/S10 not only interacts with RNAP via NusG,
but it is also able to bind directly and specifically to the RNAP 3 subunit during transcription'*162°, The
function of this interaction is still unknown. In order to study the molecular details of this interaction
we determined the RNAP binding surface of NusE with the same approach as for NusG-NTD. As NusE
alone is very unstable and tends to aggregate we used a NusE variant that lacks the ribosome binding
loop (NusE®) in complex with NusB for our experiments®. The presence of NusB does not influence
the NusE:RNAP interaction®. For the NMR titration, we labeled the methyl groups of Ile, Leu, and Val
residues of NusE” in the deuterated NusB:NusE” complex with ['H,"*C] ([I,L,V]-NusE*).

Upon addition of protonated RNAP, [I,L,V]-NusE* methyl group signals decreased in varying pro-
portion (Fig. 3a,b). All highly and slightly affected methyl groups are located in helices a1 and a2 as well
as strands 31 and 34 (Fig. 3¢). Inspection of the surface representation and the graphical extension as
carried out for NusG-NTD result in a continuous patch (Fig. 3d). As the 7 Ile, 10 Leu, and 7 Val residues
of NusE* (86 residues overall) are distributed evenly over the sequence and the structure, our definition
of the interaction surface is highly reliable. The RNAP binding site is opposite of the NusB:NusE* inter-
face and the ribosome integration site, i.e. the NusE“:RNAP interaction is not only possible within the
context of the NusB:NusE” complex, but also when NusE is integrated into the ribosome®. NusE could
thus simultaneously accommodate the ribosome and the RNAP.

Interestingly, NusE’s binding surface for RNAP strongly overlaps with that for NusG-CTD so that bind-
ing of NusE* to RNAP and NusG-CTD should be mutually exclusive (Fig. 3e)!*. Thus we asked whether
NusG-CTD and RNAP compete for binding to NusE. We performed a ['H,"’N]-heteronuclear single
quantum coherence (HSQC) displacement experiment in which the complex NusB:['*N]-NusE*:RNAP
was titrated with NusG-CTD (Fig. 4a). In the one-dimensional (1D) ['H,"*N]-HSQC spectra signals
of ['®N]-NusE* strongly decreased upon NusB:['*N]-NusE*:RNAP complex formation as the increase
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Figure 3. RNAP binding site of NusE2. (a) Titration of [L,L,V]-NusE* with protonated RNAP (NusE*
being in complex with deuterated NusB). Methyl-TROSY spectra in the absence, black, and in the presence
of RNAP (1:1 molar ratio, cyan; 1:2 molar ratio, red), with representative signal assignments. (b) Relative
[LL,V]-NusE2 signal intensity after addition of RNAP in a 1:2 molar ratio vs. amino acid sequence positions
of NusE2. Dashed black line, average relative signal intensity; dark red and light red lines, thresholds for
strongly affected (60% of the average relative intensity) and slightly affected (80% of the average relative
intensity) methyl groups, respectively. (c) Mapping of affected methyl groups onto the NusB:NusE*

complex structure (PDB ID: 3D3B; NusB, purple; NusE%, light grey). NusB in surface, NusE® in cartoon
representation. Ile, Leu, and Val residues in NusE* are represented as sticks with the carbon atoms of their
methyl groups as spheres. Strongly affected methyl groups, dark red; slightly affected methyl groups, light
red; unaffected methyl groups, grey; unassigned methyl groups, black. Secondary structure elements and
termini are labeled. (d) Mapping of affected residues onto the NusB:NusE” complex structure (surface
representation). Colors are as in (c). For graphical illustration of the interaction site the complete amino acid
was colored as affected in lieu of the methyl group. Two amino acids on either side of an affected Ile/Leu/
Val residue are highlighted in yellow unless they were unaffected Ile/Leu/Val residues. (e) Structure of the
NusB:NusE2:NusG-CTD complex. The NusE2:NusG-CTD complex (PDB ID: 2KVQ, NusG-CTD in blue
cartoon representation) was superposed on the NusB:NusE* complex from (d).

of the molecular mass leads to significant line broadening. Titration with NusG-CTD reversed this
effect, demonstrating the displacement of RNAP from NusB:[!°N]-NusE”. The corresponding 2D
['H,N]-HSQC spectra show that released NusB:[**N]-NusE* binds to NusG-CTD (Supplementary Fig. 2).
Thus, NusG-CTD can abstract NusE* from RNAP. Next, we asked whether in reverse RNAP can displace
NusG-CTD from the NusB:NusE2:NusG-CTD complex. We titrated NusB:NusE*:["*N]-NusG-CTD
with RNAP and followed the titration by recording 2D ['H,"”N]-HSQC spectra (Fig. 4b,c). Addition of
NusB:NusE2 to [**N]-NusG-CTD led to changes in the chemical shifts of ['’N]-NusG-CTD signals typ-
ical for NusB:NusE2:['*N]-NusG-CTD complex formation. Those changes were reversed by about 50%
when RNAP was added in 3-fold molar excess, as expected on disruption of the NusB:NusE*:NusG-CTD
complex by NusE:RNAP interaction. Thus, RNAP and NusG-CTD compete for NusE* with similar low
micromolar K, values (NusB:NusE2:NusG-CTD: 50 pM)™.

These competition experiments support the notion of overlapping binding sites of NusE for NusG-CTD
and RNAP, and they show that NusG-CTD can interact with NusE in the presence of RNAP. The com-
plexes NusE:RNAP and NusE:NusG:RNAP via NusG are thus in a delicate equilibrium that can easily be
influenced by other regulators such as transcription factors or certain RNA sequences. Overall, formation
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Figure 4. Competition of RNAP and NusG-CTD for NusE binding. (a) Displacement of RNAP from
NusB:NusE* by NusG-CTD. 1D ['H,*N]-HSQC spectra of free NusB:['*N]-NusE?*, black, NusB:['*N]-
NusE? in the presence of RNAP in equimolar concentration, light blue, and NusB:['*N]-NusE# in the
presence of RNAP and NusG-CTD (molar ratio 1:1:1, dark blue; 1:1:3, green; 1:1:10, red). (b) Displacement
of NusB:NusE” from NusG-CTD by RNAP. 2D ['H,"*N]-HSQC spectra of [°N]-NusG-CTD, black, [**N]-
NusG-CTD in the presence of NusB:NusE2 in equimolar concentration, green, and [**N]-NusG-CTD in the
presence of NusB:NusE2 and RNAP (molar ratio 1:1:1, blue; 1:1:3, red). (c) Detail of the rectangular region
in (b). Black arrows indicate the chemical shift changes that occur upon addition of NusB:NusE* to ['*N]-
NusG-CTD, red arrows show the changes upon subsequent addition of RNAP. (d) Schematic representation
of the potential functions of a direct NusE:RNAP interaction. Color code as in Fig. 1.

of the NusE:RNAP complex might play various roles during transcription (Fig. 4d). It might be involved
either in transcription:translation coupling as the ribosome could directly contact RNAP via S10, e.g.
when the RNA tether is relatively short, or in transcription antitermination where NusB:NusE is part
of the antitermination complex!#!6!%. The amount of free NusE that is not bound to the ribosome is
estimated to be very low, but it is essential for transcription antitermination®. Thus tethering of NusE or
the NusB:NusE complex to RNAP might be an early event in transcription antitermination to increase
the local NusE concentration. NusE would remain bound to the TEC until transferred to NusG-CTD
during assembly of the antitermination complex. As ribosomal operons comprise a very high density of
transcribing RNAPs with high elongation rates¥, tethering NusE directly to RNAP would ensure fast and
efficient transcription antitermination in these operons.

Solution structure of NusA-NTD from E. coli. The six domains comprising transcription factor
NusA associates with RNAP via NusA-NTD, which is necessary and sufficient for the enhancement of
pausing during transcription”. To determine the solution structure of NusA-NTD by NMR spectros-
copy we initially tried a construct containing amino acids Met1-Ile137 carrying an N-terminal His,-tag,
NusA(1-137). The high degree of heterogeneity in the peak intensities as well as the spectral over-
lap in the ['H,"N]-HSQC spectrum of the ["*N]-labeled protein, however, prevented further analysis
(Supplementary Fig. 3). A shorter construct, NusA-NTD?, consisting of amino acids Met1-Met125 and
a cleavable C-terminal His-tag, led to homogeneous signal intensities with non-overlapping signals in
the ['H,"N]-HSQC spectra (Supplementary Fig. 3) and allowed nearly complete backbone and side
chain resonance assignment. No resonances were found for residues Asp103, Argl04, Thr106, Thr107,
and GIn108. These are located in a flexible loop so that severe line broadening may occur caused by
either fast solvent exchange or conformational exchange on the intermediate chemical shift time scale.
Structure determination was performed on the basis of 1565 distance and 193 dihedral restraints derived
from multiple NMR experiments (Table 1).

NusA-NTD# comprises four a-helices (al: Asn2-Alal7, o2: Pro19-Glud0, a3: Leu77-Glu85, a4:
Thr106-Alal24) and four (3-strands (31: Val45-Asp50, 32: Asp55-Val65, 33: Glu74-Thr76, 34: Gly90-
GIn96) and its structure resembles that of NusA-NTDs from other bacteria?*?%*%% 1t is L-shaped, with a
globular head and a mainly a-helical body (Fig. 5a and b). In the latter a1, a2, a4, 31, and 32 surround
an elongated hydrophobic core, and the long (32 strand protrudes into the globular head. The C-terminal
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Distance restraints total 1507
intraresidual 329
sequential 386
medium range 321
long range 471
Hydrogen bond restraints 58
Dihedral restraints 193
Restraint violations rms distance violation (A) 0.006 (0.0011)
max. distance violation (A) 0.11
rms dihedral violation (°) 0.05 (40.02)
max. dihedral violation (°) 0.8
rmsd bond length (A) 0.00070 (£0.00009)
rmsd bond angle (°) 0.13 (0.012)
Atomic coordinate precision backbone atoms (A) 0.80*
all heavy atoms (A) 1.13*
Ramachandran plot statistics most favored regions (%) 90.5
additional allowed regions (%) 8.8
generously allowed regions (%) 0.2
disallowed regions (%) 0.5

Table 1. Experimental constraints for structure calculation of NusA-NTDA. “residues Met1-Argl123.
bdetermined by PROCHECK-NMR.

Figure 5. Solution structure of NusA-NTDA. (a) Structural ensemble of the 20 accepted lowest energy
structures in ribbon representation colored according to secondary structure (c-helices, blue; 3-strands,
green; loops, grey). (b) Cartoon representation of the calculated structure with the lowest energy. Secondary
structure elements are colored as in (a) and labeled. Helix o4 is highlighted in purple, the head and body
parts are indicated.

helix a4 connects NusA-NTD and the NusA-SKK domain (linker helix). The globular head comprises
a3, B3, 34, and the N-terminal part of 32. While the head is mainly acidic, the body exhibits large basic
patches (Supplementary Fig. 4).

To date structures of NusA proteins from different bacteria are available, and although all NusA-NTDs
are similar in their overall architecture, they differ in the position of the linker helix (Supplementary Fig.
5a—f). For NusA-NTD from B. subtilis (BsNusA-NTD), NMR data suggest that this helix occurs in two
alternative conformations in solution?®. However, we have no indication for the presence of multiple
conformations of helix a4 in NusA-NTD. Moreover, unambiguous [°N]-nuclear Overhauser enhance-
ment spectroscopy (NOESY) cross peaks between hydrophobic amino acids could be observed in NMR
experiments, demonstrating a direct interaction between helix a4 and helices a1 and a2 in NusA-NTD#
(Supplementary Fig. 5g). As crystal structures of full length NusA from Thermotoga maritima (TmNusA,
protein data bank (PDB) IDs: 1HH2, 2L2F), Mycobacterium tuberculosis (MtNusA, PDB ID: 1KOR) and
Planctomyces limnophilus (PINusA, PDB ID: 4MTN) show that the NusA-SKK domain is connected
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Figure 6. RNAP binding site of NusA-NTDA. (a) Titration of [I,L,V]-NusA-NTD* with RNAP. Methyl-
TROSY spectra of [LL,V]-NusA-NTD? in the absence, black, and in the presence of RNAP (1:1 molar
ratio, cyan; 1:2 molar ratio, red), with assignment of representative signals. (b) Relative [I,L,V] -NusA-NTD2
signal intensity after addition of RNAP in equimolar concentration vs. amino acid sequence positions of
NusA-NTDA. Dashed black line, average relative signal intensity; dark red and light red lines, thresholds

for strongly affected (65% of the average relative intensity) and slightly affected (85% of the average relative
intensity) residues, respectively. (c) Mapping of affected methyl groups onto the NusA-NTD* structure.
NusA-NTDA (grey) in cartoon representation. Ile, Leu, and Val residues are in stick representation with the
carbon atoms of their methyl groups as spheres. Strongly affected methyl groups, dark red; slightly affected
methyl groups, light red; unaffected methyl groups, grey; unassigned methyl groups, black. (d) Mapping of
affected residues onto the NusA-NTD? structure (surface representation). For graphical illustration of the
interaction site the complete amino acid was colored as affected in lieu of the methyl group. Colors are as in
(c). Two amino acids on either side of an affected Ile/Leu/Val residue are highlighted in yellow unless they
were unaffected Ile/Leu/Val residues. The positions of Ser29 and Ser53 are marked by black arrows.

to the linker helix by only a short loop, this helix might be responsible for the correct positioning of
NusA-SKK for RNA binding.

Comparing NusA-NTD structures it is striking that MtNusA-NTD and PINusA-NTD lack the glob-
ular head (Supplementary Fig. 5a-e), which is proposed to interact with the 3’ subunit of RNAP*. This
might indicate a different mode of action/binding of MtNusA and PINusA compared to other NusAs.

RNAP interface of NusA-NTD. NusA-NTD is supposed to bind to RNAP by interacting with the (3
flap tip helix of the 3 flap region, which forms the outer wall of the RNA exit channel. To date, available
complex models are based on a low-resolution electron microscopy structure, cleavage experiments,
targeted amino acid exchanges and NMR experiments using a short 3 flap construct?*-?%. Here we used
complete RNAP to determine the RNAP binding site of NusA-NTD* by applying the same approach
as for NusG-NTD and NusE®. Methyl group labeled NusA-NTD? ([IL,V]-NusA-NTD?) was titrated
with protonated RNAP leading to a non-uniform decrease of [I,L,V]-NusA-NTD* methyl group signals
(Fig. 6a). Again, the normalized signal intensity decrease in the 1:1 complex was analyzed to identify
highly and slightly affected methyl groups (Fig. 6b). These are located mainly on the concave side of the
body and in the acidic head (Fig. 6¢). Inspection of the surface representation suggests that the 3-sheet
on the concave side of NusA-NTD? is the center of the interaction surface, although it contains only a
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Figure 7. Model for the binding of NusA-NTD to elongating RNAP. (a) NusA-NTD* (cartoon and
surface representation, pink) is docked to elongating TtRNAP (PDB ID: 205I, surface representation).
Residues in NusA-NTD?* that are affected by RNAP binding are highlighted in yellow and two amino acids
on either side of an affected Ile/Leu/Val residue are colored in light pink unless they were unaffected Ile/Leu/
Val residues. «), light grey; o, dark grey; 3, blue; 37, pale green; w, olive; 3 flap tip helix, teal; RNA, orange;
DNA, black. (b) Binding of exiting RNA by NusA. The orientation of NusA-NTD? is the same as in (a), the
position of TmNusA-SKK was modeled by superposing TmNusA-NTD (PDB ID: 1L2F) on NusA-NTDA.
RNA was taken from the MfNusA-SKK:RNA complex (PDB ID: 2ASB). Representation of NusA-NTD?,
TtRNAP and nucleic acids as in (a). The 3" dock domain is highlighted in green. TmNusA-SKK (brown) is
in surface representation with residues affected by RNA binding highlighted in red according to Schweimer
et al.*. The grey line shows a possible path of exiting RNA, the estimated base numbers are indicated.

limited number of Ile, Leu, or Val residues resulting in a low structural resolution (Fig. 6d). Our binding
site is in accordance with cleavage experiments using NusA variants NusA(S29C) and NusA(S53C), that
indicated that S29 is located in the NusA:RNAP interface, while S53 is at the opposite side of NusA-NTD
(Fig. 6d)?. Moreover, our results generally agree with mutational analyses showing that the concave side
of the 3-sheet is involved in NusA-NTD: flap interaction®.

Model of the NusA:RNAP complex. NusA has various effects on transcription elongation and
termination with the NusA-NTD:RNAP interaction being probably one key step within the regulatory
mechanism?. NusA-NTD contacts the RNA exit channel by binding to the 3 flap tip helix of the 3
flap region, but the resolution of the electron microscopy structure of a NusA-NTD:RNAP complex
was too low to unambiguously determine the orientation of NusA-NTD bound to RNAP?. Cleavage
and crosslinking experiments on the one hand and mutational analyses as well as NMR studies on
BsNusA-NTD and a short § flap construct on the other hand lead to two binding models?”?.

We used our NMR data to dock NusA-NTD? to the (3 flap tip helix of elongating Thermus ther-
mophilus RNAP (TtRNAP, PDB ID: 205I) using HADDOCK* (Fig. 7a). In the model most reliable
according to HADDOCK, the body of NusA-NTD* binds the (3 flap tip helix via its concave side, which
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is in accordance with other models*”?. The body is oriented towards the RNA exit channel so that the
globular head interacts with the 3’ subunit, the latter being in agreement with previous findings that the
B’ subunit might also be involved in NusA-NTD binding?**. This orientation allows a tight interaction
with the TfRNAP and is similar to the orientations suggested in earlier models?”?, although the absolute
position of NusA-NTD? strongly depends on the residues chosen as restraints and the position of the
B flap tip helix.

Next, we integrated the NusA-SKK domain into the model (Fig. 7b). As the structure of E. coli
NusA-SKK is not available and as the position of the linker helix is similar in PINusA and NusA-NTD?,
we first used the crystal structure of PINusA as template. This, however, led to heavy steric clashes of
the PINusA-SKK domain and TtRNAP which could be prevented by rotating the PINusA-SKK domain
away from the TtRNAP, using the 3-4 residues following the linker helix as anchor. Alternatively, the
linker helix itself might rotate slightly. Thus, we modeled the position of TmNusA-SKK by superpos-
ing TmNusA-NTD (PDB ID: 1L2F) on NusA-NTD%, and we added a short piece of RNA from the
MitNusA-SKK:RNA complex structure (PDB ID: 2ASB, Fig. 7b). Either way, the NusA-SKK domain can
be positioned correctly for RNA binding. As NusA-NTD is necessary and sufficient for enhancing tran-
scriptional pausing and recognizes duplex RNA?, exiting RNA might first contact a basic patch on the
helical bundle of the NusA-NTD body (Supplementary Fig. 4), which is in direct vicinity of the RNAP
exit channel. The RNA then wraps around the NusA-SKK domain, which, in turn, recognizes specific
RNA signals (Fig. 7b)****. Crosslinking experiments showed that the RNA region —16 to —23 lies
near the NusA-NTD in full-length NusA and that the —34 to —40 region of exiting RNA contacts the
NusA-KH2 domain®, which is consistent with our model. Moreover, the NusA-S1 domain is placed in
the vicinity of the 3" dock domain, being in accordance with a genetically shown NusA-S1:3” dock inter-
action** and cleavage experiments using Fe(IIl)-(S)-2-[4-(2-bromoacetamido)benzyl]ethylenediamine-
tetraacetic acid (FeBABE)¥. The position of the C-terminus of NusA-SKK roughly orientates the two
NusA-AR domains towards the a-subunits of RNAP and thus localizes NusA-AR2 close to the a-CTD,
sterically simplifying a NusA-AR2:a-CTD interaction®.

Finally, it has been speculated that reorientation of helix a4 stabilizes RNA hairpins®®. However, not
only does NusA exhibit large conformational plasticity, but, in addition, the 3 flap tip helix is also a
highly mobile element?. During the transcription cycle the flexibility of the 3 flap tip helix is important
for the regulation of the size of the RNA exit channel, of which the 3 flap forms the outer wall. Thus, we
suggest that the orientation of NusA-NTD bound to RNAP as well as the position of helix a4 may vary,
depending on the position of the (3 flap tip helix. Moreover, this structural flexibility is complemented
by the other NusA domains, which are all elastically connected.

Outlook. In this conceptually simple single-experiment approach to identify the RNAP interaction
surface of transcription factors with NMR spectroscopy (i) complete RNAP is used, (ii) probes in the
transcription factor are directly monitored and, most importantly, (iii) none of the interaction partners
needs to be modified. In the future, the method will be refined and used to study these interactions in
more detail. Moreover, this approach is very general and can thus be transferred to other systems, with
a small binding partner interacting with a supramolecular complex.

Materials and Methods

Cloning. The gene coding for EcNusA-NTD(1-137) was cloned into pET19b via Blpl and BamHL
The resulting E. coli expression vector pET19b_NusA-NTD_1-137 codes for a His, tag fused to the
N-terminus of NusA-NTD, cleavable by PreScission protease.

Gene expression and protein purification. NusG-NTD was produced and purified as described®,
as was NusA-NTD??, the NusB:NusE* complex*#% and RNAP.

Expression of nusA-NTD(1-137) was carried out in E. coli BL21 (A DE3) (Novagen, Madison, WI,
USA) harboring pET19b_NusA-NTD_1-137. Lysogeny broth (LB) medium supplemented with 100 pug/ml
ampicillin was inoculated with a preculture to an optical density at 600nm (ODgy) of 0.2 and cells were
grown at 37°C until they reached an ODy, of 0.7. The temperature was lowered to 20°C and 30 min
later overexpression was induced with 2mM IPTG. After overnight growth, cells were harvested by cen-
trifugation (9,000 x g, 15min, 4°C) and dissolved in 20 mM tris(hydroxymethyl)aminomethane (Tris)/
HCI (pH 7.9), 100mM NaCl, 10% (v/v) glycerol, 5mM (3-mercaptoethanol, 10 mM imidazole (buffer
A). Cell disruption was carried out with a microfluidizer (Microfluidics, Newton, MA, USA). Having
centrifuged the lysate (12,000 x g, 30 min, 4°C), the supernatant was applied to a Ni-NTA column
(Qiagen, Hilden, Germany), and subsequently the column was washed with buffer A. A step gradient
with increasing imidazole concentrations (10-500mM in buffer A) was used for elution. Fractions con-
taining His,-NusA-NTD(1-137) were combined and cleaved during overnight dialysis against 50 mM
Tris/HCI (pH 8.0), 150 mM NaCl (molecular weight cut-off (MWCO) 3,500 Da) by PreScission protease
(GE Healthcare, Munich, Germany). The protein solution was then dialyzed against 50 mM Tris (pH
7.4), 1mM dithiothreitol (DTT, buffer B) and reapplied to the Ni-NTA column connected to a QXL
FF column (GE Healthcare, Munich, Germany). After washing with buffer B, the Ni-NTA column was
removed and the QXL FF column was eluted using a step gradient with increasing NaCl concentra-
tions (0-1 M NaCl in buffer B). Fractions containing pure NusA-NTD(1-137) were dialyzed against the
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required buffer, concentrated by ultrafiltration (MWCO 3,000Da) and stored at —80°C after freezing
with liquid nitrogen.

Proteins were uniformly labeled with >N or ®N,*C by growing E. coli in M9 minimal medium*"*?
with addition of (**NH,),SO, (Campro Scientific, Berlin, Germany) or (**NH,),SO, and *C-D-glucose
(Spectra Stable Isotopes, Columbia, MD, USA) as only nitrogen and carbon source. Expression and puri-
fication was the same as for proteins produced in LB medium. Methyl group labeling of Ile, Leu and Val
residues with ['H,"*C] in deuterated proteins was performed as described previously?.

NMR spectroscopy. NMR spectroscopic experiments were conducted on Bruker Avance 600 MHz,
700 MHz and 800 MHz spectrometers, the latter two equipped with cryogenically cooled probes. For
resonance assignment of NusA-NTD?, standard double and triple resonance through-bond experiments
were recorded*”*. The protein was in 10mM potassium phosphate buffer (pH 6.4) containing 50 mM
NaCl at 298 K. NMR data were processed using in-house routines (Apodization, Fourier transformation,
phase correction and baseline correction) and visualized with NMRView*. Distance restraints for struc-
ture calculation were derived from ['°N]-edited and [*C]-edited NOESY spectra with mixing times of
100-120ms. NOESY cross peaks were classified according to their relative intensities and converted to
distance restraints with the following upper limits: 3.0 A, strong; 4.0 A, medium; 5.0 A, weak; 6.0 A, very
weak. Experimental NOESY spectra were validated semi-quantitatively against back-calculated spectra
to confirm the assignment and to avoid bias of upper distance restraints by spin-diffusion. Hydrogen
bonds were included for backbone amide protons in regular secondary structure if the amide proton
did not show a water exchange cross peak in the [*N]-edited NOESY spectrum. Backbone dihedral
restraints were obtained from chemical shift data by using TALOS. Existence of a hydrogen bond was
assumed if the acceptor of a slowly exchanging amide proton, based on the absence of a water exchange
peak in the [**N]-edited NOESY spectrum, could be identified unambiguously from the results of initial
structure calculations. For each hydrogen bond the distance between the amide proton and the acceptor
was restrained to less than 2.3 A and the distance between the amide nitrogen and the acceptor to less
than 3.1A.

The structure calculation was performed with the program XPLOR-NIH 2.1.2%! using a three-step
simulated annealing protocol with floating assignment of prochiral groups including a conformational
database potential®. For the final iteration 80 structures were calculated, the 20 structures of lowest energy
were accepted and further analyzed with the programs XPLOR-NIH 2.1.2 and PROCHECK-NMR™.

TROSY spectra® were recorded using [LL,V]-labeled protein samples (20pM) in 25mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.5), 50mM NaCl, 5% (v/v) glycerol,
0.5mM ethylenediaminetetraacetic acid (EDTA), 10mM MgCl,, 10uM ZnCl,, 1mM DTT in 99.9%
D,O at 298 K. Unlabeled, protonated RNAP in the same buffer was added in two steps (ratios 1:1, 1:2).
Non-stereo-specific assignments of methyl groups of NusG-NTD and NusE* were taken from previous
studies!®*S. Signal intensities were normalized by protein concentration and number of scans. As pulse
lengths changed less than 1% upon RNAP addition, the influence of these changes on the intensity
were neglected. For each titration step the ratio of remaining signal intensities and signal intensities in
the spectrum of the free transcription factor were calculated, yielding relative signal intensities. Next,
the mean value of all relative intensities in each titration step was determined and experiment-specific
thresholds of the mean value were defined. Residues with relative signal intensities below these thresh-
olds were classified as either strongly or slightly affected. Additionally, Leu and Val residues were con-
sidered as affected, when at least one of the two signals showed a significant intensity decrease. Only
unambiguously assigned signals were used in the analysis.

Proteins for the displacement experiments of ['*N]-NusE“:NusB from RNAP by NusG-CTD and of
NusE4:NusB from [**N]-NusG-CTD by RNAP were in 25mM HEPES, pH 7.5, 100 mM NaCl at 298 K.
Separate samples for ['*N]-NusE*:NusB (50pM) and [**N]-NusE“:NusB:RNAP (25uM each) were
prepared. For the displacement experiments NusG-CTD was added (stock concentration: 1050 pM).
Similarly, separate samples for [*N]-NusG-CTD (50uM) and [**N]-NusG-CTD: NusE*:NusB (25uM
each) were prepared. For the displacement experiments RNAP was added from a 117 uM stock. The titra-
tions were followed by recording 1D or 2D ['H,"*N]-HSQC spectra after each titration step. 1D spectra
were normalized by protein concentration and number of scans. As pulse lengths changed less than 1%
upon RNAP addition, the influence of these changes on the intensity were neglected.

Docking and Molecular Modeling. The NusG-NTD:RNAP complex was generated based on
the crystal structure of Spt4/5 bound to the clamp domain from P. furiosus (PDB ID: 3QQC). E. coli
NusG-NTD (PDB ID: 2K06, model 1) was superposed on Spt5 (chain D, root mean square deviation
(rm.s.d.) 1.2A). ECRNAP (PDB ID: 4KMU) was positioned by superposing the 3" subunit (chain D) on
the clamp domain (chain A, r.m.s.d. 2.4 A).

Docking of NusA-NTD* (model 1) to elongating TtRNAP (PDB ID: 205I) was carried out using the
HADDOCK webserver*!. Residues in NusA-NTD* that were experimentally determined to be affected
by RNAP binding (Leu27, Leu31, Ile43, Val45) were defined as active residues. Solvent exposed residues
in the (3 flap tip helix were chosen as active residues (chain C, residues Arg772, Leu773, Ser776, lle777).
Passive residues were automatically determined by HADDOCK. The coordinates of the 3 flap tip helix
in the docked complex relative to the deposited coordinates of NusA-NTD? are shown in Supplementary
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Table 1. After docking NusA-NTD? to TtRNAP, the position of the NusA-SKK domain was modeled
with two alternative procedures. First, PINusA (PDB ID: 4MTN) was superposed on NusA-NTD* (res-
idues G3-D73 of PINusA; residues Metl-Thr101 of NusA-NTD?%). To avoid clashes with TfRNAP the
PINusA-SKK was rotated manually around residues in the linker between PINusA-N'TD and PINusA-SKK
(residues Argl07-GIln109) using PyMOL™. In the second approach TmNusA (PDB ID: 1L2F) was super-
posed on NusA-NTD? using residues 1-101. Finally, the MtNusA-SKK:RNA complex (PDB ID: 2ASB,
residues Ser108-Gly333 of MfNusA-SKK) was superposed on TmNusA-SKK (residues Glul32-Leu344)
to position the RNA. RNA base numbers were estimated.

Programs. All structures were visualized with PyMOL>. The Adaptive Poisson-Boltzmann Solver
(APBS)-Plugin and the PDB2PQR server were used for the determination of the charge surface poten-
tial*>>¢. Superpositions of different NusA-NTDs were done with LSQMAN®, omitting the linker helix
(residues Met1-Thr101 of NusA-NTD?, residues Met1-Asn101 of TmNusA (PDB ID: 1L2F, 1HH2), resi-
dues Met1-Asp101 of BsNusA (PDB ID: 2MT4), residues Met1-Phe79 of MtNusA (PDB ID: 2KOR), res-
idues Gly3-Asp73 of PINusA (PDB ID: 4MTN)). All other superpositions were carried out by PyMOL>.
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Supplementary Table 1: Coordinates of the § flap tip helix in the modeled NusA-
NTD*:TrRNAP complex. The table is an extract of the PDB file of elongating TYRNAP
(residues 767-781 of the p subunit; PDB ID: 2051) docked to NusA-NTD" as described in the
Material and Methods section, giving the position of 7/RNAP relative to the deposited

coordinates of NusA-NTD” (PDB ID: 2KWP).

ATOM 10777 N PRO C 767 3.453 -1.849 -42.571 1.00 90.52 N
ATOM 10778 CA PRO C 767 2.398 -2.073 -41.584 1.00 91.06 C
ATOM 10779 C PRO C 767 2.633 -1.165 -40.362 1.00 92.21 C
ATOM 10780 O PRO C 767 3.412 -0.213 -40.472 1.00 92.68 o
ATOM 10781 CB PRO C 767 2.524 -3.559 -41.274 1.00 90.38 C
ATOM 10782 CG PRO C 767 3.028 -4.129 -42.533 1.00 90.03 C
ATOM 10783 CD PRO C 767 4.098 -3.134 -42.897 1.00 90.44 C
ATOM 10784 N THR C 768 2.013 -1.418 -39.212 1.00 92.37 N
ATOM 10785 CA THR C 768 2.261 -0.517 -38.082 1.00 93.42 C
ATOM 10786 C THR C 768 2.739 -1.281 -36.849 1.00 94.34 C
ATOM 10787 O THR C 768 2.104 -2.254 -36.442 1.00 94.97 o
ATOM 10788 CB THR C 768 0.994 0.286 -37.704 1.00 92.74 C
ATOM 10789 O0OG1l THR C 768 0.329 0.726 -38.894 1.00 92.51 0]
ATOM 10790 CG2 THR C 768 1.369 1.533 -36.866 1.00 91.14 C
ATOM 10791 N PRO C 769 3.867 -0.844 -36.239 1.00 95.40 N
ATOM 10792 CA PRO C 769 4.475 -1.458 -35.040 1.00 95.44 C
ATOM 10793 C PRO C 769 3.577 -1.368 -33.769 1.00 95.51 C
ATOM 10794 O PRO C 769 3.583 -2.294 -32.943 1.00 95.59 0]
ATOM 10795 CB PRO C 769 5.803 -0.706 -34.892 1.00 96.45 C
ATOM 10796 CG PRO C 769 6.147 -0.342 -36.332 1.00 95.78 C
ATOM 10797 CD PRO C 769 4.806 0.125 -36.849 1.00 95.78 C
ATOM 10798 N GLU C 770 2.827 -0.273 -33.609 1.00 93.98 N
ATOM 10799 CA GLU C 770 1.962 -0.077 -32.434 1.00 93.34 C
ATOM 10800 C GLU C 770 0.563 -0.681 -32.666 1.00 93.16 C
ATOM 10801 O GLU C 770 -0.118 -1.081 -31.718 1.00 92.30 o
ATOM 10802 CB GLU C 770 1.849 1.427 -32.127 1.00 92.37 C
ATOM 10803 CG GLU C 770 3.152 2.249 -32.385 1.00 90.19 C
ATOM 10804 CD GLU C 770 3.957 2.594 -31.128 1.00 88.39 C
ATOM 10805 OEl GLU C 770 4.437 1.679 -30.437 1.00 87.21 (0]
ATOM 10806 OE2 GLU C 770 4.113 3.798 -30.832 1.00 87.50 0]
ATOM 10807 N GLU C 771 0.159 -0.730 -33.938 1.00 93.66 N
ATOM 10808 CA GLU C 771 -1.116 -1.314 -34.376 1.00 95.22 C
ATOM 10809 C GLU C 771 -0.991 -2.838 -34.494 1.00 96.29 C
ATOM 10810 O GLU C 771 -1.993 -3.557 -34.560 1.00 96.81 0]
ATOM 10811 CB GLU C 771 -1.531 -0.719 -35.743 1.00 95.59 C
ATOM 10812 CG GLU C 771 -2.798 -1.302 -36.423 1.00 95.80 C
ATOM 10813 CD GLU C 771 -2.986 -0.867 -37.893 1.00 96.05 C
ATOM 10814 OE1l GLU C 771 -4.129 -0.944 -38.403 1.00 95.71 0]
ATOM 10815 OE2 GLU C 771 -1.999 -0.457 -38.544 1.00 95.66 0]
ATOM 10816 N ARG C 772 0.255 -3.318 -34.526 1.00 95.94 N
ATOM 10817 CA ARG C 772 0.562 -4.755 -34.598 1.00 96.21 C
ATOM 10818 C ARG C 772 0.310 -5.431 -33.247 1.00 97.11 C
ATOM 10819 O ARG C 772 -0.155 =-6.577 -33.193 1.00 97.59 0]
ATOM 10820 CB ARG C 772 2.031 -4.975 -34.992 1.00 94.95 C
ATOM 10821 CG ARG C 772 2.497 -6.441 -35.071 1.00 92.48 C
ATOM 10822 CD ARG C 772 1.926 -7.149 -36.290 1.00 91.56 C
ATOM 10823 NE ARG C 772 1.943 -6.309 -37.490 1.00 90.45 N
ATOM 10824 CZ ARG C 772 1.929 -6.773 -38.739 1.00 90.61 C
ATOM 10825 NH1 ARG C 772 1.906 -8.079 -38.978 1.00 91.27 N
ATOM 10826 NH2 ARG C 772 1.936 -5.935 -39.759 1.00 89.96 N
ATOM 10827 N LEU C 773 0.629 -4.710 -32.164 1.00 97.02 N
ATOM 10828 CA LEU C 773 0.423 -5.199 -30.800 1.00 97.16 C
ATOM 10829 C LEU C 773 -1.069 -5.199 -30.435 1.00 96.83 C
ATOM 10830 O LEU C 773 -1.557 =-6.174 -29.874 1.00 97.78 o
ATOM 10831 CB LEU C 773 1.212 -4.334 -29.791 1.00 96.99 C
ATOM 10832 CG LEU C 773 2.759 -4.388 -29.822 1.00 96.94 C
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Supplementary Figure 1: Structures of NusG-NTD and RfaH-NTD. (a) RNAP binding
site of NusG-NTD. Structure of NusG-NTD (PDB ID: 2K06) in cartoon representation, grey.
Ile, Leu, and Val residues are shown as sticks with the carbon atoms of their methyl groups
represented as spheres. Strongly affected methyl groups, dark red; slightly affected methyl
groups, light red; unaffected methyl groups, grey; unassigned methyl groups, black. (b) GL
binding motif of RfaH-NTD. Structure of RfaH-NTD (PDB ID: 20UG) in cartoon
representation, orange. Residues involved in BGL binding are shown as blue sticks and

labeled.
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Supplementary Figure 2: Displacement of RNAP from NusE* by NusG-CTD. 2D
['H,"°N]-HSQC spectra of free NusB:['°N]-NusE”, black, NusB:['’N]-NusE" in the presence
of RNAP in equimolar concentration, red, and NusB:[°N]-NusE” in the presence of RNAP
and NusG-CTD (molar ratio 1:1:1, green; 1:1:3, blue; 1:1:10, purple). Black arrows indicate
the chemical shift changes that occur upon complex formation of NusG-CTD and

NusB:[°’N]-NusE*'.
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Supplementary Figure 3: Superposition of the ['H,"’N]-HSQC spectra of ['°N]-NusA-
NTD(1-137), red, and [ISN]-NusA-NTDA, black. The protein concentration was 400 uM in

each sample.



acidic head

Supplementary Figure 4: Electrostatic potential molecular surface of NusA-NTD*.
NusA-NTD” in cartoon and surface representation. The electrostatic surface potential is

colored from -2 kT/e, red, to +2 kT/e, blue.
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Supplementary Figure 5: Comparison of NusA-NTD structures. (a-e) Superposition of

NusA-NTD? (pink) with (a) BsNusA-NTD (blue, PDB ID: 2MT4, root mean square deviation

8



(rm.s.d.) 1.8 A), (b) TmNusA-NTD (orange, PDB ID: 1HH2, rm.s.d. 1.9 A) (¢) TmNusA-
NTD (grey, PDB ID: 1L2F, rm.s.d. 1.7 A), (d) MNusA-NTD (violet, PDB ID: 1KOR,
r.m.s.d. 1.8 A), and (e) PINusA-NTD (yellow, PDB ID: 4MTN, r.m.s.d. 1.4 A). The linker
helix was not used for the superpositions. (f) Superposition of NusA-NTD structures shown in
(a-e). The linker helix is shown in bright colors. (g) NOE network fixing the position of the
linker helix in NusA-NTD" (cartoon representation, grey; the linker helix is highlighted in
purple). The inset indicates how the molecule is rotated in respect to (a). Residues
participating in the NOE network are labeled and shown as sticks (carbon atoms, dark grey;
nitrogen atoms, blue; oxygen atoms, red; hydrogen atoms, white). Unambiguously identified
NOEs are shown as black lines. For clarity only one NOE is displayed per methyl group

(using the corresponding methyl carbon atom as center).
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