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11 Kurzfassung

Kurzfassung

Die Transkription wird in den Zellen durch die RNA-Polymerasen (RNAP)
katalysiert. Die bakterielle RNAP ist aus den o, B’, B, w-Untereinheiten aufgebaut.
Das katalytische Zentrum wird durch die ’- und B-Untereinheit gebildet und sorgt fiir
die Bildung der Phosphodiesterbindung. Die a- und w-Untereinheiten sind fiir den
korrekten Aufbau der RNAP verantwortlich, wobei Teile der a-Untereinheiten
zusitzlich regulatorische Funktionen haben. Der Ablauf der Transkription ist in
Initiation, Elongation und Termination unterteilt. Alle drei Phasen werden innerhalb
der Zellen streng reguliert. Wahrend der FElongation bewirkt die sogenannte
Antitermination das Uberlesen von Terminationssequenzen. Dieser zuerst beim
Phagen A identifizierte Mechanismus, beruht auf dem Aufbau eines Multi-Protein-
Komplexes, bestehend aus den Escherichia coli (E. coli) Nus-Proteinen (A, B, E, G),
der RNAP, der nut RNA-Sequenz und dem A N-Protein. Die ribosomalen (rrn)

Operons in E. coli werden durch intrinsische Antitermination reguliert.

Fluoreszenz-Anisotropie-Messungen konnten zeigen, dass die Bildung des
NusB:NusE Heterodimers und seine Bindung an die boxA der nut und rrn RNA-
Sequenzen ein wichtiger Schritt im Aufbau des Antiterminationskomplexes ist. Fiir
die sogenannte NusB101-Mutation, Aspl18Asn, die den negativen Effekt von
Mutationen in anderen Komponenten des Komplexes auftheben kann, konnte eine
hohere Affinitdt zur Erkennungs-RNA gezeigt werden. Weitere Mutationen an dieser
Position zeigten, dass die Aminosdureposition 118 zentral fiir die Stabilitdt der RNA-

Bindung ist.

Ein weiterer Bestandteil des Antiterminationskomplex ist das zwei Doméanenprotein
NusG, iiber dessen Interaktion innerhalb des Komplexes wenig bekannt war.
Interaktionen fiir die beiden Dominen, die das NusG-Paralog RfaH konstituieren, sind
in der Literatur beschrieben, wie es auch bei der Kristallisation von NusG aus Aquifex
aeolicus gezeigt werden konnte. Fiir £. coli NusG konnte in dieser Arbeit gezeigt
werden, dass diese Interaktion konzentrationsabhédngig, damit intermolekular, und
sehr kurzlebig ist. Zusétzlich konnten Proteinbindungsflichen auf beiden Doménen

bestimmt werden.
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Als Erkenntnis von zentraler Wichtigkeit und sehr weitreichenden Konsequenzen
wurde in dieser Arbeit eine spezifische und strukturell sehr gut definierte Wechsel-
wirkung der carboxy-terminalen Doméne von NusG mit NusE, das unter der
Bezeichnung S10 auch ein Bestandteil der 30S Untereinheit des Ribosoms ist,
identifiziert. Seit wenigen Wochen ist in der Literatur die Interaktion der amino-
terminalen Domédne von NusG mit der RNA-Polymerase beschrieben. Die hier
beobachtete Wechselwirkung der carboxy-terminalen Doméine von NusG mit NusE
konnte damit zur Rekrutierung des NusB:NusE Heterodimers und zur Ausbildung
eines kompakten Antiterminationskomplexes beitragen. Da NusE auch Teil des
Ribosoms ist, stellt die NusG:NusE Interaktion mdglicherweise die erste direkte
molekulare Verbindung zwischen Transkription und Translation in Bakterien dar.
Diese Kopplung von bakterieller Transkription und Translation ist ein sehr lange
bekanntes, aber molekular nicht erklirtes Phanomen von auflerordentlicher Bedeutung

fiir die Uberlebensfihigkeit von Bakterien.

In dhnlicher Weise, wie das A N-Protein, aber mit entgegengesetzter Wirkung —
Termination statt Antitermination — bindet das Nun-Protein aus dem Phagen
HongKong 022 an die boxB, eine Haarnadelschleife der nut Sequenz. Durch in vivo
Studien wurde die Nun Tyr39Ala Mutante, die wichtige Hinweise fiir das Verstidndnis
der Peptid-RNA-Interaktion lieferte, identifiziert. Durch diese Mutation ist eine
urspriinglich als wichtig angesehene Wechselwirkung mit dem Adenosin 9 der hoxB
nicht mehr moglich. Molekulardynamikuntersuchungen zeigen deutliche Unter-
schiede zur A N:boxB Wechselwirkung auf, da die analoge Trpl8:A9 Interaktion
essentiell fiir prozessive Antitermination ist. Auf diese Weise lieferte diese

Untersuchung wichtige Hinweise auf den molekularen Schaltmechanismus.
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Summary

The RNA-Polymerase (RNAP), the multidomain complex that catalyzes transcription,
consists of the ay, B°, B, w-subunits, where the ’- and P-subunits form the active
center that catalyzes the RNA polymerization. The a- and w-subunits account for the
correct folding and assembly of the RNAP, whereas parts of the a-subunits perform
additional regulatory functions. Transcription is subdivided into initiation, elongation,
and termination, and all three phases are under tight control within the cells.
Antitermination, a mechanism initially identified in the phage A/Escherichia coli
(E. coli) guest/host system, enables RNAP to read through transcription termination
sites during elongation. Antitermination depends on the assembly of a multi protein
complex, consisting of the E. coli Nus-factors A, B, E, and G, the RNAP, the nut
RNA sequence, and the A N-Protein. Ribosomal (rrn) operons in E. coli are also

regulated by antitermination.

It could be shown by fluorescence anisotropy measurements that the formation of the
NusB:NusE heterodimer and its binding to boxA of the nut and rrn RNA-sequences is
a crucial step in the assembly of the antitermination complex. For the so-called
NusB101 mutant, Aspl18Asn, which is a gain of function mutant that is able to
compensate for nonfunctional mutations in other Nus-factors, tighter binding than wt
to RNA could be demonstrated. Results obtained with additional mutants underscored

that position 118 is crucial for the stability of the RNA binding.

Another part of the antitermination complex is the two-domain protein NusG. About
NusGs role within the complex little is known so far. Interactions between the two
domains that constitute the NusG paralog RfaH are described in the literature, and a
similar observation was described in Aquifex aeolicus NusG crystals. It could be
shown here that for E£. coli NusG this interaction is concentration dependent, that it is
intermolecular, and only transiently populated. In addition protein-binding sites on

both domains could be described.

Central point to this work and with far-reaching consequences is the specific and
structurally well-defined interaction between the carboxy-terminal domain of NusG

and NusE. NusE is also part of the 30S subunit of the ribosome as ribosomal protein
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S10. The interaction between the amino-terminal domain of NusG and the RNAP was
recently described in the literature. The observed interaction between the carboxy-
terminal domain of NusG and NusE could recruit the NusB:NusE heterodimer and
thus account for the assembly of a compact antitermination complex. As NusE is also
part of the ribosome, this NusG:NusE interaction represents the first direct molecular
link between transcription and translation in bacteria. This coupling of bacterial
transcription and translation is a very well known phenomenon that, however, is not
well understood, although it is of extraordinary importance for the viability of

bacteria.

Similar to A N, but with the opposite effect — termination instead of antitermination —,
Nun protein of phage Hong Kong 022 binds to boxB, a stem-loop structure of the nut
sequence. By in vivo studies the functional Nun Tyr39Ala mutation was identified to
have important implications for this boxB interaction. The interaction of Tyr39 with
A9 of the boxB, which was judged to be crucial earlier, is no longer possible with this
mutation. Molecular dynamic calculations showed significant differences to the
A N:boxB interaction, where the analogous Trpl18:A9 interaction is essential for
processive antitermination. Thus this analysis gave important clues about the

molecular switch between antitermination and termination.






Der Phage A 1

1 Einleitung

1.1 Der Phage A

Einblicke in komplexe zelluldre Vorgédnge, wie z.B. Transkription, Translation und
Signaltransduktion, auf molekularer Ebene sind eine zentrale Errungenschaft der
Biochemie und Biophysik. Eines der am besten untersuchten Modellsysteme fiir das
Verstidndnis der Transkription ist der 1951 entdeckte Phage A (Lederberg, 1951). Die
Bedeutung der detaillierten Einblicke in die Transkription wurde durch die
Verleihung des Nobelpreises fiir Chemie im Jahre 2006 an Roger D. Kornberg fiir
seine Forschungen zur molekularen Basis der eukaryontischen Transkription
eindrucksvoll verdeutlicht. Vor wenigen Jahren konnten verschiedene Kristall-
strukturen des zentralen Proteins der Transkription, der RNA Polymerase (RNAP),
gelost werden: eine bakterielle RNAP aus Thermus thermophilus (Vassylyev et al.,
2002) und die eukaryontische RNAPII aus Hefe (Cramer et al., 2001; Gnatt et al.,
2001). Neben diesen strukturellen Untersuchungen gibt es eine Vielzahl neuerer
genetischer und biochemischer Erkenntnisse, die es ermdglichen, das komplizierte
Netzwerk der Regulation der Transkription sukzessive zu entflechten und zu
verstehen. Hierfiir bietet der Phage A ein ideales Modellsystem, da er das
Transkriptionsregulationssystem seines Wirts Escherichia coli (E. coli) fiir seine
eigene Expression mitnutzt. Dabei benutzt er zwei unterschiedliche Strategien;
entweder A lisst E. coli eine groe Anzahl von Viruspartikeln produzieren und dann
durch Zelllyse in die Umgebung abgeben (lytischer Zyklus) oder A sorgt fiir die
eigene Integration ins Wirtsgenom (lysogener Zyklus). In diesem Zustand besitzt er
aber weiterhin die Moglichkeit wieder in den lytischen Zyklus zu wechseln

(Gottesman und Weisberg, 2004; Court ef al., 2007).

1.2 Lytischer und lysogener Zyklus

Nach der Infektion einer E. coli Zelle mit dem Phagen A kann das System entweder in
den lytischen Zyklus oder den lysogenen Zyklus eintreten. Beim lytischen Zyklus
werden mehrere hundert Viruspartikel in der Zelle produziert und schlieBlich durch
Zelllyse an die Umgebung abgegeben (Little, 2005). Die Transkription startet an den
rechten und linken Promotoren (pr und pr) des Phagengenoms und wird bis zu den

Terminatoren #z bzw. #; fortgesetzt (Abb. 1-1; (Court et al., 2007)). Das zuerst
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transkribierte A N-Protein, kontrolliert durch das zelluldren Protein RNaselll, sorgt fiir
eine Modulation der RNA Polymerase (RNAP), die sie resistent fiir #z und #;, macht
(Friedman und Court, 2001). Dieser als Antitermination (vgl. Abschnitt 1.4.1)
bezeichnete Prozess ermoglicht die Transkription der stromabwirts von ¢z bzw. 1
gelegenenen Gene. Dieser Bereich enthélt unter anderem die fiir die Replikation
verantwortlichen Gene (o, p, ren), die sowohl im lytischen als auch im lysogenen
Zyklus essentiell sind. Zusétzlich wird auch das regulatorische Gen ¢ exprimiert.
Dessen Genprodukt A Q bewirkt, dhnlich wie A N, Antitermination (Roberts et al.,
1998). Sie findet am #z-Terminator statt, was zur Expression der sogenannten spiten

Gene fiihrt, deren Proteine fiir die Zelllyse verantwortlich sind.

<} >
PL Pr
4 D CEEEE—
OLl |OR
I I
int clll t,;, n nutL cl cro nutR ty; cll o pren tg, q tg
I I
I I
Prm Pr —P>

Abbildung 1-1: Ausschnitt aus der Genkarte des Phagen A

Die frithen Transkripte der pp und pr Promotoren und deren Operatoren Op bzw. Og
(Bindestellen fiir CI und Cro) sind als rote Pfeile gekennzeichnet. Das spite Transkript ab pg:
ist als schwarzer Pfeil dargestellt. Gene sind schwarz und die Terminatoren sind rot
hervorgehoben. Zuerst werden die Transkripte stromabwirts von pp und pr abgelesen. Fiir
den lytischen Zyklus missen die Gene stromabwirts von pg- transkribiert werden,
wohingegen fiir den lysogenen Zyklus die Transkription des ¢/ Gens stromabwirts von prum
(griiner Pfeil) wichtig ist. Die Funktionen der anderen Gene sind im Text aufgefiihrt (nach
(Court et al., 2007)).

Beim lysogenen Zyklus wird das Phagengenom in das Wirtsgenom integriert und die
meisten Phagenproteine werden abgeschaltet, sodass A in Form eines Prophagen
vorliegt. Der Beginn des lysogenen Zyklus lduft identisch wie beim lytischen ab
(Dodd et al., 2005). Nach erfolgter A N Expression und dem Uberlesen der ¢z bzw. #;
Signale werden die Gene int, cIl und clll exprimiert (Abb. 1-1). Das int-Genprodukt
ist eine Integrase die fiir den Einbau der Phagensequenz ins Wirtsgenom sorgt. Die
CII- und CIII-Proteine aktivieren das c¢/-Gen, das fiir den A-Repressor kodiert (Kaiser,
1957). Der A-Repressor inhibiert durch Bindung an den Og- bzw. Op-Operator die
Promotoren pr und pr (Atsumi und Little, 2006). Der Phage A liegt nun als Prophage
im Wirtsgenom vor. Durch duflere Aktivierung, z.B DNA-Schidigung, die zum Abbau
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des A-Repressors fiihrt, kann der Prophage wieder in den lytischen Zyklus iiberfiihrt
werden (Abb. 1-2; (Ptashne, 2006)).

A lysogener Zyklus

Abbildung 1-2: Ubergang des A Prophagen

?"’": in den lytischen Zyklus
S Koo A) Ein in das Wirtsgenom integrierter A Pro-
/

phage wird durch den A-Repressor, Gen-
: N S . produkt von ¢/, an der Transkription seiner
C BO0) W ) lytischen Gene gehindert. Der Abbau des
: ; Repressors geschieht durch Aktivierung des
. dEkﬁon RecA—Proteinsﬂ (DNA-Reparatur-Protein) und
Repressorabbau sorgt fiir den Ubergang des Prophagen in den
lytischen Zyklus.
B) Durch die Transkription der lytischen Gene
wird das cro-Genprodukt exprimiert, das
seinerseits die freigewordenen Bindestellen
des cI-Genprodukts besetzt und so eine Riick-
kehr zum lysogenen Zyklus unterbindet
(Ptashne, 2006).

B lytischer Zyklus

1.3 Bakterielle Transkription

1.3.1 Die bakterielle RNA-Polymerase

Die RNA-Polymerase (RNAP) ist das zentrale Enzym fiir Genexpression und Gen-
regulation in allen drei Gattungen der Lebewesen: Eukaryonten, Archaeen und
Bakterien (Murakami und Darst, 2003; Borukhov und Nudler, 2008). Das Enzym
synthetisiert eine RNA-Kopie des codierenden DNA-Strangs aus Ribonukleosidtri-
phosphaten (NTP). Die RNAP verwendet chemische Energie (Wang ef al., 1998;
Galburt et al., 2007), um sich entlang der DNA gerichtet mit einer Geschwindigkeit
von 15-80 (nt)/s (Nukleotideinbau pro Sekunde) bewegen zu konnen (Shilatifard et
al., 2003; Epshtein und Nudler, 2003). Diese Bewegung erfolgt jedoch diskontinuier-
lich und wird als Ratschen-Bewegung beschrieben (Bar-Nahum et al, 2005;
Abbondanzieri et al., 2005; Briickner und Cramer, 2008). Diese diskontinuierliche
Bewegung konnte fiir das Ribosom bei der Translation bereits frither gezeigt werden
(Frank und Agrawal, 2000; Frank et al., 2007). Strukturell sind alle RNA-Poly-
merasen aus verschiedenen Untereinheiten mit einer Gesamtgrofle von mehreren
hundert Kilodalton (kDa) aufgebaut, wobei im Gegensatz zu den Eukaryonten die

Prokaryonten nur eine einzelne RNAP besitzen. Obwohl die Anzahl der Unter-
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einheiten zwischen den Spezies variiert, ist ihre Sequenz, Tertidrstruktur, wie auch der
Aufbau des katalytischen Zentrums evolutionér konserviert (Ebright, 2000; Minakhin
etal.,2001).

Die E. coli RNAP besitzt eine Molekiilmasse von etwa 400 kDa, und hat einen
a2, B°, P, w-Untereinheitenaufbau, der auch als core-RNAP bezeichnet wird
(Severinov, 2000). Die B- und P’-Untereinheiten bilden das aktive Zentrum und
katalysieren somit die RNA-Polymerisation. Die amino-terminalen Doménen der
a-Untereinheiten (aNTD) sind fiir den korrekten Zusammenbau der RNAP
verantwortlich; die iiber einen flexiblen Linker verbundenen carboxy-terminalen
Dominen (aCTD; (Jeon et al., 1997)) haben regulatorischen Einfluss auf die RNAP
durch unterschiedliche Wechselwirkungen mit Regulator-Proteinen (Benoff et al.,
2002). Fiir die w-Untereinheit konnte gezeigt werden, dass sie nicht essentiell fiir die
Funktionalitdt der RNAP ist, jedoch unterstiitzend auf den Zusammenbau der RNAP
wirkt (Mukherjee und Chatterji, 1997; Mukherjee ef al., 1999; Mathew und Chatterji,
20006).

In Abbildung 1-3 ist die Kristallstruktur der RNAP aus Thermus thermophilus in der
Elongationsphase dargestellt. Die einzelnen Untereinheiten sind gut zu erkennen,
wobei die aCTD nicht gezeigt ist, da aufgrund ihrer Flexibilitdt keine Elektronen-
dichte fiir sie bestimmt werden konnte (Vassylyev ef al., 2007a). Die RNAP besitzt
drei Bindestellen, die Doppelstrang-Bindungsstelle (DBS), die Hybrid-Bindungsstelle
(HBS) und die RNA-Bindungsstelle (RBS). Vom Aufbau gleicht sie einer Krebs-
schere, die mit thren Zangen das DNA-Duplex (mit der DNA-Klemme) und die
naszierende RNA (mit der aus f-Klappe, [’-Zink-Finger, [’-Verschluss und
B’-Deckel zusammengesetzten RBS) stabilisiert. Gleichzeitig bildet sie in ihrem
Inneren, flankiert von der (- und der (’-Untereinheit, den Raum fiir die Trans-

kriptionsblase aus (Abb. 1-3).

Die DBS bindet ~9bp des DNA-Doppelstrangs flussabwirts (downstream) des
aktiven Zentrums (Nudler et al., 1996; Nudler et al., 1998; Korzheva et al., 2000).
Die DNA behilt in diesem Bereich ihre typische B-Form bei und wird zum aktiven
Zentrum hin um 90° geknickt, was das Aufschmelzen des Doppelstrangs ermdglicht

(Gnatt et al., 2001; Kettenberger et al., 2004; Vassylyev et al., 2007a).
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Abbildung 1-3: Struktur der bakteriellen RNA Polymerase

A) Kristallstruktur der RNAP aus T. thermophilus (PDB: 2051; (Vassylyev et al., 2007a).

B) Schematische Reprisentation der o-, $- und B’-Untereinheiten der RNAP Struktur als
vereinfachtes Modell mit allen wichtigen strukturellen Merkmalen (Epshtein et al., 2007).
Die Funktionen der Strukturmerkmale sind im Text aufgefiihrt.

C) Schematische Darstellung wie in B) einer aktiven RNAP. Im Primér Kanal wird das RNA-
DNA-Hybrid in der Hybrid-Bindungsstelle (HBS) geschiitzt. Die f’-Doméne klemmt die
flussabwarts liegende DNA in der DNA-Duplex-Bindungsstelle (DBS) ein. Der RNA-Exit-
Kanal wird von ’-Verschluss, ’-Zink-Finger, p’-Deckel und p-Klappe gebildet. Die RNA-
Bindungsstelle (RBS) ist an der Abzweigung der HBS und des RNA-Exit-Kanals und sorgt
durch das f’-Ruder wie ein Reillverschluss fiir die Trennung der naszierenden RNA vom
RNA-DNA-Hybrid (Nudler, 2009).

Das katalytische Zentrum wird von zwei Mg*"-Ionen gebildet, wobei das erste Ion
von drei Aspartatresten des konservierten NADFDGD-Motiv der p’-Untereinheit
koordiniert wird (Mustaev et al., 1997; Zhang et al., 1999). Das zweite Mg”" ist
weniger stabil liber einen Aspartatrest und vermutlich zwei H,O-Molekiile koordiniert
(Vassylyev et al., 2007b). Die Mg”"-Ionen katalysieren zusammen mit Teilen der p-
und der P’-Untereinheit (Briicken-Helix und Trigger-Schleife) die Bildung der
Phophodiesterbindung zwischen der freien 3’OH-Guppe der bereits vorhandenen

RNA und dem nichsten einzubauenden NTP. Das erste Mg*" aktiviert die freie OH-



6 Die bakterielle RNA Polymerase

Gruppe und das zweite Mg”" stabilisiert die Phosphatgruppen des NTPs (Wang et al.,
2006; Vassylyev et al., 2007b). Die GroBe der Transkriptionsblase wird durch die
B-Lappen reguliert. Sie verschlieBen die HBS und sorgen so dafiir, dass das RNA-
DNA-Hybrid eine Léange von 7-10 bp nicht libersteigt (Nudler ez al., 1997; Korzheva
et al., 2000). Zusitzlich wird das Hybrid durch das -Ruder stabilisiert, um die Re-
Assoziation der RNA mit der DNA flussaufwiérts der Transkriptionsblase zu

verhindern (Kuznedelov ef al., 2002; Westover ef al., 2004; Vassylyev et al., 2007a).

Die RBS stabilisiert die naszierende RNA und unterstiitzt so zusétzlich die Gesamt-
stabilitdt des Komplexes. Der ’-Deckel formt zusammen mit Teilen der -Unter-
einheit (auch P-Sattel genannt) eine enge Pore, durch welche die einzelstringige RNA
hindurchgefadelt wird (Gnatt et al., 2001; Kettenberger et al., 2004; Vassylyev et al.,
2007a). Im weiteren Verlauf weitet sich diese Pore zum RNA-Exit-Kanal, der von
B’-Verschluss, f’-Zink-Finger und p-Klappe gebildet wird (Nudler et al., 1997,
Korzheva et al., 2000), wobei letztere den Austrittskanal bedeckt und ein mogliches
Ziel verschiedener regulatorischer Signale darstellt, die in die Termination involviert

sind (Toulokhonov und Landick, 2003).

Der Nukleotideinbauzyklus ldsst sich in drei Phasen unterteilen: Substratzugang und
Bindung an den Elongationskomplex (NTP-Bindung), Nukleotideinbau und Trans-
lokation in Bezug auf die RNAP zum erneuten Freisetzen der NTP-Einbau-Position
(A oder i+1 Position; Abb. 1-4; (Borukhov und Nudler, 2008; Nudler, 2009)). NTPs
gelangen hochstwahrscheinlich {iber den sekundiren Austrittskanal in die RNAP
(Batada et al., 2004). Sie werden gebunden und von den beiden Mg*"-Ionen an der
Trigger-Schleife aktiviert. Diese Bindung wird zusétzlich durch LeulO81 und
His1085 der Trigger-Schleife unterstiitzt. Dadurch verschiebt sich das Gleichgewicht
des freien Zustands zwischen prid- und posttransloziert (Nudler, 1999; Vassylyev et
al., 2007a; Briickner und Cramer, 2008) und induziert eine strukturelle Umfaltung der
Trigger-Schleife zur Trigger-Helix. Dies sorgt fiir die korrekte Positionierung des
NTPs fiir den Einbau in die RNA und den Verschluss des Sekundér-Kanals durch die
Trigger-Helix (Abb. 1-4; (Wang et al., 2006; Vassylyev et al., 2007b)).
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Abbildung 1-4: Nukleotideinbauzyklus und Dynamik des katalytischen Zentrums der
RNA Polymerase (Nudler, 2009)

A) Schematische Darstellung der konformationellen Anderungen der Trigger-Schleife (TS)
und der Briicken-Helix (BH) wahrend des NTP-Einbaus und der darauf folgenden Trans-
lokation. Der codierende DNA-Strang ist in hellblau, der RNA-Strang in rot, die TS in
dunkelblau und die BH in grau dargestellt. Magenta-Kreise markieren die katalytischen Mg*'-
Ionen. Am Beginn des Zyklus, posttranslozierter Elongationskomplex (EK), befindet sich TS
in der ungefalteten gedffneten Konformation (B; (Wang et al., 2006; Vassylyev et al.,
2007b)). Die Bindung des korrekten NTPs (orange) fithrt zur Umfaltung der TS in eine
a-helikale Form (auch Trigger-Helix; C), diese Form stabilisiert ihrerseits mittels Leul082
und His1085 die NTP-Bindung. Da die NTP-Bindung in der i+1 Position den EK in der
posttranslozierten Form stabilisiert, dient das Substrat als Fixierung im Ratschen-
Mechanismus der Translokation (Bar-Nahum et al., 2005). Nach Einbau des NTPs in die
RNA und Freisetzen des Pyrophosphats wechselt die TS/BH Einheit zwischen unter-
schiedlichen Konformationen, der gedffneten und der verkeilten, wobei letztere wohl zu
einem Verschieben des RNA-DNA-Hybrids fiihrt und somit die Translokation aktiv in der
posttranslozierten Phase unterstiitzt. Basierend auf diesem Modell dient die TS/BH-Einheit
als zweite wichtige Fixierung und treibt die Translokation in Abwesenheit eines Substrats
voran (Gnatt et al., 2001; Bar-Nahum et al., 2005; Briickner und Cramer, 2008) und ein neuer
Einbauzyklus kann gestartet werden.
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Durch Ausbildung der Phosphodiesterbindung an der RNA wird die Trigger-Helix
destabilisiert und verkeilt sich. Dies fiihrt zu einem Verschieben der Briicken-Helix
und somit letzten Endes zur Translokation auf die i+1-Position (Bar-Nahum et al.,
2005; Briickner und Cramer, 2008). Nach erfolgter Translokation bildet sich die
Trigger-Helix wieder zur Trigger-Schleife um und befindet sich wieder in der
Ausgangskonformation (Komissarova und Kashlev, 1997a; Nudler, 1999; Vassylyev
et al., 2007a; Briickner und Cramer, 2008).

1.3.2 Initiation

Promotor spezifische Initiation der Transkription bendtigt die Bindung des o-Faktors
an die core-RNAP, wodurch das Holo-Enzym gebildet wird (Helmann und
Chamberlin, 1988; Burgess und Anthony, 2001). Dieses sucht entlang der DNA die
entsprechenden Promotor-Erkennungssequenzen (Sakata-Sogawa und Shimamoto,
2004), bei denen es sich um hexamere Abschnitte konservierter Nukleotidsequenzen
an den Positionen ’-35” und ’-10” der DNA handelt (Lisser und Margalit, 1993; Paget
und Helmann, 2003). Nach erfolgter Promotorerkennung bildet sich die Trans-
kriptionsblase durch Aufschmelzen des DNA-Doppelstrangs aus, wobei o iiber ver-
schiedene Reste und insbesondere ein konserviertes Threonin direkt daran beteiligt ist
(Schroeder et al., 2007; Schroeder et al., 2008). Daraus resultiert ein stabiler
Promotor-Komplex, der die RNA-Synthese startet. Die RNAP beginnt nun einen
Zyklus, der als unvollstindige Initiation bezeichnet wird; kurze RNA Abbruch-
fragmente werden synthetisiert, freigesetzt und gleich wieder neu synthetisiert (Hsu et
al., 2003). Neueste Untersuchungen deuten an, dass diese kurzen RNA-Stiicke eine
regulatorische Funktion haben konnten; sie konnten als Matrize fiir die Trans-
kriptionsinitiation eines weiteren Promotors dienen oder als Antisense-Effektor fiir
spezifische RNAs fungieren (Goldman et al., 2009). Sobald die RNAP ein 8 bis 9 bp
langes RNA-DNA-Hybrid gebildet hat, geht der Initiationskomplex in die
Elongationsphase iiber (Abb. 1-5).
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Abbildung 1-5: Schematische Darstellung
der Initiation
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@ 7 \\‘C Komplex (EK) und modifiziert werden (Mooney et al.,
Rho D NusA 2009a).

In der Regel dissoziiert o kurz nach dem Ubergang in die Elongation von der RNAP
(obligatorisches Modell (Metzger et al., 1993)), dieses ist jedoch nicht zwingend
notwendig fiir das Verlassen der Promotor-Region (Mooney et al., 2005). Die Disso-
ziation von o kann aber auch eher zufillig durch kontinuierliches Abnehmen der
Affinitdit zur RNAP wiéhrend der Elongation erfolgen (stochastisches Modell
(Shimamoto et al., 1986)), wobei sowohl in vitro als auch in vivo gezeigt werden
konnte, dass ein kleiner Prozentsatz von o-Faktoren an der RNAP assoziiert bleibt
(Bar-Nahum et al., 2005; Reppas et al., 2006). Zusitzlich ist das NusG-Protein, das
im weiteren Verlauf noch néher erldutert wird (Abschnitt 1.6.3), an der Dissoziation
des o-Faktors beteiligt, da es diesen von einer seiner Interaktionsflichen an der

RNAP verdréangen kann (Mooney et al., 2009a).

Die Familie der E. coli o-Faktoren lasst sich in zwei Klassen einteilen: Klasse 1, die
070-Familie, umfasst die meisten o-Faktoren, wie den 07°-Faktor, der die Trans-
kription der organisatorischen (housekeeping) Gene initiiert und somit auch kontrol-
liert (Borukhov und Severinov, 2002). Klasse 2, die o> '-Familie, bendtigt wie auch
die eukaryontischen Initiationsfaktoren die ATP-Hydrolyse zur Energiegewinnung fiir
das Aufschmelzen des DNA-Doppelstangs (Buck et al., 2000; Lin et al., 2005).
Funktionell ist diese Gruppe mit der o’’-Familie verwandt, sie weist jedoch deutliche

strukturelle Unterschiede auf (Paget und Helmann, 2003).

Die Erkennung der Promotoren durch o-Faktoren erfolgt durch ihre DNA-Bindestelle.
Im freien o-Faktor ist diese Stelle durch eine andere Doméne blockiert, so dass die

entsprechenden Promotoren nur in Gegenwart der RNAP gebunden werden konnen,
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da die Autoinhibition erst durch Bildung des Holo-Enyms aufgehoben werden kann

(Borukhov und Severinov, 2002).

Neben der Autoinhibition werden die verschiedenen o-Faktoren auch {iber proteo-
lytischen Verdau, Kontrolle der Neusynthese auf transkriptionaler und translationaler
Ebene sowie Bindung an einen sogenannten anti-o-Faktor reguliert, um eine kontrol-
lierte Transkription zu gewéhrleisten (Hughes und Mathee, 1998; Helmann, 1999).
Die Vielzahl der Regulationsmechanismen des o-Faktors verdeutlicht seine Wichtig-

keit bei der Initiation.

Die RNAP besitzt iiber ihre aCTD auch eine eigene wichtige regulatorische Funktion
innerhalb der Initiation. Diese Regulation erfolgt auf zwei unterschiedliche Arten:
Zum einen bindet die aCTD an eine stromaufwirts des Promotors gelegene cis-aktive
DNA-Sequenz, das upstream promotor (UP)-Element (Estrem et al., 1998; Estrem et
al., 1999). Durch diese Interaktion erhoht sich die Aktivitdit von Promotoren
signifikant im Vergleich zum basalen Level (Ross ef al., 1993). Zum anderen konnte
die Interaktion mit stromaufwérts gelegenen Transaktivatoren, wie CAP (catabolite

activator protein) und OxyR (oxydative stress regulator protein) gezeigt werden (Zou

et al., 1992; Tao et al., 1993; Benoff et al., 2002).

1.3.3 Elongation

Mit der Bildung des RNA-DNA-Hybrids kommt es zur Umwandlung des Initiations-
komplexes zum Elongationskomplex (EK). Dies fiihrt zu signifikanten konformatio-
nellen Anderungen (Murakami und Darst, 2003), wobei dies auf die verringerte
Affinitdt des o-Faktors fiir die Promotor-DNA und die core-RNAP zuriickzufiihren ist
(von Hippel und Pasman, 2002). Generell hingt die Elongationsgeschwindigkeit von
den Wachstumsbedingungen ab (Vogel und Jensen, 1994) und liegt in einem Bereich
von etwa 40-90 Nukleotiden pro Sekunde (Gotta ef al., 1991; Condon et al., 1993).
Zusitzlich haben aber auch Antiterminationssequenzen, wie boxA in den ribosomalen
RNA (rrn) Operons, einen direkten Einfluss auf die Geschwindigkeit (Vogel und
Jensen, 1994). Neben dem korrekten Einbau der NTPs ist die RNAP auch in der Lage,
diese Reaktion zur Korrektur falsch eingebauter Basen situativ durch Nuklease- oder
Phosphorylase-Reaktionen umzukehren (Fish und Kane, 2002; Sosunov et al., 2005;
Briickner und Cramer, 2008; Nudler, 2009;).
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Eine wichtige Regulation der Elongationsphase ist die Mdglichkeit, die RNAP und
somit auch die Transkription anzuhalten (Landick, 2006). Uber diesen Mechanismus
wird die Expression verschiedener Operons reguliert (Landick und Yanofsky, 1987;
Donahue und Turnbough, 1994) und die Synchronisation von Transkription und
Translation gesteuert (Winkler und Yanofsky, 1981; Yakhnin ef al., 2006). Der EK

kann in einem angehaltenen, wartenden oder arretierten Zustand vorkommen.

In einen angehaltenen Zustand wird die RNAP aufgrund von Substratmangel versetzt.
Dieser Zustand fiihrt zu keinerlei strukturellen Anderungen innerhalb des Elonga-
tionskomplexes und sobald wieder geniigend Substrat vorhanden ist, wird die
Transkription fortgesetzt (Artsimovitch und Landick, 2000; Toulokhonov und
Landick, 2003).

Ein wartender Zustand tritt aufgrund des Erkennens spezieller DNA-Signale, den
Pausierungsstellen (pause-sites), ein (Gusarov und Nudler, 1999; Neuman et al.,
2003; Santangelo und Roberts, 2004). Dieser Zustand spielt eine wichtige Rolle
sowohl bei der Kopplung von Transkription und Translation, als auch bei der
Termination bzw. Antitermination. Fiir die Aufhebung dieses Zustandes sind keine
zusdtzlichen Faktoren notwendig. Es konnte fiir manche Pausierungsstellen sogar die
Stabilisierung des wartenden Zustands durch Regulatorproteine gezeigt werden
(Roberts ef al., 1998; Artsimovitch und Landick, 2002). Man unterscheidet die pause-
sites in zwel Klassen: Klasse I zeichnet sich durch die Ausbildung einer Haarnadel-
struktur der naszierenden RNA aus (Chan und Landick, 1993). Bei dieser Klasse
beruht der Pausierungseffekt auf der Interaktion der Haarnadelstruktur mit den
regulatorischen Untereinheiten des RNA-Exit-Kanals (vgl. Abb. 1-3), die zu einer
Umordnung des aktiven Zentrums fiihrt (Toulokhonov und Landick, 2003; Neuman et
al., 2003; Toulokhonov et al., 2007). Klasse II ist durch ein schwaches RNA-DNA-
Hybrid gekennzeichnet (Komissarova und Kashlev, 1997a; Komissarova und
Kashlev, 1997b; Greive und von Hippel, 2005; Datta und von Hippel, 2008). Hier
kommt es zu einer reversen Translokation und die 3’-liegenden Nukleotide werden
vom RNA-DNA-Hybrid abgelost. Die RNA-Kette wird in Richtung des sekundéren
Kanals verschoben. Es wurde angenommen, dass sie in diesen hineingeleitet wird, ihn
so fiir neue Nukleotide versperrt und auf diese Weise zum Pausieren der RNAP fiihrt

(Reeder und Hawley, 1996; Artsimovitch und Landick, 2000; Mejia et al., 2008).
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Neueste Untersuchungen zeigen jedoch, dass die revers translozierte RNAP genauso
gut NTPs binden kann wie in ihrer aktiven Form. Dies deutet darauf hin, dass die
reverse Translokation nicht der Hauptmechanismus dieser Art des Pausierens ist

(Kireeva und Kashlev, 2009).

Aus diesem Pausieren mit reverser Translokation leitet sich der arretierte (arrested
oder dead-end) Komplex ab, der nur durch die Zugabe von Proteinen, wie GreA oder
GreB aufgehoben werden kann (Borukhov ef al., 1993; Kireeva et al., 2005). Diese
Protein-Faktoren binden mittels ihrer carboxy-terminalen Doménen in der Néhe des
Sekundirkanals. Durch diesen gelangen sie via der amino-terminalen Domine zum
aktivem Zentrum der RNAP (Vassylyeva et al., 2007). Dort hydrolisieren sie die
Phophatgruppen der 3’-liegenden Nukleotide, um die RNAP wieder in einen aktiven
Zustand zu tiberfiihren (Koulich ef al., 1997; Laptenko et al., 2003).

1.3.4 Termination

Neben den bereits angefiihrten Pausierungsstellen wird die Transkription an
bestimmten Terminationssequenzen angehalten. Es kommt zu einer Destabilisierung
des RNA-DNA-Hybrids. Dies fiihrt wiederum zum Auflésen des EK, und die RNAP
steht wieder fiir eine erneute Transkription zur Verfiigung (Henkin, 1996; Henkin,
2000; Ciampi, 2006). Bei der Termination wird zwischen der intrinsischen und der
Rho-abhéngigen unterschieden, wobei beide Mechanismen erst nach einem vor-
herigen Pause-Zustand der RNAP aktiv werden konnen (Greive und von Hippel,
2005; Landick, 2006). Die Termination erfolgt nicht durch Blockierung der RNAP-
Bewegung auf der DNA, sondern iiber die transkribierten RNA-Elemente (Martin und
Tinoco, 1980; Lesnik et al., 2001). Diese indirekte Termination fiihrt dazu, dass
Terminationssequenzen anhand der Effizienz des Signals und der Verweildauer der

RNAP am Terminationssignal charakterisiert werden (Neuman et al., 2003).

Fiir die intrinsische Termination werden keine zusétzlichen Proteine bendtigt. Die
Terminationssequenz besteht, dhnlich den pause-sites, aus einer Haarnadelschleife
(Terminationsschleife), mit nachfolgender Uridin-reicher Sequenz. Dies ermdglicht
die Schwichung des RNA-DNA-Hybrids (Lesnik et al., 2001; Nudler und Gottesman,
2002; Nudler und Gusarov, 2003). Durch die Destabilisierung des Hybrids, wie auch

durch die Haarnadelschleife, werden konformationelle Anderungen in der RNAP
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induziert. Das Warten der RNAP erlaubt die korrekte Faltung der Terminations-
schleife (Gusarov und Nudler, 1999). Der detaillierte Mechanismus der intrinsischen
Termination konnte bis dato noch nicht eindeutig geklart werden. So existieren drei
Modelle, die den EK wéhrend dieser Phase beschreiben sollen. Das im Augenblick
priferierte allosterische Modell beruht auf der Interaktion der Terminationsschleife
mit strukturellen Elementen des RNA-Exit-Kanals, p-Klappe und p’-Zink-Finger.
Dadurch werden Konformationsinderungen hervorgerufen, die das RNA-DNA-
Hybrid weiter destabilisieren und zu einem Zusammenbrechen der Transkriptions-
blase fithren (Abb. 1-6; (Toulokhonov et al., 2001; Epshtein et al., 2007; Greive et al.,
2008; Larson et al., 2008)).

DNA-Matrizen-Strang

Abbildung 1-6: Allosterisches Modell der intrinsischen Termination

A) Die Ausbildung der Terminationsschleife wird bei Pausierungsstellen durch (’-Zink-
Finger und B-Klappe unterstiitzt und fiihrt zu einer Aufweitung des RNA-Exit-Kanals.

B) Die Haarnadelschleife hat ihre endgiiltige GroBe von etwa 7-8 bp erreicht. Dadurch wird
die Transkriptionsblase aufgeweitet, und die Terminationsschleife interagiert mit der Trigger-
Schleife. Dies fiihrt zu einer Verkiirzung des RNA-DNA-Hybrids auf etwa 3 bp. Zusétzlich
wird durch die Haarnadelschleife die DNA-Klemme gedffnet, so dass neben der naszierenden
RNA auch die DNA die RNAP verlassen kann (Epshtein und Nudler, 2003; Nudler, 2009).
Beim sogenannten RNA-Scher-Modell wird davon ausgegangen, dass das Heraus-
ziehen der RNA aus der Transkriptionsblase durch die Terminationsschleife zum
Auflésen des RNA-DNA-Hybrid fiithrt und zusitzlich Konformationsdnderungen der
RNAP induziert (Macdonald et al., 1993; Toulokhonov und Landick, 2003). Das
dritte Modell nimmt an, dass durch die Terminationsschleife die RNAP stromaufwirts
geschoben wird, jedoch ohne eine entsprechende Transkription durchzufiihren. Dies
fiihrt zum sogenannten ’hyper-translozierten’ Stadium, das mit einem verkiirzten

RNA-DNA-Hybrid einhergeht und so den EK destabilisiert (Yarnell und Roberts,
1999; Santangelo und Roberts, 2004).

Die zweite Art der Termination ist vom p-Faktor (Roberts, 1969), einem homo-

hexameren und ringformig angeordneten Protein, abhidngig. p ist essentiell fiir das
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Uberleben der Zellen, was auf seiner Rolle als globaler Regulator der Genexpression
beruht (Cardinale ef al., 2008). Funktionell besitzt p eine ATP getriebene 5°-3’-RNA-
DNA-Helikase, die es ihm ermoglicht, entlang der RNA in Richtung RNAP zu
gelangen, das RNA-DNA-Hybrid aufzuschmelzen und so die Polymerase von der
DNA abzulosen (Brennan et al., 1987; Richardson, 2002). Diese Translokation wird
durch NusG unterstiitzt, das p zur RNAP hin rekrutiert (Sullivan und Gottesman,
1992; Pasman und von Hippel, 2000). Die Erkennungssequenz von p besteht aus der
rho-utilization (rut) Sequenz, die entweder aus einer 30 nt langen cytidinreichen
Sequenz oder einer Haarnadelschleife (Schneider ef al., 1993) sowie der strom-
abwirtsgelegenen Terminationssequenz besteht (70-80 nt), die jedoch lokal nicht

eindeutig abgegrenzt ist (Alifano et al., 1991; Banerjee et al., 2006).

Die amino-terminale Doméine der p-Monomere enthélt die primire RNA-Bindungs-
stelle (Bogden et al., 1999). Die carboxy-terminale Domine besteht aus der
P-Schleife, die fiir die ATP-Hydrolyse wichtig ist, der Q- und der R-Schleife, welche
die sekundidre RNA-Bindestelle bilden (Burgess und Richardson, 2000; Burgess und
Richardson, 2001). Durch die Strukturbestimmung mittels Rontgenkristallographie
konnte gezeigt werden, dass die RNA schleifenartig entlang des Rings von den
einzelnen Untereinheiten gebunden wird, und dass das 3’-Ende der RNA zur
Ringmitte hin orientiert wird (Abb. 1-7A; (Skordalakes und Berger, 2003)).
Interessanterweise Offnet sich der Hexamerring um etwa 12 A nach dieser Primiir-
bindung und gibt so die sekundidren RNA Bindestellen im Inneren des Hexamers frei.
Nun kann die RNA durch den Ring hindurchgefddelt werden, worauthin der Ring
wieder eine geschlossene Struktur einnimmt (Yu et al., 2000; Kim und Patel, 2001;
Skordalakes und Berger, 2003; Skordalakes und Berger, 2006). Angetrieben von der
ATP-Hydrolyse kann sich p in dieser Form entlang der RNA zum EK hinbewegen,
wobei der genaue Mechanismus hierfiir noch nicht geklart ist. Die eigentliche
Termination, induziert durch das Aufschmelzen des RNA-DNA-Hybrids, erfolgt sehr
wahrscheinlich wie es auch fiir die intrinsische Termination postuliert wurde (Abb.

1-7B; (Greive und von Hippel, 2005; Skordalakes und Berger, 2006)).
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Abbildung 1-7: RNA-Bindung von p und Mechanismus der p-abhiingige Termination

A) Schematische Bindung der RNA an die priméren Bindungsstellen in der amino-terminalen
Domine von p (cyan). Die carboxy-terminalen Doménen sind in rot dargestellt und die RNA
als schwarze Linie (Skordalakes und Berger, 2003).

B) Nach der ATP-getriebenen 5°-3’-Translokation von p entlang der RNA, kann p mit der
RNAP interagieren. Termination wird durch die Destabilisierung des RNA-DNA-Hybrids
induziert; wahrscheinlich durch strukturelle Anderungen innerhalb der RNAP und/oder aktive
Verkiirzung des Hybrids (nach (Greive und von Hippel, 2005)).

1.4 Antitermination

Als Antitermination wird das Uberlesen von Terminationssequenzen, die generell nie
vollstindig terminieren kdnnen, und die daraus resultierende Expression von strom-
abwirts des Terminators gelegenen Genen bezeichnet. Erstmalig beschrieben wurde
dieser Effekt beim Phagen A (Roberts, 1969). Generell besteht die Moglichkeit die
Terminationsstellen positiv und negativ zu beeinflussen, wodurch eine weitere
Regulationsmoglichkeit der Transkription gegeben ist (Weisberg und Gottesman,
1999). Die negative Regulation der Termination wird in zwei Arten unterschieden:
Zum einen die Attenuation, die an Ahis und #rp Operons untersucht wurde und das
Uberlesen eines spezifischen Terminators ermdglicht (Henkin, 1996; Yanofsky ef al.,
1996). Zum anderen die bereits erwdhnte prozessive Antitermination. Durch die
Interaktion mit einem Multi-Protein-Komplex ermoglicht sie es der RNAP nicht nur
generell Terminationsstellen zu {iberlesen, sondern macht sie auch weniger sensitiv
gegeniiber Pausierungsstellen im Genom (Das, 1992; Friedman und Court, 1995;
Roberts et al., 2008). Neben dem Modellsystem des Phagen A gibt es im Genom von
E. coli auch ein eigenens Antiterminationssystem. Die Transkription der ribosomalen
RNAs (rrn) unterliegt immer der regulatorischen Kontrolle durch Antitermination

(Aksoy et al., 1984; Condon et al., 1995).
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1.4.1 Das Antiterminationssystem des Phagen A

Die Expression der frithen Gene bei A wird durch das N-Protein reguliert, welches die
Termination sowohl an intrinsischen als auch an p-abhidngigen Terminatoren
unterdriickt. Zusétzlich erhoht es auch die Transkriptionsrate (Mason et al., 1992;
Rees et al., 1997). Beim 107 Aminosdure langen A N handelt es sich um ein
intrinsisch unstrukturiertes Protein mit folgenden Sequenzbereichen: Metl — Asn22
binden die boxB der nut-Erkennungssequenz mit einer Affinitit von ~107 M,
aufgrund der RNA-Bindung und der Sequenz gehort dieser Teil zur Gruppe der
Arginin-reichen Motive (ARM; (Tan und Frankel, 1995; Cilley und Williamson,
1997; Van Gilst und von Hippel, 1997)). Der Bereich Asn34 — Arg47 interagiert mit
der carboxy-terminalen Doméne von NusA (Abschnit 1.5.1; (Bonin et al., 2004;
Prasch et al., 2006)) und der carboxy-terminale Teil Arg73 — Ser103 bildet Kontakte
zur RNAP aus (Greenblatt ef al., 1998; Mogridge et al., 1998).

Die Erkennungssequenz fiir die Antitermination von A und somit zugleich auch der
Interaktionspartner von A N ist die als N-utilization site (nut) bezeichnete RNA-
Sequenz, die zweimal im Phagengenom enthalten ist. Sie liegen jeweils stromaufwirts
des pr-Promotors (nutl) und des pgr-Promotors (nutR) und sind die ersten
Terminatoren des Genoms (Friedman und Baron, 1974; Roberts et al., 2008). Beide
Sequenzen bestehen aus der einzelstrangigen boxA die iiber eine Spacer-Sequenz mit
der boxB verbunden ist. BoxB ist eine Haarnadelschleife bestehend aus einem aus 5
Basenpaaren aufgebauten Stamm und einer aus 5 Basen gebildeten Schleife (Abb.
1-8A; (Hasan und Szybalski, 1986)). BoxA ist in beiden Sequenzen identisch und in
der boxB ist in der nutL an der Position 9 der Schleife ein Guanin anstatt eines
Adenins vorhanden. Die Spacer-Regionen zeigen deutliche Unterschiede (vgl. Abb.

1-8A).

Generell erfolgt die Regulation von A N und somit auch der Antitermination bei A mit
drei unterschiedlichen Mechanismen. Zum einen kann die Synthese von A N durch die
Proteine Cro und CI gehemmt werden. Dies ldsst sich auf die Blockierung des pr
Promotors zuriickfiithren (Court et al., 2007). Zum anderen kann die Aktivitit des
intrisisch unstrukturierten N-Proteins {iber Proteaseabbau mittels verschiedener

Proteasen, z.B. Lon, gesteuert werden (Maurizi, 1987; Court et al., 2007). Und
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drittens gibt es noch die Mdglichkeit, dass sich A N mit Hilfe der bakteriellen
Endoribonuklease RNaselll selber reguliert (Wilson et al., 2002; Court et al., 2007).
In Abwesenheit von RNaselll kann sich zwar der Antiterminationskomplex an der
nutL ausbilden, jedoch ist die Kopplung mit der Translation durch eine grofle Stamm-
schleifenstruktur gestort, die durch Blockieren der fiir das Ribosom notwendigen
Shine-Dalgarno-Sequenz (SD) den Translationsstart inhibiert (Court ef al., 2007). Erst
durch Abspalten der Haarnadelschleife, das durch die RNaselll katalysiert wird, wird
die SD freigesetzt, das Ribosom kann binden und die Translation startet (Wilson et

al., 2002; Wilson et al., 2004).

Durch die Bindung an die 5’-Seite der boxB wird im arginin-reichen Motiv von A N
eine gebogene a-Helix induziert, die ihrerseits die Stammschleifen-Struktur der RNA
stabilisiert. Diese Strukturmerkmale konnten mittels NMR-Spektroskopie gezeigt
werden (Abb. 1-8B; (Legault et al., 1998; Schérpf et al., 2000). Die Stammschleife
der boxB zeigt deutliche Strukturmerkmale der GNRA-Tetraschleifen, die sich durch
eine uncharakteristische Basenpaarung zwischen dem ersten und vierten Nukleotid
der Schleife und daraus resultierender hoher thermischer Stabilitdt auszeichnen
(Jucker et al., 1996). Bei der boxB wird durch Herausklappen der vierten Base der
Schleife (Adenosin 9) erreicht, dass sich die librigen vier Basen wie bei typischen
GNRA-Tetraschleifen verhalten konnen. Es konnte gezeigt werden, dass die Bindung
durch direkte Interaktionen im Stammbereich und insbesondere durch die m-rm-
Wechselwirkung zwischen Trpl8 und A7 stabilisiert wird (Legault et al., 1998;
Schirpf et al., 2000; Xia et al., 2005).
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A A
boxB ﬁ

L,

5’ -CGCUCUUACACAUUCCA
AnutR boxA Spacer

C

AnutL
5’ ~CGCUCUUAAAAAUUAA

Abbildung 1-8: Der Antiterminationskomplex des Phagen A

A) Die Anut besteht aus der boxA (blau), der Spacer-Region (orange) und der Haarnadel-
schleife boxB, die eine GNRA-Tetraschleife bildet. Nukleotidaustausche zwischen AnutR und
AnutL sind griin hervorgehoben (Lazinski ef al., 1989; Chattopadhyay ef al., 1995).

B) Das arginine-rich motif (ARM) des A N Protein (griin) bindet als gekriimmte Helix an die
5’-Seite der boxB Haarnadelschleife. Diese Interaktion wird stabilisiert {iber die m-r-
Wechselwirkung zwischen Trp18 (blau) und A7 (cyan; PDB: 1QFQ; (Legault et al., 1998;
Schérpfet al., 2000)).

C) Der Komplex wird durch die Bindung der zusitzlichen Elongationsfaktoren NusA, NusB,
NusE und NusG stabilisiert (Prasch et al., 2009).

Diverse in vivo und in vitro Studien verdeutlichten, dass diese m-m-Wechselwirkung
sowohl essentiell fiir die Stabilitit des Komplexes wie auch die Effizienz der
Antitermination ist (Franklin, 1993; Su et al, 1997). Die Bedeutung dieser
Trp18/A7-Wechselwirkung konnte zusdtzlich durch in vitro Proteinselektion belegt
werden (Xia et al., 2003a). Dabei wurde festgestellt, dass die eine Helixwindung von
Trp18 entfernten Aminoséduren 14 und 15, fiir die Bindungsaffinitat entscheidend sind
(Xia et al., 2003a; Xia et al., 2003b; Xia et al., 2005). Interessanterweise konnte
mittels Femtosekundenspektroskopie gezeigt werden, dass zwischen Trpl8 und A7
ein Gleichgewicht zwischen offener (Verlust der mn-n-Wechselwirkung) und
geschlossener Konformation fiir die Reste Alal2 — Arg22 besteht (Xia ef al., 2003a;
Xia et al., 2005). Ohne die korrekte Ausbildung dieser m-m-Wechselwirkung verliert
A N seine Moglichkeit zur Antitermination (Xia et al., 2005).
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A N kann alleine in vitro und in vivo die Transkription modifizieren (Rees et al., 1996;
Gusarov und Nudler, 2001). Der EK ist jedoch instabil, so dass nur Terminatoren in
direkter Ndhe zum Promotor iiberlesen werden konnen. Aus diesem Grund bendtigt
A N, neben der nut und der RNAP, die E.coli Nus-Elongationsfaktoren (A, B, E, G;
Abschnitt 1.6) fiir die Bildung eines stabilen Antiterminationskomplexes (Abb. 1-8C;
(Mogridge et al., 1998; Roberts et al., 2008)). Diese Proteine beeinflussen und
regulieren die RNAP so, dass sie die Terminationssequenzen nicht mehr erkennt und
prozessive Elongation erfolgen kann (Mason und Greenblatt, 1991; Li ef al., 1993;
Ciampi, 2006). Die nut Sequenz dient als Rekrutierungsstelle fiir die einzelnen
Faktoren. Auf diese Weise wird die lokale Konzentration der Komponenten in der
Nihe der RNAP erhoht (Mason und Greenblatt, 1991; Das ef al., 1996; Greive und
von Hippel, 2005). Diese vielfdltigen Protein-Protein und Protein-RNA Interaktionen
stabilisieren den EK (vgl. Abschnitt 1.6). Dies resultiert in einem kiirzeren Verweilen
an Terminationstellen und somit einer Reduktion der Terminationseffizienz (Gusarov

und Nudler, 2001; Nudler und Gottesman, 2002).

1.4.2 Die ribosomale (rrn) Antitermination

Neben der beschriebenen Antitermination des Phagen A besitzt E. coli auch ein
intrinsisches Antiterminationssystem. Die sieben verschiedenen ribosomalen RNA
(rrn) Operons, rrnA-E und rrnG-H (Ellwood und Nomura, 1982), sind generell fiir die
Anpassung der Wachstumsbedingungen notwendig (Condon et al., 1995), ohne dass
thnen bis dato eine spezifische Funktion zugeordnet werden konnte (Condon et al.,
1992). In ihrem Grundaufbau sind alle sieben Operons gleich: Beginnend mit einer
Leitsequenz folgt das 16S-rRNA-Gen, an das sich eine Trennsequenz anschlief3t, die
operonspezifisch unterschiedliche tRNA-Gene enthélt. Durch diese Trennsequenz
werden die 16S-rRNA-Gene von den 23S-rRNA-Genen getrennt. Vor dem
Terminator liegen die 5S-rRNA-Gene. Die Leitsequenz enthdlt unterschiedliche
regulatorische Elemente: zwei o’’-Promotoren, zwei Aktivatorsequenzen und ein

Antiterminationssignal (Morgan, 1986; Condon et al., 1995).

Aufgrund der hohen Sequenzhomologie zur nut konnten sowohl in der Leit- als auch
in der Trennsequenz ein Antiterminationssignal bestehend aus boxA4, boxB und boxC
gefunden werden (Li ef al., 1984; Quan et al., 2005). Allerdings liegen hox4 und

boxB in umgekehrter Reihenfolge auf dem Genom, wobei die boxB-Sequenz nicht
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konserviert ist und fiir die Antitermination nicht essentiell ist (Gourse et al., 1986;
Berg et al, 1989). Die starke Homologie der boxA deutet auf eine dhnliche
Zusammensetzung des rrn-Antiterminationssystems hin wie beim Phagen A (Abb.
1-9; (Squires et al., 1993; Liu und Hanna, 1995; Greive et al., 2005). Zusitzlich zu
den Nus-Faktoren sind auch die ribosomalen Proteine L1, L3, L4, L13, S2 und S4 an
der Transkriptionsregulation beteiligt (Torres et al., 2001; Torres et al., 2004).

S4'  BoxA Abbildung 1-9: rrn Antiterminationskomplex

Der rrn Antiterminationskomplex besteht aus den

A@:a E gleichen Nus-Faktoren (A, B, E, G) und der boxA4

wie der A Antiterminationskomplex. Zusétzlich
interagiert das ribosomale Protein S4 mit dem
Komplex und ersetzt das N-Protein und die boxB

\ \__/__ des A Antiterminationskomplexes (modifiziert
e el nach (Greive et al., 2005)).
naszierende RNA RNAP

Im Gegensatz zur Antitermination bei A kann das rrn Antiterminationssystem nur die
p-abhingige Termination unterdriicken (Albrechtsen et al., 1990; Condon et al.,
1995). Die rrn-Antitermination ist wichtig fiir die Regulation der Transkriptions-
geschwindigkeit, da eine langsamere Geschwindigkeit zum einen die korrekte Faltung
der rRNA gewihrleistet und es zum anderen ermdglicht Transkription und Translation

zu koppeln (Winkler und Yanofsky, 1981; Squires et al., 1993; Yakhnin et al., 2006).

1.5 Die Termination des Phagen HK022

Der lambdoide Phage Hong-Kong 022 (HK022) ist vom funktionellen Aufbau des
Genoms typisch fiir die A Familie der temperenten Bakteriophagen. Im Detail lassen
sich jedoch signifikante Besonderheiten erkennen, die im Fall von HK022 zu einem
biologischen Vorteil gegeniiber dem Phagen A fithren. Dieser Vorteil besteht in der
Verhinderung einer Superinfektion, Infektion mit mehreren unterschiedlichen
Bakteriophagen, von E. coli. Diese Superinfektion wird durch das 13 kDa grof3e Nun-
Protein verhindert, das ebenso ein arginin-reiches Motiv besitzt, um RNA zu binden.
Das Nun-Protein konkurriert mit dem A N-Protein um die Bindung an die hoxB (Van
Gilst et al., 1997; Schirpf et al., 2000; Faber et al., 2001) und bindet in gleicher Art
und Weise an die Stammschleifen-Struktur (Faber er al., 2001). Zusitzlich besitzt

Nun 20 weitere amino-terminale Reste, die regulatorische Aufgaben erfiillen konnen
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(Stuart et al., 2003). Die Bindung an die boxB ermoglicht es Nun, den EK von Anti-
termination auf Termination umzuschalten (Oberto et al., 1989). Dabei benutzt es
neben der nut auch die Nus-Faktoren (Robledo et al., 1991; Nudler und Gottesman,
2002). Die gegensitzlichen Funktionen von Nun und N konnen deshalb nicht nur auf
die Interaktion mit der hoxB zuriickgefiihrt werden. Auch konnte gezeigt werden, dass
der Carboxy-Terminus ein Zink-Bindemotiv und ein von der Position ungewo6hnliches
carboxy-terminales Tryptophan besitzt (Watnick und Gottesman, 1998; Watnick et
al., 2000). Die Koordination des Zinks erfolgt in Kombination mit der RNAP am
B’-Zink-Finger durch Verdrangen von zwei Wassermolekiilen. Zusétzlich interkaliert
das Trpl08 in die DNA-Doppelhelix und fiihrt so zu einem arretierten Komplex
(Watnick und Gottesman, 1999; Watnick et al., 2000), der nicht mehr in der Lage ist
die Elongation fortzufiihren (Abb. 1-10).

NPNKK _ S

DNA

RNAP

Abbildung 1-10: Modell der Nun-Termination

Nun bindet an die RNAP iiber ein vom B’-Zink-Finger koordiniertes Zn>"-Ion. His98 und
His93/His100 verdriangen dabei zwei 7Zn*" koordinierende H,O-Molekiile. Die basischen
carboxy-terminalen Reste interagieren mit der RNA und Trp108 interkaliert in den DNA-
Doppelstrang. Dies blockiert die Translokation und iiberfiihrt die RNAP in einen arretierten
Komplex (Watnick et al., 2000)

1.6 Die Nus-Elongationsfaktoren

Die Nus-Faktoren wurden urspriinglich innerhalb des A Antiterminationssystems
identifiziert (Friedman und Baron, 1974). Daher leitet sich auch ihr Name N-
utilization substance ab. Diese bakteriellen Faktoren stabilisieren den gesamten
Elongationskomplex und fithren so zu prozessiver Elongation (Mason und Greenblatt,
1991; Li et al, 1993; Ciampi, 2006). Zusdtzlich haben sie eine &hnliche
stabilisierende Funktion bei der ribosomalen Antitermination an rrn-Operons (Li et
al., 1984; Quan et al., 2005) und der vom Phagen HK022 induzierten Termination
(Robert et al., 1987).



22 NusA

1.6.1 NusA

Bei NusA handelt es sich um einen hochkonservierten bakteriellen Elongationsfaktor,
der in Bakterien und Archaeen identifiziert werden konnte (Nudler und Gottesman,
2002). Dieses aus 495 Aminoséduren bestehende Protein ist in 6 Doménen organisiert:
Die amino-terminale Doméne, fiir die eine direkte RNAP Interaktion postuliert wurde
(Traviglia et al., 1999; Borukhov ef al., 2005), ist {iber eine flexible Verbindungshelix
mit dem zentralen Teil von NusA, bestehend aus der S1 und den zwei KH-Doménen,
die kompakt und starr miteinander gekoppelt sind, verbunden (Gopal et al., 2001;
Worbs et al., 2001). Fiir diesen Teil von NusA konnte die Interaktion mit naszierender
RNA gezeigt werden (Arnvig et al., 2004; Beuth et al., 2005; Pagadala Santhanam,
2008; Prasch et al., 2009). An diesen zentralen Teil schlieBen sich die bisher nur in
E. coli gefundenen carboxy-terminalen Doménen AR1 und AR2 (acidic repeat) an

(Abb. 1-11; (Eisenmann et al., 2005)).

Abbildung 1-11: Struktur von 7. maritima NusA und den beiden E. coli AR-Domiinen

Die amino-terminale Doméne (NTD, orange) von NusA aus Thermotoga maritima ist iiber
eine Verbindungshelix (grau) mit den drei RNA-Bindungs-Doménen S1 (rot), KH1 (blau)
und KH2 (cyan) verbunden (PDB: 1HH2; (Worbs et al., 2001)). Zusitzlich dargestellt sind
die nur in E. coli vorkommenden Doménen AR1 (griin; PDB: 1WCL) und AR2 (violett; PDB:
1WCH; (Eisenmann ef al., 2005)).

Diese stark sauren Doménen sind in unterschiedliche Wechselwirkungen innerhalb
der Transkription eingebunden. Fiir AR1 konnte die Bindung an das A N Protein
gezeigt werden (Bonin, 2004; Prasch et al., 2006). AR2 hat zwei bis dafo bekannte
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zelluldre Funktionen. Es bildet mit der zentralen Domédne von NusA einen autoinhibi-
torischen Komplex indem es dessen RNA-Bindungsstellen maskiert (Mah et al.,
1999). Diese Autoinhibition wird durch die zweite Funktion von AR2 aufgehoben; die
Bindung an die aCTD der RNAP (Mah ef al., 2000), die dazu fiihrt, dass die aCTD
nicht mehr an das UP-Element (upstream promotor) der DNA binden kann und somit
der Elongationskomplex von der Initiation in die prozessive Elongation iibergeht (vgl.

Abschnitt 1.2.2; (Prasch, 2008)).

Generell kann fiir NusA gesagt werden, dass es primér die intrinsische Termination
unterstiitzt und sobald Antiterminationssignale wie nut und rrn vorliegen, es die
Antitermination fordert (Schmidt und Chamberlin, 1987; Gusarov und Nudler, 2001).
Die intrinsische Termination beruht auf der Ausbildung der Terminationsschleife (vgl.
1.3.4; (Gusarov und Nudler, 1999)). Dieser Vorgang wird durch NusA beschleunigt.
Dies lédsst sich auf Interaktionen zwischen der S1-Doméne und der Haarnadelstruktur
zuriickfiihren (Gusarov und Nudler, 2001). Aufgrund von Western-Blot-Analysen
wurde das Vorhandensein von zwei NusA Molekiilen gebunden an die RNAP
postuliert (Horwitz et al., 1987). Auf diese Art und Weise konnen die gleichzeitigen
Wechselwirkungen mit nut oder rrn und der Terminationsschleife erkldrt werden

(Gusarov und Nudler, 2001).

1.6.2 NusB und NusE (S10)

Homologe Proteine zum nahezu vollstindig a-helikalen Protein NusB findet man in
unterschiedlichsten Organismen (Altieri et al., 2000). NusB bindet mittels seines
amino-terminalen flexiblen arginin-reichen Motivs einzelstrangige RNA (Nodwell
und Greenblatt, 1993; Liittgen et al., 2002; Miihlberger et al., 2003): die boxA
Sequenzen der nut und rrn Antiterminationssignale. Des Weiteren bildet NusB mit
NusE einen stabilen Komplex, der diese RNA Affinitdit um den Faktor 10 steigert
(Mason et al., 1992; Nodwell und Greenblatt, 1993; Liittgen et al., 2002; Greive et
al., 2005). Diese Affinitétssteigerung beruht auf der Ausweitung der RNA-Bindungs-
fliche von NusB auf die Oberfldche von NusE (Luo et al., 2008). Da NusE in freier
Form keine stabile Struktur einzunehmen scheint (Culver und Noller, 1999; Liittgen et
al., 2002; Greive et al., 2005) und es auBerdem ein elongiertes zweistrangiges [3-
Faltblatt besitzt, war die Strukturbestimmung erst im Komplex mit NusB und nach

Entfernung dieses Faltblatts erfolgreich (Luo et al., 2008). Strukturell fiihrt die
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Interaktion mit NusE nur zu einer leichten Umorientierung der a-Helices von NusB.
NusE besteht aus vier zentralen -Faltbléttern, die auf einer Seite von zwei a-Helices
flankiert werden (Luo et al., 2008). Die Interaktionsfliche besteht auf NusE-Seite aus
der Helix ol und dem irreguldren Faltblattstrang B2 und auf NusB-Seite aus zwei
helikalen Biindeln (Kontaktflichen I und II in Abb. 1-12). Diese mittels Rontgen-
kristallographie bestimmten Interaktionsflichen stimmen gut mit NMR-Daten iiber

die Verdnderung der chemischen Verschiebungen auf NusB-Seite iiberein (Das et al.,

2008).

Abbildung 1-12: Struktur des NusB/NusEA Komplexes (Luo ef al., 2008)

Die Sekundirstrukturelemente und Termini von NusB (blau) und NusEA (rot) sind markiert
(PDB: 3D3B). Die rote Kugel markiert die Position, an der das elongierte f-Faltblatt entfernt
und durch ein einzelnes Serin ersetzt wurde. Interaktionsflichen auf NusB-Seite an der Seite
des ersten drei-Helix-Biindels (I) und an der Spitze des zweiten drei-Helix-Biindels (II) sind
hervorgehoben. 1: E. coli NusB NMR-Struktur (PDB: 1EY1 (Altieri et al., 2000)) 2: Struktur
von S10 aus der 30S ribosomalen Untereinheit (PDB: 2AVY (Schuwirth et al., 2005)).

Durch die Studien von Luo et al. (2008) konnte gezeigt werden, dass NusE im
NusB:NusE Komlex der aktive Partner ist (Weisberg 2008). NusB rekrutiert lediglich
NusE zur boxA, was durch die Uberexpression von NusE in einer NusB Deletions-
mutante durch funktionale Antitermination belegt werden konnte (Luo et al., 2008).
Die Bedeutung von NusE wird durch seine essentielle Funktion verdeutlicht, da es
neben der Transkription auch als S10-Protein der 30S ribosomalen Untereinheit direkt
an der Translation beteiligt ist (Mizushima und Nomura, 1970; Friedman et al., 1981;
Wimberly et al., 2000; Schluenzen et al., 2000). Innerhalb der Translation gehort S10

zu den Proteinen, die fiir die Fertigstellung der 30S Untereinheit des Ribosoms

verantwortlich sind (Noller und Nomura, 1996).
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1.6.3 NusG

NusG ist ein essentieller Regulator der RNAP, der unterschiedlichste Effekte auf die
Transkriptionsrate hat. NusG ist ein hochkonserviertes Protein, dass man in allen
Eubakterien findet und zu dem homologe Proteine in Eukaryonten (Hartzog et al.,
1998) und Archaen (Kyrpides und Ouzounis, 1999) identifiziert werden konnten.
E. coli NusG ist ein 181 Aminosduren grofler Elongationsfaktor bestehend aus zwei
Doménen, die iiber einen flexiblen Bereich verbunden sind (Abb. 1-13; (Mooney
et al., 2009b)). Die amino-terminale Doméine (Aminosduren 1-116) besteht aus vier
zentralen anti-parallelen B-Stringen und drei umgebenden o-Helices (Abb. 1-13;
PDB: 2K06). Die carboxy-terminale Doméne (123-181) ist aus fiinf anti-parallelen
B-Strangen aufgebaut, die sich in Form eines Fasses anordnen (Abb. 1-13; PDB:
2JVV). Die E. coli NusG Struktur ist fast identisch mit den korrespondierenden
Dominen aus Aquifex aeolicus (Steiner et al., 2002; Knowlton et al., 2003) und
Thermus thermophilis (Reay et al., 2004), obwohl in beiden Organismen einen
zusdtzliche Doméne vorhanden ist, der bis jetzt noch keine Funktion zugeordnet

werden konnte.

Abbildung 1-13: Struktur von E. coli NusG

NusG-NTD (hellblau; PDB: 2K06) und NusG-CTD (aquamarin; PDB: 2JVV) sind {iber einen
flexiblen Linker miteinander verbunden und konnen so unterschiedliche regulatorische
Funktionen ausiiben (Mooney et al., 2009b). Die Sekundérstrukturelemente und Termini sind
markiert.
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Funktionell ist NusG direkt an der p abhédngigen Termination der Transkription
beteiligt (Sullivan und Gottesman, 1992), indem es einerseits direkt mit dem p-Faktor
interagiert (Li et al., 1993; Pasman und von Hippel, 2000) und andererseits die
reverse Translokation der RNAP verhindert (Artsimovitch und Landick, 2000;
Pasman und von Hippel, 2000). Neben dieser Funktion ist NusG auch direkt in die
Anti- bzw. Termination der lambdoiden Phagen involviert (vgl. 1.3.4 und 1.4;
(Sullivan und Gottesman, 1992; Mason et al., 1992; Li et al., 1992; Sullivan et al.,
1992; Burova et al., 1999)). Die versatile Rolle von NusG bei der Transkriptions-
regulation ist die Modulation des EK auf unterschiedliche Art und Weise. Es konnte
sowohl in vitro als auch in vivo gezeigt werden, dass NusG die Elongationsrate der
RNAP erhoht (Burova ef al., 1995; Burns et al., 1998; Artsimovitch und Landick,
2000), was zumindestens teilweise auf das Unterdriicken von Transkriptionspausen
zuriickgefiihrt werden kann (Artsimovitch und Landick, 2000). Fiir diesen regula-
torischen Effekt ist eine direkte Interaktion mit der RNAP verantwortlich (Mason und
Greenblatt, 1991; Li et al., 1992; Belogurov et al., 2009). Die Regulation an den
Klammern der 3’-Untereinheit (S’-clamp helices) besteht fiir NusG darin, dass es an
dieser Stelle den o-Faktor von der RNAP verdringt und somit den EK in die spéte
Elongationsphase iiberfithrt (Mooney et al., 2009a). Fir NusG konnte dieses erst
kiirzlich beschrieben werden (Belogurov et al.,, 2009). Vom NusG Paralog RfaH
(Belogurov et al., 2007) ist der Mechanismus jedoch detaillierter bekannt. Es bindet
mit seiner amino-terminalen Doméne, die sowohl sequentiell als auch strukturell hoch
homolog zu NusG ist, an die B’-Klammern, iiber die Interaktion mit hydrophoben
Resten, der RNAP (Sevostyanova et al., 2008; Belogurov et al., 2009). Die
Spezialisierung des Paralogs RfaH besteht darin, dass es nicht wie NusG ein
allgemeiner Elongationsfaktor ist, sondern erst durch die Bindung an das ops-
Sequenzelement des DNA-Matrizen-Strangs aktiviert wird. Dadurch wird die
Autoinhibition des Proteins, welche durch die Ausbildung einer geschlossenen
Konformation durch direkte Interaktion der beiden Doménen erreicht wird,
aufgehoben (Artsimovitch und Landick, 2002; Belogurov et al., 2007). Diese
geschlossene Konformation wurde auch fiir NusG aus Aquifex aeolicus unter
bestimmten Kristallisationsbedingungen beschrieben (Knowlton et al., 2003), jedoch
konnte die biologische Bedeutung dieser Beobachtung noch nicht mit weiteren

Untersuchungen bestétigt werden.
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Uber die genaue Art und Weise der beschriebenen Regulationen von NusG ist auf
molekularer und struktureller Ebene wenig bekannt. Es wird diskutiert, dass die
amino-terminale Doméne Nukleinsduren bindet (Steiner et al., 2002). In der carboxy-
terminalen Doméne ist ein sogenanntes KOW-Motiv (Kyrpides et al., 1996)
vorhanden, das mit RNA-, Protein- und Ribosom-Interaktionen in Verbindung

gebracht wird.

Zusdtzlich konnte fiir NusG gezeigt werden, dass es direkten Einfluss auf die
Geschwindigkeit der Translation hat (Zellars und Squires, 1999). Ein zuséatzlicher
Hinweis auf die Wichtigkeit dieser Regulation ist das Vorhandensein von etwa 10.000
— 20.000 NusG Molekiilen (Li et al., 1993) bei einer gleichzeitigen Anzahl von etwa
2.000 RNAP Molekiilen in der Zelle (Squires und Zaporojets, 2000) unter optimalen
Wachstumsbedingungen. Dieser signifikante NusG-Uberschuss deutet auf eine sub-

stantielle Beteiligung von NusG an der Translation hin.
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2 Ziele

Obwohl die Regulation der RNA-Polymerase und somit der Transkription immer
besser verstanden wird, sind immer noch viele direkte Wechselwirkungen nicht
identifiziert und der detaillierte Mechanismus ist weitgehend unbekannt. Die Anti-
termination des Phagen A ist ein relativ gut verstandenes Modellsystem, fiir das eine
solide Datenbasis vorhanden ist, um die regulatorischen Details der Transkription zu
erfassen, zu analysieren und zu charakterisieren. Aus diesem Grund spielte ins-
besondere die Aufkliarung der Rolle und Funktion von NusG in dieser Arbeit eine
zentrale Bedeutung. Uber NusG ist auBer seiner kiirzlich verdffentlichten Struktur
(Mooney et al., 2009b) nur gezeigt worden, dass es mit dem p-Faktor und der RNAP
interagiert (Pasman und von Hippel, 2000; Belogurov et al., 2009), ohne das jedoch
strukturelle Details dieser Wechselwirkungen bekannt waren. Aufgrund der zwei
Doméinen-Struktur von NusG (Mooney et al., 2009b) und seiner hohen Konzentration
in der Zelle (Squires und Zaporojets, 2000) wird angenommen, dass es eine wichtige
Rekrutierungsfunktion im Antiterminationskomplex einnimmt. Die Doméinen von
NusG sollten zu diesem Zweck genauestens untersucht werden, um eventuelle
Proteinbindungsflichen zu identifizieren. Im weiteren Verlauf sollten innerhalb des
Antiterminationskomplexes mdgliche Interaktionspartner analysiert werden, um

Einblick in die Rolle und Funktion von NusG zu erhalten.

Des Weiteren war fiir NusB und NusE bekannt, dass sie ein Heterodimer bilden und
mit der boxA wechselwirken (Mason et al., 1992; Greive et al., 2005). Diese
Interaktion sollte detailliert mittels Fluoreszenzmessungen analysiert werden, um
genaue Information iiber essentielle Bindesequenzen sowohl auf RNA- als auch auf
Protein-Seite zu erhalten, wozu zusétzlich bekannte Mutationen auf beiden Seiten

charakterisiert werden sollten.

Auflerdem sollte der Effekt des Nun-Proteins auf den A-Antiterminationskomplex
untersucht werden, da bis auf Interaktionen des Carboxy-Terminus von Nun mit der
RNAP und der DNA, die zu einem arretierten Elongationskomplex fiihren (Watnick
et al., 2000), die genauen Details des Umschaltens von Antitermination auf
Termination noch nicht verstanden sind. Hier sollte insbesondere eine Mutation

detailliert charakterisiert werden, die einen deutlichen Unterschied zum A N-Protein
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in der boxB-Bindung aufzeigt. Neben der experimentellen Analyse der Bindung
wurden hierfiir auch Molekular-Dynamik Berechnungen (MD) durchgefiihrt, um
diese Effekte zu untersuchen. Die gewonnen Erfahrungen mit der MD sollten auch
auf andere System wie die Faltung von Peptiden und die Stabilitdt von einzelnen

Proteindoménen iibertragen werden.
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3 Zusammenfassung und Diskussion der Ergebnisse

3.1 Strukturelle Untersuchung von molekularen Komplexen

Zur strukturellen Untersuchung der zahlreichen Wechselwirkungen innerhalb des
Antiterminationskomplexes auf atomarem Level bieten sich sowohl die Rontgen-
kristallographie als auch die NMR-Spektroskopie (nuclear magnetic resonance) an. In
dieser Arbeit wurde die NMR-Spektroskopie angewandt, da sie, trotz der Grofen-
limitierung der untersuchten Proteine bzw. Komplexe, in Losung ablduft und so
wichtige Informationen iiber transiente Wechselwirkungen liefern kann. Generell ist
die NMR-Strukturbestimmung von Proteinen und Proteinkomplexen bis zu einer
GroBe von 25 kDa mittels °C und '°N Markierung heutzutage Routine. Mittlerweile
ist es moglich durch zusitzliches Markieren der Proben mit “H und durch neuere
NMR-Messtechniken, wie das TROSY (transverse relaxation optimized spectros-
copy; (Pervushin et al., 1997; Salzmann et al., 1998)), das Problem der transversalen
Relaxation, die fiir grole Proteine zu einem mangelnden Magnetisierungstransfer
fiihrt (Clore und Gronenborn, 1998), zu umgehen. Durch einen modularen Ansatz, so
dass beispielsweise einzelne Komponenten selektiv markiert werden konnen, sind
auch deutlich groBBere Komplexe strukturell und dynamisch mittels NMR analysierbar

(Fiaux et al., 2002; Mittermaier und Kay, 2006).

Zur Untersuchung struktureller Anderungen bei Komplexbildung ist die Anderung der
chemischen Verschiebung (chemical shift pertubation (CSP)), die im Fall einer
Interaktion auf der Verdnderung der Umgebung der beteiligten Kernspins beruht
(Zuiderweg, 2002; Clarkson und Campbell, 2003), bestens geeignet. Diese Methode
wurde fiir die Untersuchung der Interaktion zwischen NusG und NusE (Einzelarbeit
F) angewandt, wobei in diesem Fall NusB in den Experimenten als Faltungshelfer fiir
NusE benotigt wurde und somit aufgrund der Gesamtgréfle von etwa 30-35 kDa die
selektive Markierung mit “H fiir einige Experimente nétig machte. AuBerdem wurde
die mogliche Wechselwirkung zwischen den Doméinen von NusG (Einzelarbeit E) mit
dieser Methode untersucht. Es zeigte sich jedoch, dass diese Interaktion nur transient
ist. Somit war der Einsatz einer Messmethode erforderlich, die von NMR Parametern
bestimmt wird, die einen signifikanten Effekt zeigen, obwohl die entsprechenden

Zustinde niedrig populiert sind. Dies ist mit der Erhdhung der (transversalen)
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Relaxation durch paramagnetischen Relaxations Verstirkung (paramagnetic
relaxation enhancement (PRE)) moglich. Bei dieser Methode wird ein Radikal, z.B.
Nitroxylradikal, an das Protein gekoppelt und der Einfluss der Kernspin-Elektronen-
spin Kopplung auf die NMR-Parameter untersucht. Diese Kopplung fiihrt abstands-
abhingig zu einer erheblichen Linienverbreiterung im NMR-Spektrum und lésst sich
auch bei groBeren Abstinden (< 30 A) zwischen Kernspin und Radikal beobachten
(Clore et al., 2007; Clore, 2008).

Da fiir NMR-Messungen Konzentrationen im héheren uM — mM-Bereich benétigt
werden, konnen mittels NMR nur Dissoziationskonstanten in diesem Bereich, wie fiir
die NusG:NusE Interaktion (Einzelarbeit F), quantifiziert werden. Fiir Dissoziations-
konstanten im nanomolaren Bereich wurde deswegen auf die Fluoreszenz-
Spektroskopie zuriickgegriffen. Auf diese Weise wurden die Interaktionen zwischen
NusB:NusE und RNA (Einzelarbeit D) sowie Nun-Peptiden und RNA (Einzelarbeit
A) analysiert.

Fiir die Nun-RNA Interaktion wurden auch Molekular-Dynamik (MD) Berechnungen
zur Stabilitdt der Peptid-RNA-Interaktion und zur Verifikation der experimentellen
Daten durchgefiihrt. Diese Erfahrungen mit der MD wurden auch auf das System der
humanen Guanylatcyclasen (hGC) zur Berechnung der Doménenstabilitit von hGC-B
(Einzelarbeit C) und der Faltung des Liganden STh der hGC-C (Einzelarbeit B)
iibertragen. Da sich bei dieser Thematik meine Beteiligung auf die MD-Berechnungen
beschriankte und das Thema deutlich von meinem Hauptthema abweicht, werden die

Einzelarbeiten B und C im weiteren Verlauf nicht detailliert diskutiert.

3.2 Die Bindung an die Schleife der boxB ist fiir Nun nicht essentiell

Es war bekannt und strukturell charakterisiert, dass sowohl A N aus dem Phagen A, als
auch das Nun-Protein aus dem Phagen HK022 in gleicher Art und Weise an die boxB
der nut-Sequenzen des A Genoms binden (Legault et al., 1998; Schirpf et al., 2000;
Faber et al, 2001). Da durch das Nun-Protein im Gegensatz zu A N jedoch
Termination induziert wird, liefern Unterschiede in den jeweiligen Komplexen
wichtige Hinweise auf den molekularen Schaltmechanismus. Es konnte eine Nun-
Mutation, NunY39A, identifiziert werden, die erhebliche Effekte in in vivo

Experimenten zeigt (Einzelarbeit A). Bei dieser Mutation ist eine als sehr wichtig
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angesehene m-m-Interaktion zwischen Tyr39 und A9 der hoxB nicht mehr moglich und

fiihrt so zu einer hohen Flexibilitdt in diesem Bereich (Abb. 3-1).

NunY39A

boxB

Abbildung 3-1: NunY39A-boxB-RNA Komplex

Uberlagerung der mittels NMR bestimmten 20 Strukturen mit den niedrigsten Energien des
NunY39A-boxB-RNA Komplexes. Die Peptidstruktur (griin) ist im Stammbereich der RNA
(grau) gut definiert (a-helikal). Ab der Knickregion zwischen den Resten 31 und 33 zeigt sie
ein hohes Mal} an Flexibilitdt, ohne dass sie jedoch ihre Helizitdt verliert. Die Struktur-
bestimmung erfolgte mit einer Gesamtzahl von 189 intramolekularen und 13 intermole-

kularen Distanzbeschrinkungen. In allen Strukturen sind die Distanzverletzungen < 0.1 A
(Einzelarbeit A, Abbildung 6)

Die mittels NMR-Spektroskopie bestimmte Struktur (Abb. 3-1) konnte mit MD-
Berechnungen belegt werden, wobei beide Methoden eine betrachtliche Flexibilitit
auf der ps — us Zeitskala zeigen. Bei Betrachtung des 1D-NMR-Spektrums konnten
sowohl fiir Wildtyp Nun als auch fiir NunY39A die identische Stabilisierung der RNA
anhand ihrer Iminosignale beobachtet werden (Einzelarbeit A). Dies deutete zum
einen auf eine gleiche Bindung an die RNA hin und zum anderen darauf, dass die
n-i- Wechselwirkung im Wildtyp keinen Einfluss auf die Struktur des Komplexes hat.
Um dieses detaillierter zu untersuchen, wurden fiir beide Peptide die Dissoziations-
konstanten mittels Fluoreszenzspektroskopie bestimmt. Hier zeigte sich fiir NunY39A
nur eine marginale Erhohung des Ky auf 6,1 nM gegeniiber 2,4 fiir den Wildtyp. So
formt sich aus den Daten ein einheitliches Bild: Die Wechselwirkung Nun-boxB ist
von der m-m-Interaktion unabhingig, wobei in vivo Experimente die Terminations-
funktionalitdt dieser Mutante belegt haben (Einzelarbeit A). Dies ist eine wichtige
Beobachtung, da fiir die gleiche m-n-Wechselwirkung zwischen Trpl8 und A7 bei
A N gezeigt werden konnte, dass sie essentiell ist (vgl. Abschnitt 1.3.1; (Xia et al.,
2003a; Xia et al., 2003b). Dieser Punkt deutet auf zwei wichtige Aspekte hin: Zum

einen ist es moglich, dass A N fiir die Interaktion mit NusA fixiert werden muss
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(Bonin et al., 2004; Prasch et al., 2006) und dieses fiir die Nun-RNAP-Interaktion
nicht notwendig ist (Watnick et al., 2000). Zum anderen ist eine energetische
Erkldrung moglich, da der Antiterminationskomplex iiber einen deutlich ldngeren
Zeitraum stabil bleiben muss als der durch Nun modifizierte, der direkt zur

Termination fiihrt.

3.3 Die Interaktion des NusB:NusE Heterodimers mit RNA

Die Wechselwirkung zwischen dem NusB:NusE Heterodimer und der boxA der nut
RNA gilt als ein wichtiger Schritt bei der Ausbildung des Antiterminationskomplexes
(Greive et al., 2005). NusB ist in der Lage die RNA in Abwesenheit von NusE zu
binden, jedoch wird die Affinitdt durch NusE um etwa den Faktor 10 erhoht (Mason
et al., 1992; Nodwell und Greenblatt, 1993; Liittgen et al., 2002; Greive et al., 2005).
Strukturelle Analysen des NusB:NusE Heterodimers wurden lange Zeit durch die
geringe Loslichkeit von NusE behindert (Liittgen ef al., 2002) und dies konnte erst
durch das Ersetzen einer Ribosomenbindungsschleife von 16 Aminosduren durch ein
einzelnes Serin umgangen werden (Luo et al, 2008). Aktuelle strukturelle
Untersuchungen mit dieser NusEA genannten Variante im Komplex mit NusB haben
gezeigt, dass die RNA-Bindungsfliche primédr von NusB gebildet wird, jedoch auch
Teile von NusE daran beteiligt sind (Luo et al., 2008). Fluoreszenz-Anisotropie-
Messungen mit unterschiedlichsten nut und rrn boxA Konstrukten liefern einen
detaillierten Einblick in die Protein-RNA-Interaktion von NusB und dem NusB:NusE
Dimer (Einzelarbeit D). Insbesondere bekannte hox4A RNA-Mutationen, die in vivo
oder in vitro negative Effekte auf die Wirksamkeit von A N und/oder Nun haben
(Olson et al., 1984; Robledo et al., 1990; Baron und Weisberg, 1992; Patterson ef al.,
1994), ermdglichten es, wichtige Nukleotide fiir die Interaktion zu identifizieren. Ein
weiterer Punkt war die Untersuchung von NusB101, einer Aspl18Asn Mutante. Diese
Mutante besitzt die Fahigkeit Mutationen in anderen Nus-Faktoren aufzuheben und
somit prozessive Antitermination zu gewdihrleisten (Ward et al., 1983; Court et al.,
1995). Mittels Bestimmung der Kristallstruktur konnte gezeigt werden, dass die
Struktur mit der Wildtyp Struktur von NusB:NusEA iibereinstimmt und eine
identische Umorientierung von Rest 118 im Vergleich zum freien NusB zeigt

(Einzelarbeit D; Abb. 3-2).
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Abbildung 3-2: Effekt der Komplexbildung mit NusEA auf NusB

Uberlagerung vom NusB:NusEA Komplex (Blau und rot;, PDB: 3D3B; (Luo et al., 2008)),
von NusB (Grau; PDB: 1EY1; (Altieri et al., 2000)) und vom NusB”'"*™:NusEA Komplex
(Griin und orange). Reste an Position 118 sind als Sticks dargestellt und in der Vergroferung
hervorgehoben (Kohlenstoff, in der Farbe des entsprechenden Molekiils; Sauerstoff, rot;
Stickstoff, blau). Durch Komplexbildung mit NusE wird ein Umklappen des Restes 118
induziert, was einer Bewegung des Ca von 2,8 A entspricht (Einzelarbeit D, Abbildung 5C).

Die bessere RNA-Bindungsaffinitit von NusB101 kann diese anderen Mutationen
ausgleichen. Zur genaueren Analyse des Effektes wurden weitere Mutationen, Ala,
Arg, Glu, Lys, an dieser Stelle eingefiihrt (Einzelarbeit D). Strukturell konnten fiir
diese Punktmutationen mittels Circular-Dichroismus-Spektroskopie keine signifi-
kanten Unterschiede zum Wildtyp festgestellt werden. Die Analysen ihrer
Bindungsaffinitit und ihrer in vivo Aktivitit zeigten jedoch klare Unterschiede.
Zusammenfassend zeigte sich, dass positiv geladene Aminosiduren wie Arg und Lys
bevorzugt werden. Dies deutet auf hydrophile Interaktionen mit den Phosphatgruppen
der RNA hin, und dass eine gewisse Gro3e der Aminosaure fiir die Stabilisierung der

RNA an dieser Stelle notwendig ist.

Aus diesen Daten ldsst sich zum einen ableiten, dass ein gewisser Grad an Stabilitét
des NusB:NusE:hoxA Komplexes gegeben sein muss, um fiir prozessive Anti-
termination zu sorgen. Zum anderen zeigen sie, wie die Feinabstimmung der
Rekrutierungsfunktion von NusE durch NusB zur boxA (Luo et al, 2008) im

gesamten Antiterminationskomplex erreicht wird (Einzelarbeit D).
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3.4 Die einzelnen NusG-Domiénen zeigen transiente Interaktionen

Bei der Bestimmung der NMR-Struktur von NusG zeigte sich, dass das gesamte
Protein die Tendenz hatte {iber seine NTD zu aggregieren (Mooney et al., 2009b).
Mittels NMR-Relaxationsexperimenten konnte die Rotationskorrelationszeit von
NusG bestimmt werden. Hierbei zeigte sich eine bimodale Verteilung mit
unterschiedlichem Verhalten fiir die beiden Doménen (Einzelarbeit E). Die freie
NusG-CTD verhilt sich wie eine vergleichbar gefaltete SH3-Doméne, wobei es im
Gesamtprotein jedoch zu einer deutlichen Erhéhung der Korrelationszeit kommt, da
die NTD wie eine Art Anker fungiert. Fiir die NTD konnte eine deutlich erhdhte
Korrelationszeit im Gesamtprotein gezeigt werden, was zusitzlich auf Aggregation in
dieser Doméne hindeutet (Einzelarbeit E). Dieser Effekt hdngt wahrscheinlich mit
diversen hydrophoben Aminosduren an der Oberfliche der NTD zusammen, die
moglicherweise an Protein-Protein-Interaktionen beteiligt sind. Trotz dieser deut-
lichen Erh6hung weisen die Daten nicht auf eine Oligomerisierung des NusG-Proteins
bei Konzentrationen bis 200 uM hin (Aggregation war ab etwa 400 uM deutlich zu
beobachten).

Diese hydrophobe Oberfliche um Phe65 auf der NTD wurde in der Literatur schon
kontrovers im Zusammenhang mit einem sogenannten Spring-loaded Mechanismus
diskutiert (Knowlton et al., 2003). Fir NusG aus Aquifex aeolicus wurde unter
bestimmten Kristallisationsbedingungen gezeigt, dass sich ein Dimer, in dem jeweils
die NTD mit der CTD des anderen Molekiils wechselwirkt, ausbilden kann (Knowlton
et al., 2003). Dieses ist jedoch nur in einem Kristallisationsansatz beobachtbar
gewesen (vgl. (Steiner et al., 2002; Knowlton ef al., 2003) und es konnte bis dato
keine Funktion mit diesem postulierten Mechanismus assoziiert werden (Mooney ef
al., 2009b). Zur Untersuchung dieses moglichen Effektes fiir E. coli NusG wurde die
PRE-Methode (vgl. Abschnitt 3.1) angewendet, welche die Moglichkeit bietet, selbst
schwache transiente Interaktion zu identifizieren. Fiir die Untersuchung der einzelnen
Doménen wurden die Lys-Reste unselektiv markiert. Bei der Interaktion der isolierten
Doménen zeigte sich klar ein Effekt bei beiden Interaktionspartnern (Einzelarbeit E,

Abb. 3-3).
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Abbildung 3-3: Effekte des unspezifischen
Spin-Labeling der NusG-Domiinen

Die beiden zentralen Phenylalanine (Phe65 &

Phel65) der transienten Interaktion sind blau

hervorgehoben. In rot sind die Reste gekenn-
n zeichnet, die eine erhohte Relaxationsrate
aufgrund des Nitroxylradikals (R para (HY))
von > 20 Hz bei der Titration mit den
einzelnen Doménen aufweisen (Einzelarbeit
E, Abbildung 2A)

Aus den Daten der isolierten Doménen lasst sich ableiten, dass die Interaktionsflachen
wohl definiert sind, wobei auf NTD Seite aufgrund der bereits erlduterten
Aggregationsproblematik der Effekt nicht so lokal begrenzt ist. Es zeigt sich, dass
jeweils ein Phenylalanin (Phe65/Phel65), wie es auch fiir 4. Aeolicus beschrieben
wurde (Knowlton et al., 2003), direkt in diese hydrophobe Interaktion involviert ist.
Als néchstes wurde versucht dieses Ergebnis auf das komplette NusG, mittels
selektiver Markierung von spezifisch eingefiihrten Cys-Resten, zu iibertragen. Hierbei
kann der gleiche Effekt beobachtet werden, es zeigt sich jedoch eine deutliche
Konzentrationsabhéngigkeit der Interaktion (Einzelarbeit E). Dies belegt, dass die
Interaktion nicht in einem Molekiil stattfindet und es fiir NusG nicht wie fiir sein
paraloges Protein RfaH (Belogurov et al, 2007) eine geschlossene Konformation
gibt. Andererseits liefert diese Studie neben der bereits erwdhnten hydrophoben
Oberflache auf der NTD, fiir die mittlerweile die Interaktion mit den (’-Klammern
der RNAP als gesichert gilt (Belogurov et al., 2009), eindeutige Indizien fiir die
Beteiligung der Reste um Phel65 der CTD an moglichen weiteren Protein-

interaktionen innerhalb des Antiterminationskomplexes.

3.5 NusG rekrutiert das NusB:NusE Heterodimer zur RNAP

Neben der bereits angefiihrten Interaktion mit der RNAP (Belogurov ef al., 2009) und
der Interaktion mit dem p-Faktor (Pasman und von Hippel, 2000), war iiber die
Funktion von NusG innerhalb des Antiterminationskomplexes nichts bekannt. Mittels
NMR-Titrationen konnte die CTD eindeutig als die p-bindende Doméne identifiziert
werden (Einzelarbeit F). Zusitzlich konnte zuvor zur Funktion von NusG lediglich
gezeigt werden, dass eine Mutation innerhalb der CTD (Serl63Phe) den Effekt

anderer Mutationen von NusE bzw. NusA aufheben kann (Sullivan ef al., 1992).
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Mittels NMR-Titrationen ist eindeutig eine Wechselwirkung zwischen der NusG-
CTD und NusEA in Anwesenheit von NusB nachweisbar (Einzelarbeit F). Aufgrund
der Aggregationsproblematik von NusE (vgl. Abschnitt 3.3) ist die Anwesenheit von
NusB zwingend erforderlich. Der modulare Aufbau des Komplexes ermdglicht die
selektive Markierung der einzelnen Komponenten fiir NMR-Untersuchungen, wobei
fiir NusEA zum Teil auf Deuterierung zur besseren Signalintensitit in den Spektren
zuriickgegriffen werden musste. Auf Basis der unterschiedlichen NMR-Experimente
ist die eindeutige Identifikation von mehreren intermolekularen Abstands-
beschrinkungen (NOEs) mdglich, welche die Interaktion an vier Ankerpunkten
fixieren. Damit war es moglich, unter der Annahme fehlender Strukturdnderungen der
Einzeldoménen, eine eindeutige Struktur durch das Anpassen starrer Korper zu

bestimmen (Einzelarbeit F, Abb. 3-4).

Abbildung 3—4: Experimentelle Basis fiir die Strukturbestimmung des NusEA :NusG-
CTD Komplex.

Schwarze Linien zeigen eindeutig bestimmte NOEs zwischen NusG-Argl167-H8 uns NusEA-
Val82-Hy, NusG-lle164-H8 und NusEA-Met72-He, NusG-Glul72-Hf und NusEA-Ser85-Hp
sowie zwischen NusG-Pro140-Ha und NusEA-Val68-HpP. Auf Basis dieser intermolekularen
NOEs war eine eindeutige Bestimmung der Orientierung der beiden Proteine zueinander
moglich. Zur Ubersichtlichkeit wurde auf die Darstellung von NusB verzichtet (Einzelarbeit
F, Abbildung 2A).

NusG und NusB binden an den jeweils gegeniiberliegenden Seiten von NusE, so dass
die Bindung beider Proteine gleichzeitig erfolgen kann, und diese sich nicht gegen-
seitig behindern (Einzelarbeit F). Die hydrophobe Spitze um Phel65 der NusG-CTD
(vgl. 3.5) bindet in eine hydrophobe Vertiefung auf NusE-Seite und wird wahr-
scheinlich durch weitere Interaktionen, wie z.B. zwischen NusG-Argl67 und NusE-
Asp81, stabilisiert. Durch diese Bindung wird das NusB:NusE Heterodimer zur
RNAP hin rekrutiert. Die Interaktion ist mit einem Ky von ~50 uM (Einzelarbeit F)

zwar deutlich schwicher als fiir die p-Interaktion (14 nM (Pasman und von Hippel,
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2000)) beschrieben, jedoch ist die NusG:NusE Interaktion in das Netzwerk der
verschiedenen Wechselwirkungen zwischen RNAP, NusB, NusE, NusG und boxA4
innerhalb des Antiterminationskomplexes eingebunden, was diesen Unterschied

aufheben konnte.

Zusammenfassend stellt sich das aktuelle Bild des Aufbaus des A Antiterminations-
komplexes folgendermaBen dar: NusA ist am Ubergang von Initiation zu Elongation
durch seine Bindung an die aCTD der RNAP direkt beteiligt. Zusétzlich interagiert es
mit unterschiedlichen Dominen mit AN und der Spacer-Region der nut RNA.
Gleichzeitig bindet A N an die boxB und rekrutiert seinerseits NusA an diese Position.
NusB 14dt NusE auf die boxA4. NusG bindet mit seiner CTD an NusE und rekrutiert
auf diese Art und Weise bei gleichzeitiger Bindung an die §’-Klammern mittels seiner
NTD, wobei es an dieser Stelle den o-Faktor verdringt, NusE zur RNAP hin. Dies

fiihrt zu einem kompakten und stabilen Antiterminationskomplex (Abb. 3-5).

NusA  NusB

AN

Abbildung 3-5: Aufbau des AN vermittelten Antiterminationskomplex.

Aktuelles Bild des molekularen Aufbaus des Antiterminationskomplexes mit seinen
Komponenten NusA, NusB, NusE, NusG, RNAP, A N und nut RNA. Details sind im Text
aufgefiihrt.

3.6 Implikationen fiir die Transkriptions-Translations-Kopplung

Fir NusG konnte gezeigt werden, dass es einen direkten FEinfluss auf die
Translationsgeschwindigkeit hat (Zellars und Squires, 1999). Aullerdem konnte die
Kopplung von Transkription und Translation in Bakterien bereits bei der Attenuation
an den Operons diverser Aminosduren identifiziert werden (Landick ef al., 1996;
Yanofsky, 2000). Trotzdem konnte bisher noch keine direkte molekulare Wechsel-

wirkung zwischen beiden Komplexen gezeigt werden.
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Neben NusG ist auch NusE als ribosomales Protein S10 direkt an der Translation
beteiligt (Squires und Zaporojets, 2000). Nach dem Einbau von NusE/S10 ins
Ribosom ist die Bindungsstelle fiir NusB nicht mehr zugénglich (Luo ef al., 2008). Es
konnte gezeigt werden, dass eine Uberexpression von NusE die Notwendigkeit von
NusB zum Aufbau des Antiterminationskomplexes auftheben kann (Luo et al., 2008).
Dem gegeniiber ist die Bindungsstelle von NusG auf NusE-Seite auch nach Einbau in
das Ribosom zugénglich (Einzelarbeit F). Somit konnte die Rolle von NusG die
Unterstlitzung der letzten Schritte des Aufbaus der 30S Untereinheit durch den Einbau
von NusE ins Ribosom sein. Durch diese Wechselwirkung wire NusG das erste

Beispiel einer molekularen Verbindung zwischen Transkription und Translation.
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4 Abkiirzungsverzeichnis

A. aeolicus
AR
ARM
bp
BH
ATP
CAP
CD
CSP
CTD
DBS
DNA
E. coli
EK
HBS
HSQC
kDa
KH
MD
NMR
NOE
nt
NTD
NTP
Nus A, B,E, G
nut

OxyR

Aquifex aeolicus

Acidic repeat

Arginin-reiches Motiv (arginine-rich motif)
Basenpaare

Briickenhelix

Adenosintriphosphat

Catabolite activator protein

Circular Dichroismus

Chemical shift pertubation
Carboxy-terminale Doméne
DNA-Duplex-Bindungsstelle
Desoxyribonukleinsédure

Escherichia Coli

Elongationskomplex
Hybrid-Bindungsstelle

Heteronuclear single quantum coherence
Kilodalton

K homologe Doméne

Molekular Dynamik

Nuclear magnetic resonance spectroscopy
Nuclear overhauser enhancement
Nukleotide

Amino-terminale Doméne
Ribonukleosidtriphosphat

N utilization substance A, B, E, G

N utilization site

Oxydative stress regulator protein
Paramagnetic relaxation enhancement
RNA-Bindungsstelle

Ribonukleinsédure

RNA-Polymerase
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rm
rut

S1

SD

T. maritima

T. thermophilus
TROSY

TS
UP-Element
aCTD

aNTD

Ribosomale RNA

Rho utilization site

S homologe Doméne 1

Shine-Dalgarno Sequenz

Thermatoga maritima

Thermus thermophilus

transverse relaxation optimized spectroscopy
Trigger-Schleife

upstream promotor element

Carboxy-terminale Doméne der a-Untereinheit der RNAP

Amino-terminale Doméne der a-Untereinheit der RNAP
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The Y39A Mutation of HK022 Nun Disrupts a boxB Interaction but Preserves
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ABSTRACT: Coliphage HK022 Nun protein targets phage A nut boxB RNA and acts as a transcriptional
terminator, counteracting the phage A N protein, a suppressor of transcription termination. Both Nun and
N protein interact directly with RNA polymerase, and Nun competes with N protein for boxB binding
and prevents superinfection of Escherichia coli HK022 lysogens by A. Interaction of Trpl18 of 4 N and
A7 of boxB RNA in the N—boxB complex is essential for efficient antitermination. We found that the
corresponding Nun mutation, Nun Y39A, disrupts the interaction between the aromatic ring of Y39 and
A7, but the mutant retains in vivo termination activity. Stabilization of the complex by interaction of A7
with an aromatic amino acid is thus less important for Nun activity than it is for N activity. Structural
investigations show similar binding of mutant and wild-type (wt) Nun protein to boxB RNA. The
dissociation constants of the wt Nun(20—44)—boxB and mutant Nun(20—44)—boxB complex as well as
the structures of the boxB RNA in both complexes are identical.

Coliphage HK022 Nun protein blocks superinfection of
HKO022 lysogens by the related phage A (1, 2). Both phage
A N protein and HK022 Nun protein interact with the
Escherichia coli transcription elongation complex (TEC)'
which includes RNA polymerase (RNAP) and E. coli
proteins NusA, NusB, NusE (S10 ribosomal subunit), and
NusG (3, 4). The consequence of this interaction is opposite
for the two proteins: A N suppresses transcription termination
(1, 5), whereas HK022 Nun promotes it (6). Nun attaches
to the boxB RNA sequence, a 15-mer hairpin structure with
a purine-rich pentaloop (7, 8), of two cis-acting elements, 1
nutR and A nutL, of the A nascent transcript. The sequence
of nutL boxB differs from the sequence of nutR boxB by a
single G-to-A substitution. The 107-amino acid protein Nun
contains an amino-terminal domain with an as-yet-unknown
function, followed by an arginine-rich motif (ARM) that
binds boxB RNA (9), and a C-terminal putative DNA/RNAP
interaction domain (/0).

Both A N and HK022 Nun bind to boxB RNA with similar
affinities in the low nanomolar range via their ARM (1 N
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ARM, QTRRRERRAEKQ; HK022 Nun ARM, RDRRRI-
ARWEKR) (/7-13). Similar to the N(1—36) peptide, the
Nun(20—44) peptide containing the ARM folds into a bent
o-helix upon complex formation, and boxB RNA attains a
GNRA tetraloop formation with an extruded A7 (12-14).
S24 and R28 intercalate with bases of the 5" stem, and it
was proposed that the structure is further stabilized by 7—x
interaction between Y39 and boxB A7 which is observed in
the 4 N—boxB RNA complex W18—boxB A7 interaction
(12—14). Our recent studies, however, show this amino
acid—base stacking to be required neither for binding nor
for correct RNA folding into the canonical GNRA tetraloop
conformation that is attained by the pentaloop on A N—HK022
Nun ARM binding. For wild-type (wt) A N, Xia et al. (15, 16)
observed that the stacked conformation is only transiently
populated and an equilibrium between the stacked and open
conformation on the picosecond time scale was observed.
However, the requirement for an aromatic amino acid at this
position for efficient antitermination in vivo and in vitro was
determined (5, 17, 18). The Nun Y39A mutant shows
termination activity in vivo despite the lack of the Nun
Y39—boxB A7 interaction, in striking difference to A N
which requires the W18—boxB A7 base interaction for full
activity. Combining fluorescence equilibrium titrations,
NMR, and molecular dynamics (MD) simulations, we were
able to relate structural features of the protein with its
physiological termination activity in vivo.

MATERIALS AND METHODS

Sample Preparation. Unlabeled 15-nucleotide nutR boxB
RNA was synthesized by in vitro transcription using T7
polymerase, a synthetic DNA template (5-GCCCTTTTTCA-
GGGCTATAGTGAGTCGTATTA-3’, Biomers, Ulm, Ger-
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many), and unlabeled nucleotide triphosphates. RNA was
purified as described previously (/3). Freeze-dried RNA was
resuspended in NMR buffer [SO mM potassium phosphate
and 40 mM NaCl (pH 6.4)], heated for 5 min at 95 °C, cooled
for refolding, dialyzed against water, and freeze-dried for
storage. This RNA was directly dissolved in NMR buffer
for experiments. 3’-(6-Fam)-labeled nutR boxB for fluores-
cence measurements was obtained from Biomers and used
according to the manufacturer’s instructions.

Nun(20—44) (RGLTSRDRRRIARWEKRIAYALKNG)
and Nun(20—44) Y39A were purchased from PANATecs
(Tiibingen, Germany), dialyzed against water for desalting,
and freeze-dried. Nun(20—44) Y39A—nutR boxB RNA
samples were generated by adding small volumes of a
concentrated RNA solution to the peptide. For further
concentration, the complex was freeze-dried and resuspended
in a HO/D,0 mixture. Part of the peptide aggregated upon
binding to the RNA as observed for wt Nun (/2), and
concentrations were thus limited to less than 500 uM.

Fluorescence Measurements. Extrinsic fluorescence mea-
surements with 3’-6-carboxyfluorescein (6-Fam)-labeled nutR
boxB RNA were performed in NMR buffer in a volume of
1 mL using a 10 mm x 4 mm quartz cuvette (Hellma,
Miillheim, Germany) with an L-format Jobin-Yvon (Edison,
NJ) Horiba Fluoromax fluorimeter. The excitation wave-
length was 492 nm, and the emission intensity was detected
at 516 nm applying a 500 nm cutoff filter. The slit widths
were 9 and 7 nm for excitation and emission, respectively,
and all titration measurements were taken at 25 °C with the
fluorescence-labeled RNA at 50 pM. Stock peptide solutions
contained 1 4uM Nun and Nun(20—44) Y39A. Following
sample equilibration, 100 data points with an integration time
of 0.1 s were collected for each titration step.

Data Fitting. Data were fitted to a two-state binding
equation to determine the equilibrium dissociation constant
(Kq) using standard software:

F=F_, —(F

max

v <Kd+[P]o+[RNA]o)H[P]o[RNA]oJ
6]

Foin) | (Kyq T [Py + [RNA])) 2[RNAJ,

where F is the fluorescence intensity, Fy,x and Fy,, are the
signal intensities of the bound and unbound form, respec-
tively, and [P]y and [RNA], are the total protein and RNA
concentration, respectively.

For displacement experiments, labeled RNA and Nun
peptide at 10 nM were used, and the absolute concentrations
were significantly higher than the determined dissociation
constant. Therefore, the titration starts at a 1:1 ratio of Nun
to labeled RNA with negligible concentrations of free protein
and RNA in solution, and the displacement titration was
evaluated with (19)

F=F_ —F

mq max

V(K AP+ K RNAT)?—4(K,~ 1 )K,[P]O[RNA]oj
[Plo(K,—1) 2)

where Fu.x is the relative fluorescence intensity at the
beginning of the titration, Fyy,, is the intensity under saturating
conditions of the unlabeled RNA, and K, is the relative
affinity of the unlabeled and labeled RNA (K, = K,/K,, where
K is the dissociation constant of labeled RNA and K> is the
dissociation constant of unlabeled RNA).

Fi) | K([P], + [RNA],)
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NMR Measurements. All NMR experiments were recorded
at either 298 K (one-dimensional experiments) or 303 K
(two-dimensional experiments) on Bruker DRX 600 MHz
and AV 700 MHz spectrometers with triple-resonance probes
equipped with pulsed field gradient capabilities. For reso-
nance assignments, correlated spectroscopy (COSY), total
coherence spectroscopy (TOCSY), and nuclear Overhauser
enhancement spectroscopy (NOESY) experiments were
performed using standard techniques for recording and water
suppression (20). All NMR data were analyzed with
NMRView version 5.2.2 (21) and in house routines.

All our experimental data clearly indicated that the fold
of the boxB RNA in the Nun Y39A complex is identical to
the fold of the wt Nun—boxB [Protein Data Bank (PDB)
entry 1HJI] complex and thus virtually identical to the fold
of boxB in the A N(1—36)—boxB (PDB entry 1QFQ)
complex (12, 13), rendering it plausible to use this boxB RNA
structure as a fixed template for all MD calculations.

All structure calculations were performed using a modified
ab initio simulated annealing protocol with an extended
version of Xplor-NIH 1.2.1 (22, 23). The calculation strategy
as described previously (24) included floating assignment
of prochiral groups (25), a conformational database potential
term (26), and a reduced presentation for nonbonded interac-
tions for part of the calculation (24). The protocol was
identical to thatused previously (/ 7). For analysis, PROCHECK-
NMR (27) was used, and for graphical presentations, PyMol
(28) was used.

In Vivo Assays. Plasmid pTrc99 (Amersham Bioscience)
is a ColEl plasmid encoding ampicillin resistance. Plasmid
pTrc-Nun is pTrc99 carrying nun under tac promoter control
(Gottesman laboratory collection), resulting in a general test
system for Nun activity. Plasmid pTrc-Nun Y39A was
constructed by introducing a mutation into codon 39 of the
nun gene cloned in pTrc-Nun using the Quickchange site-
directed mutagenesis kit (Stratagene). The mutation substi-
tutes a tyrosine residue at position 39 for alanine. The
following primers were used: Y39Af, TGG GAA AAA AGG
ATA GCA GCC GCA TTA AAA AAC GGT GTG; and
Y39Ar, CAC ACC GTT TTT TAA TGC GGC TGC TAT
CCT TTT TTC CCA.

Strains. Strains used in this study were E. coli W3102
(N99, NIH collection) and its derivatives N99lacZXA21
(Gottesman laboratory collection), N99 AcI857-pL-nutL-N:
lacZ (29), and N99lacZXA21 AcI857-pR-cro-nutR-cll:lacZ
(from N. Costantino and D. Court).

Efficiency of A Plating (EOP). Fresh overnight cultures
of N99 transformed with pTrc99, pTrc-Nun, and pTrc-Nun
Y39A were poured atop agar on LB plates. EOPs were
determined by spotting dilutions of A and incubation
overnight at 37 °C.

Termination Efficiency. Log phase cultures of strains N99
lacZXA21, N99 AcI857-pL-nutL-N:lacZ, and N99 lacZXA21
AcI857-pR-cro-nutR-cll:lacZ transformed with pTrc99, pTre-
Nun, and pTrc-Nun Y39A were heated from 32 to 42 °C
and incubated for 1 h. Samples were assayed for (-galac-
tosidase activity as described previously (30). The shift to
42 °C inactivates the AcI857 repressor, permitting transcrip-
tion from the ApL and ApR promoters. The percent of read-
through was calculated as described by Kim et al. (37).

MD Simulations. The Amber 9 program package (32) and
the ff03 force field (33, 34) were used for the simulations of
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Table 1: Nun Y39A Is as Efficient as wt Nun for A Exclusion and
Transcription Termination®

read-through (%)

plasmid EOP”  pL-nutL-N:lacZ° pR-cro-nutR-tR1-cll:lacZ*
pTrc99 1 100 100
pTrc-Nun 1076 1 3
pTre-Nun Y39A 107 9 7

“Induction is for 1 h at 42 °C. A-Galactosidase assays are as
described previously (29). All data are averages of two independent
experiments. ” Strain W3102 transformed with the indicated plasmids
was spotted with A at 37 °C. “ Nun sensitive fusions are controlled by
the temperature sensitive cI857 repressor.

the wt Nun(20—44)—nutR boxB and Nun(20—44) Y39A—
nutR boxB complexes. The simulation for the wt complex
was based on the NMR structure of the complex (PDB entry
1HII). For the in silico mutation of the peptide, the Loopy
program from the Jackal suite (http://wiki.c2b2.columbia.edu/
honiglab_public/index.php/Software:Jackal) was used to alter
the wt PDB entry and to provide a correct insertion of A39.

The RNA—peptide complexes were solvated in a TIP3P
water box (35) with dimensions of 60 A x 60 A x 60 A,
and sodium counterions were added in silico for neutraliza-
tion of the system. Calculations were performed at 298 K
and an external pressure of 1 atm. Under these conditions,
the systems were minimized and equilibrated using SANDER.
Initially, the whole system was minimized for 1000 steps,
and the water molecules and counterions were relaxed around
the fixed solute with a 100 ps MD run. MD production runs
20 ns in duration were then performed for both systems. The
MD data were analyzed by using PTRAJ. Root-mean-square
deviation (rmsd) calculations of the atomic coordinates were
referenced to the first calculated structure.

RESULTS AND DISCUSSION

Nun Y39A Is Active in Vivo. Phage HK022 Nun protein
excludes superinfection of 4 by terminating the ApL and ApR
early transcripts just distal from the nut sites. We tested the
in vivo activity of Nun Y39A by determining the efficiency
of plating (EOP) of A on a lawn of E. coli carrying plasmid
pTre-Nun Y39A. We found that 4 forms plaques on cells
expressing wild-type Nun or Nun Y39A with very low
efficiency (<107%) compared to the control strain carrying
empty vector (in Table 1, compare rows 2 and 3 with row
1). These results show that Nun Y39A is as efficient as wt
Nun at excluding 4. We then tested Nun Y39A for termina-
tion in two Anut-lacZ fusions (see Materials and Methods).
The level of 3-galactosidase activity provides a quantitative
measure of Nun termination efficiency at nutL and nutR. Our
data show that the percent read-through with Nun Y39A is
only slightly higher than with wt Nun protein (in Table 1,
compare columns 2 and 3). In conclusion, our data show no
significant differences between the activities of Nun Y39A
and wt Nun, suggesting that the binding of Nun Y39A to
boxB should be equivalent to that of wt Nun as far as
termination activity is concerned.

Mutation of equivalent amino acids affected HK022 Nun
and 4 N activity to a different degree (Table 2) (17, 18).
Amino acids whose variation in 4 N led to a loss of RNA
binding activity according to gel mobility shift assays caused
only a minor loss of termination activity of HK022 Nun,
with the most notable effect caused by Nun mutations R25A,

Table 2: Effect of Nun Mutations on Antitermination Activity

pL-cro-nutR-lacZ® A exclusion” A nin exclusion”<

Nun™ 97 + +
vector 0

R25A 71 + +
R27A 84 + +
A31L 93 + +
R32A 83 + +
K35A 93 + +
R36A 91 + +
Y39A 93 + +
N43A 96 + +

“Values represent the percent termination based on [-galactosidase
assays. “Exclusion was determined as described in Materials and
Methods. “ 4 nin is deleted for terminators between A genes P and Q and
does not require N for growth. Thus, the Nun mutants are not merely
competing with A N for boxB RNA binding but are actively terminating
transcription.

FIGURE 1: Snapshots taken from the MD simulation of the Nun
Y39A—RNA complex showing a high degree of flexibility for
amino acids 31—44 of the Nun Y39A peptide (green). Typical
features of the RNA (gray) are the helical turn in the stem region
and the GNRA tetraloop with extruded base A9. The RNA is
slightly flexible in the loop region.

R27A, and R32A (71, 84, and 83% termination efficiency,
respectively) in the contact region of Nun and the RNA stem
(12). A N activity is thus more critically dependent on key
amino acid variations than Nun activity.

The Carboxy Terminus of Nun(20—44) Y39A Is Highly
Flexible in MD Simulations. MD simulations of the wt
Nun(20—44)—boxB RNA and Nun(20—44) Y39A—boxB
RNA complexes showed that the conformation of Nun(20—44)
Y39A in the complex is defined well only from S24 to 130,
whereas the wt complex is stable and defined well over the
whole simulation time of 20 ns. The carboxy-terminal helix
of the peptide, R32—G44, possessed a high degree of
flexibility without preferential orientation but retained helical
structure (Figure 1). Other indicators of flexibility of the
peptide in the complex are the rmsd values of both simula-
tions (Figure 2A), indicating the mutant peptide in the
complex to be more flexible than the wt peptide. The
variation of the distance between Y39 and RNA A7 for
the wt complex compared to the mutant A39 and RNA
A7 distance rules out hydrophobic interaction between the
three alanines (38—40) and RNA A7 as the distance
between Hf atoms of these alanines and RNA A7 HS is
greater than 10 A.
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FIGURE 2: (A) rmsd values for Nun (blue) and Nun Y39A (black)
as a function of simulation time referenced to the first calculated
structure. (B) Distance between Tyr39 HAO1 and A7 H8 for Nun
(blue) and Ala39 HfS2 and A7 H8 for NunY39A (black) as a
function of simulation time.

Surprisingly, the structure of the RNA remains stable in
both simulations, retaining the helical turn in the stem region
as well as the GNRA tetraloop with A9 extruded. Thus, the
equilibrium between folded and unfolded RNA is shifted
toward the folded species by binding of either peptide,
although the RNA loop region is more flexible in the
complex with the mutant peptide.

NunY39A Forms a Well-Defined Complex with the boxB
RNA. One-dimensional NMR spectra show directly the
binding of the peptide to the RNA in the imino proton region.
For free RNA, only the imino proton resonances of G12,
G13, and G14 were observed. Upon addition of Nun(20—44)
Y39A, these resonances shifted, and the imino proton
resonances of U5 and G6 as well as the indole NH resonance
of W33 could be detected (compare Figure 3B to wt in Figure
3A). This increase in number and the change in the position
of these resonances are typical signs of the stabilization of
boxB by these peptides. Both Nun complexes resulted in the
same number and pattern of imino proton signals between
10 and 14 ppm, indicating that the mutant peptide induces
RNA stem structure similar to the structure induced by the
wt peptide, and appearance of the G6 resonance suggests
the formation of the sheared G6-A10 base pair that leads to
the formation of the GNRA tetraloop. The emergence of the
U5 imino resonance in either spectrum relates to the
stabilization of the apical U5-A11 base pair. These results
indicate that the binding of the mutant peptide to the boxB
RNA follows the same general pattern in the stem region as
the wt peptide.

The wt Nun—boxB Complex Is Marginally More Stable
Than the Nun Y39A—boxB Complex. To determine the
contribution of the tyrosine base stacking interaction to
complex stability, the Ky values were determined for the
mutant and wt peptide with fluorescence titrations at 516

Burmann et al.

nm employing 3’-(6-Fam)-labeled nutR boxB RNA. K4 values
were 2.4 £ 0.1 and 6.1 £ 0.3 nM for the peptide—RNA
complex at 25 °C for the wt and mutant peptide, respectively,
suggesting the mw—s interaction between the peptide and
RNA contributes only marginally to complex stability (Figure
4). No results were obtained with 5’-(6-Fam)-labeled boxB
RNA, indicating that the peptides did not directly interact
with the fluorescence label. Additionally, a displacement
titration resulted in a Ky of 3.8 & 1.0 nM for unlabeled boxB
in the wt complex, in the range of the Ky for Nun and the
3’-(6-Fam)-labeled nutR boxB RNA (Figure 5).

Structure of the Variant HK022 Nun—boxB Complex.
Standard homonuclear two-dimensional NMR experiments
(COSY, TOCSY, and NOESY) proved to be sufficient for
obtaining sequence-specific resonance assignments for
Nun(20—44) Y39A, and several NOESY cross-peaks in the
backbone amide—amide region indicating a helical fold for
large parts of the peptide could be assigned (Table 3). In
particular, for amino acids T23—R29 and 137—L42, helix-
typical i—i + 3 and i—i + 4 NOEs could be observed, but
only very few nonsequential NOEs could be detected from
amino acid 130 to R36, indicating structural flexibility in this
part of the peptide. For the C- and N-terminal amino acids,
no nonsequential NOEs could be detected. The ribose
resonances for RNA A9 showed the exceptional downfield
shift that was already observed for the wt complexes of
HKO022 Nun and A N. Consistent with this feature, the
H1’;—H6/H8,;, NOEs that are typically used for the assign-
ment of the ribose spin system and that of the following base
(36) are missing between A8 and A9 as well as between A9
and A10. Overall, the chemical shifts of the RNA protons
of the mutant complex are very similar to the shifts observed
for the wt complexes. For further structure calculations, we
used the nutR boxB RNA conformation from the N36—boxB
RNA complex as calculated in ref /3 as a starting point, in
analogy to ref /2.

Thirteen intermolecular NOEs could be identified unam-
biguously in the NOESY spectra. For the 3-protons of S24,
NOEs with RNA C2 and C3 were observed. Additionally,
NOEs between the side chain protons of R28, C4 H5 and
U5 HS5, could be assigned, suggesting that the interaction
between Nun(20—44) Y39A and boxB RNA is restricted to
S24, R28, and the stem region of the RNA (Figure 6), in
good agreement with the observations for wt Nun(20—44)
(12) and mutational studies of the 4 N peptide (15, 18).

A PROCHECK-NMR (27) analysis of the Nun Y39A—
boxB RNA complex shows that 80.0% of the residues of
the 20 accepted structures are found in the most favored
regions and an additional 19.6% in the allowed regions of
the Ramachandran plot (Table 3). For Nun(20—44) Y39A,
formation of an o-helix for residues S24—1I30 as well as an
additional o-helical turn for residues A38—L41 was found,
in good agreement with the wt complex structure, in which
Nun(20—44) forms a bent a-helix for residues S24—N43,
with the kink at A31 and R32. Clearly, the o-helix for
Nun(20—44) Y39A from residue S24 to 130 is stabilized by
its interaction with boxB RNA, and the loss of secondary
structure in the carboxyl-terminal part is due to the lack of
stabilization by the 77— interaction between Y39 and RNA
A7 that is present in the wt complex. The a-helical turn for
residues A38—L41 is independently induced by the helix
favoring three alanines and one leucine in this sequence. The
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FIGURE 3: (A) One-dimensional NMR spectra of the imino proton region of nutR boxB RNA and the Nun(10—44)—boxB complex (/7). (B)
One-dimensional NMR spectra of the imino proton region of nutR boxB RNA and the Nun(20—44) Y39A—boxB complex. All spectra
were recorded in a H,O/D,O mixture (9:1), 40 mM NacCl, and 50 mM potassium phosphate (pH 6.4) at 298 K.
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FIGURE 4: Fluorescence equilibrium titrations with (A) Nun and
(B) Nun Y39A. 3’-(6-Fam)-labeled nutR boxB RNA (50 pM) was
titrated with each peptide in 40 mM NaCl and 50 mM potassium
phosphate (pH 6.4) at 298 K. The curves show the best fit to eq 1.
A K, value of 2.4 nM was determined for Nun and a K4 value of
6.1 nM for Nun Y39A.

experimental results thus clearly confirm the MD simulations,
that is, formation of an o-helix for residues S24—I130 and
higher flexibility in the carboxyl-terminal part with a short
o-helical turn for residues A38—L41.

Comparison of A N—boxB and HK022 Nun—boxB Com-
plexes. The conformations of boxB RNA complexes of 1 N
and HK022 Nun ARM peptides are highly similar, and the
Ky values for both are in the low nanomolar range as
confirmed here [2.4 + 0.1 and 1.3 4+ 0.4 nM (/) for Nun
and N, respectively]. This difference can be pinpointed to
the presence of S23 in Nun at the position equivalent to A3
in A N; 4 N A3S showed a decrease to 80% compared to
the wt affinity in gel mobility shift assays (/8). Thus, A3 is
key for the stability of the N ARM peptide—boxB complex.

The increase in the K4 for the Nun Y39A—boxB complex
is negligible, whereas for the N W18A mutant, no RNA
binding could be detected in gel shift experiments (/8). The
A N double mutant E14R15 lacks the W18—A7 interaction

0,98

0,96

normalized Fluorescence

(N T NN T TN SN N TR TN S BN

0,94 1 | 1 | 1 | 1
20 30 40

nutR boxB (nM)

FIGURE 5: Displacement titration of 3’-(6-Fam)-labeled nutR boxB

RNA with unlabeled nutR boxB RNA. Labeled RNA (10 nM) and

Nun (10 nM) were titrated with unlabeled RNA in 40 mM NaCl

and 50 mM potassium phosphate (pH 6.4) at 298 K. The curve
shows the best fit to eq 2. A K4 value of 3.8 nM was determined.

o
=
o

and shows only basal antitermination activity (38), although
the K4 of 7 nM is only slightly increased compared to that
of the wt peptide. Thus, the major contributions to the
stability of the N—boxB complex appear to originate from
N A3—RNA stem interaction as well as from W18—A7
stacking; however, the latter interaction also seems to be
crucial for functionality. In contrast, the HK022 Nun—boxB
complex is neither functionally nor energetically dependent
on the corresponding stacking interaction. This follows the
pattern in which tyrosine stacking was reported to be
energetically less favorable than tryptophan stacking (39).
Thus, weakened stacking interaction and the serine-for-
alanine substitution in Nun could explain the slightly higher
Kj of the Nun complex, although the extent of the Ky increase
seems far too small. Thus, the tyrosine-for-tryptophan and
serine-for-alanine substitution must to some extent be offset
by other amino acid—base interactions. The availability of
an EOP test for Nun mutants and the combination of the
test results with MD calculations are expected to shed further
light on the details of this peptide—RNA interaction.

Even mutations of amino acids that are involved in binding
to the RNA stem region do not lead to a complete loss of
Nun termination activity, which, on a functional level, could
be explained by the fact that for efficient termination, the
Nun—boxB complex needs to persist only for the time span
needed by the TEC to read through ~100 bp; the A N—boxB
complex, however, has to persist for the time span the TEC
needs to read through several kilo base pairs. This significant
difference could explain the importance of the W18—A7
m—st interaction with respect to functionality as it may help
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Table 3: Structural Statistics

Experimentally Derived Restraints

no. of distance restraints

NOEs 202
intraresidual 0
sequential 98
medium-range 91
long-range 0
intermolecular 13

Restraint Violations

0.0075 £ 0.0024 A
<0.1 A

Deviation from Ideal Geometry

0.00225 =+ 0.00003 A
0.489 £ 0.003°

Coordinate Precision”

Ser24—Lys42
backbone heavy atoms, 1.53 A
all heavy atoms, 2.57 A
Ser24—Lys42 + boxB RNA
backbone heavy atoms, 2.10 A
all heavy atoms, 3.07 A

average distance restraint violation
maximum distance restraint violation

bond lengths
bond angles

Arg20—Gly44
backbone heavy atoms, 2.12 A
all heavy atoms, 3.10 A
Arg20—Gly44 + boxB RNA
backbone heavy atoms, 2.56 A
all heavy atoms, 3.55 A

Ramachandran Plot Statistics”
80.0%, 18.2%, 1.4%, 0.5%

“The precision of the coordinates is defined as the average atomic
root-mean-square deviation between the accepted simulated annealing
structures and the corresponding mean structure calculated for the given
sequence regions. ”Ramachandran plot statistics are determined by
PROCHECK-NMR and given in the following order: most favored,
additionally allowed, generously allowed, disallowed.

FIGURE 6: Overlay of the 20 lowest-energy structures of the Nun
Y39A—boxB RNA complex. The peptide structure (green) is well-
defined at the RNA (gray) interface but is highly flexible after the
bend between amino acids 31 and 33. Both regions of the peptide
are helical. Structural calculations were performed with a total
number of 189 intramolecular and 13 intermolecular distance
restraints. All structures exhibited NOE violations of <0.1 A.

to add that small amount of binding energy necessary to keep
the A N—boxB complex stable long enough for antitermi-
nation, but which is not necessary for the short lifetime
required for the HK022 Nun—boxB complex to exert its
activity.
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Abstract: E. coli heat stable enterotoxin STa is an agonist of the membrane guanylate cyclase C whose endogenous
ligands are the peptide hormones guanylin and uroguanylin. Whereas these peptides contain only two disulfide bonds,
STa is stabilized by one additional disulfide bridge. We chemically synthesized the enterotoxin STh that originates from
the E. coli strain found in humans, and we determined its structure and its dynamics by nuclear magnetic resonance spec-
troscopy and molecular dynamics calculations. Chemical synthesis clearly proved successful and resulted in the formation
of the native disulfide bonds. The endogenous ligands guanylin and uroguanylin show the same general structural features

and dynamics properties as the enterotoxin.

Keywords: Enterotoxin, guanylyl cyclase, STh, STa, guanylin, uroguanylin.

INTRODUCTION

Many bacterial pathogens synthesize toxins that serve as
virulence factors. Recently, these toxins became a topic of
interest as a medication [1-3], inactive toxin components
(toxoids) were suggested to be used as as a vaccine [4], tox-
ins were used as tools to elucidate the complex events during
signal transduction [5], even as tumor markers and potential
therapeutics in the treatment of colorectal and breast cancer
[6-8].

Enterotoxigenic E. coli bacteria (ETEC) produce two
forms of heat-stable enterotoxins: STa (or STI) and STb (or
STII) [9,10]. These toxins cause acute and secretory diarrhea
in humans, known as traveler's disease. In developing coun-
tries, this type of diarrhea is a major cause of death of infants
[11]. STa consists of two subtypes that differ slightly in
amino acid sequence and that are, for historic reasons, called
STh (originally thought to occur in human E. coli strains
only) and STp (originally thought to occur in porcine E. coli
strains only).

STh is expressed as a precursor protein of 72 amino acids
and it is cleaved twice before it is secreted as the mature 19
amino acid toxin [12-15]. The toxic domain of STh is lo-
cated in its carboxy-terminal region, between C6-C18, and it
is highly conserved within the whole toxin family [5]. The 6
cysteins in this domain are arranged in three disulfide
bridges, C6-C10, C7-C15 and C11-C18 [10] (Fig. 1) that are
crucial for the peptide's toxicity [16,17]. The same disulfide
pattern and, generally, high sequence similarity is observed

* Address correspondence to this author at the University of Bayreuth, De-
partment of Biopolymers & Research Center for Bio-Macromolecules, D-
95440 Bayreuth, Germany; E-mail: roesch@unibt.de

1874-3838/08

in guanylin and uroguanylin (Fig. 1), the endogenous peptide
hormones that physiologically target the same receptor,
membrane guanylate cyclase C, which is located at the brush
border of the surface of cells of the intestine, and STh is able
to displace both of these hormones from their receptor bind-

ing site [5,18-22].

STh(6-19) (E.coli) CCELCCNPACTGCY
L

1

Guanylin (human) PGTCEICAYAACTGC

1

Uroguanylin (human) NDDCELCVNVACTGCL

Fig. (1). Comparison of the amino acid sequences and disulfide
bridge patterns of the heat stable enterotoxin from the human strain
of enterotoxigenic E. coli and human hormones guanylin and
uroguanylin. Possible binding region of the peptides are marked
gray.

The initial step for the biological effect of STa is its bind-
ing to the extracellular domain of GC-C. This interaction
leads to over activation of the intracellular GC-C cGMP
kinase, which, in turn, results in an excessive signal to the
cystic fibrosis transmembrane conductance regulator on the
apical plasma membrane of small intestinal enterocytes that,

in turn, elicits extreme chloride and fluid secretion
[5,20,23,24].

Although the interaction of STa with GC-C is of crucial
importance to this process, little is known about its molecu-

2008 Bentham Open
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lar basis, and only a crystal structure (PDB: 1ETN, [25]) and
an NMR solution structure of STI are known [26]. We are
currently examining the structural basis of STh recognition
by GC-C, and, as an initial step, we determined the solution
structure of the chemically synthesized STh(6-19).

ENTEROTOXIN SYNTHESIS AND REFOLDING

The synthesis of STh(6-19) was performed using the
Fmoc/But and maximal temporary protection strategy on a
Syro II peptide synthesizer (MultiSynTech, Witten, Ger-
many). The chemical procedure used 0.05 mmol of Fmoc-
Tyr(tBu)-2-chlorotrityl resin, an eightfold excess of each
amino acid (Fmoc Cys(Trt)-OH, Fmoc-Gly-OH, Fmoc-
Thr(tBu)-OH, Fmoc-Ala-OH), Fmoc-Pro-OH, Fmoc-
Asn(Trt)-OH, Fmoc-Leu-OH and Fmoc-Glu(OtBu)-OH and
2-(1H-benzotriazole-1-yl)1,1,3,3-tetramethyluronium tetra-
fluoroborat/1-hydroxybenzotriazole (TBTU/HOBt) activa-
tion. Deprotection (2 h) and cleavage (100 mg peptide of
resin) were achieved using 5 ml of a mixture of trifluoroace-
tic acid/thioanisole/ethandithiole (90/8/2, vol/vol/vol). The
acidic mixture was then precipitated three times with dieth-
ylether, dissolved in 10 % aqueous acetic acid and freeze
dried. The crude toxin was purified by RP-HPLC on a C18
semi-preparative column (10 x 150 mm; Nucleosil) using a
40-min gradient of acetonitrile in 0.055% trifluoroacetic acid
(10-80% B in 40 min, where B is 80 % acetoni-
trile/H,0/0.05 % trifluoroacetic acid).

Oxidation of the reduced toxin was achieved by dissolv-
ing the purified peptide into 2 M acetic acid, and diluted to a
peptide concentration of 0.015 mM in the presence of re-
duced/oxidized  glutathione (molar ratio of pep-
tide/GSH/GSSG was 1: 100: 10) and 2 M guanidine hydro-
chloride. The solution was adjusted to pH 8.0 with aqueous
NH,4OH and stirred slowly at 4 °C for 7 d. The folding reac-
tion was monitored by analytical HPLC. The solution was
concentrated using a C18 SepPak (Waters) cartridge and
finally lyophilized. Initial purification of the oxidized prod-
uct was achieved by chromatography on a C8 column using
the system above and yielding a purity of ~ 90 %. Finally,
the product was highly purified on a C18 column using a 60-
min gradient, resulting in a purity of 95 %. The quality of the
product was confirmed by analytical HPLC, matrix-assisted
laser desorption/ionization time of flight mass spectrometry
(MALDI-MS) giving the correct mass in excellent agree-
ment of the oxidized product. (M+H+) . reduced: 1482.45;

found: 1482.42; (M+H+)y.. oxidized: 1476.41; found
1476.43.
NMR SPECTROSCOPY

Two-dimensional NMR spectra were recorded on Bruker
DRX600 and AV800 spectrometers at 283 K with standard
methods [27]. Standard 'H-'H correlated spectroscopy
(COSY), 'H-"H total correlated spectroscopy (TOCSY) and
'H-'"H homonuclear Overhauser enhancement spectroscopy
(NOESY) were carried out with 4096x512 complex data
points with excitation sculpting for water suppression [28] or
coherence selection by pulsed field gradients [29]. Presatura-
tion was applied for residual water suppression in experi-
ments with the D,O sample. 'H-"C heteronuclear single
quantum correlation (‘H-"C HSQC) and 'H-"*C-HMQC-
TOCSY were used for °C assignment and validation of the

The Open Spectroscopy Journal, 2008, Volume 2 35

'H assignments. Peptide concentration was 3 mM, pH 3.0 in
H,0/D,0 (9: 1, v/v, 600uL) and in D,O (99.98 %). For
measurement in D,O, STh was lyophilized repetitively from
D,0 to exchange the amide protons and finally dissolved in
D,0, pH3. Spectra were processed and analyzed with in-
house software and NMRView 5.2.2 [30].

STRUCTURE CALCULATIONS AND ANALYSIS

The total number of nontrivial unambiguous cross peaks
in NOESY spectra was 190. The cross peaks were divided
into three groups according to their relative intensities:
strong with upper distance limit < 0.3 nm; medium, < 0.4
nm; and weak < 0.5 nm. Structure calculations were per-
formed by using a modified ab initio SA protocol with the
X-PLOR-NIH package [31]. The disulfide bonds were in-
cluded explicitly. For each calculation 30 structures were
calculated and 7 structures for each state were selected with
the criteria for the lowest overall energy. Rasmol 2.7.3
[32,33] and PyMol [34] were used for molecular presenta-
tion. The geometry of the structures was analyzed using
PROCHECK-NMR [35-37].

MD-SIMULATIONS

For further analysis and verification of our structural re-
sults we did an ab initio molecular dynamics simulation for
STH and the hormones uroguanylin and guanylin [38]. The
Amber 9 program package [39] and the ff03 force-field
[40,41] were used for the simulations of the three peptides.
Each of them was constructed as an elongated peptide chain
within the LEaP module of AMBER with the disulfide bond-
ing as the only restraints.

The peptides were solvated in a TIP3P waterbox [42]
with the dimensions of 80x60x40 A, and for neutralization of
the system sodium counterions were added. Calculations
were performed at 286 K and an external pressure of 1 atm.
At this conditions the systems were minimized and equili-
brated using the program SANDER. Initially, the whole sys-
tem was minimized for 1000 steps and the water molecules
and the counterions were relaxed around the fixed solute
with a 100-ps MD run. The systems were slowly heated
stepwise to 286 K for equilibrating at each temperature. MD
production runs of 2-ns duration were then performed for the
systems. The MD data was analyzed by using the PTRAJ
program. Root mean square deviation (r.m.s.d.) calculations
of the heavy atoms were referenced to the NMR-structure of
STH and the structures of the hormones deposited in the
PDB (Guanylin: 1GUA, Uroguanylin; 1UYA), respectively.

RESULTS AND DISCUSSION

A detailed and well resolved solution structure of STh is
needed for better understanding of processes that are in-
volved into peptide recognition by its receptor. We thus
chemically synthesized STh(6-19) and analyzed its NMR
spectra. The chemical synthesis resulted in a peptide that was
active in binding to the membrane proximal extracellular
subdomain of human GCC with a nanomolar dissociation
constant (Matecko ef al., unpublished).

The amide region of the proton NMR spectrum of STh
showed the large dispersion of 2.5 ppm characteristic for a
peptide with defined structure (Fig. 2). Using standard through-
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Fig. (2). NOESY spectra of STh(6-19) in H,O, pH 3.0 and 288K.
Table1. 'H and "*C Chemical Shifts and the Assignment of STh(6-19) in H,O at pH 3.0.
HN HA1 HA2 CA HB1 HB2 CB HG1 HG2 CG1 HD1 HD2 CD
Glu8 9.84 4.33 59.30 2.15 2.15 26.70 2.64 2.43
Leu9 741 4.66 53.73 1.84 1.58 41.88 1.49 0.94 0.87 22.79
Cys10 9.33 58.11 3.31 3.46 39.80
Cysll 8.38 4.33 58.11 3.21 2.88 36.87
Asnl2 7.19 5.16 51.42 2.89 2.82 41.80
Prol3 431 64.55 2.28 2.28 32.10 1.97 3.72 3.76 51.75
Alal4 8.45 431 52.62 1.37 1.37 18.49
Cysl5 7.69 4.53 55.53 3.18 3.11 3791
Thrl6 8.60 4.07 63.92 4.08 69.33 1.29 21.92
Glyl7 9.02 4.05 3.75 45.86
Cysl18 7.58 4.63 56.68 2.92 2.92 39.26
Tyr19 8.38 4.57 57.95 3.11 291 HE2/-6.79

Chemical shifts for Cys6, Sys7 could not be determined due to flexibility of amino terminus.

bond and through-space 2D homonuclear and heteronuclear
correlation experiments at natural abundance most of the
resonances could be assigned (Table 1), and only the amide
proton of C7 and the resonances of C6 were not identified in
the spectra. The severely increased linewidth of amide pro-
tons as well as the beta protons of residues C10, C11, L9
likely reflects conformational dynamics on the intermediate
chemical shift time scale (us-ms). The "*C chemical shifts of
cysteines are very sensitive to the oxidation state of the sul-
fur atom [43]. The CP resonances of C10, C11, C15 and C18
are in the range between 36.9 - 39.8 ppm. This characteristic
down field shift indicates the oxidized state of these cys-
teines. The chemical shift of C7 (33.9 ppm) is in the inter-
mediate region between upfield shifted resonances of re-

duced cysteines and downfield shifted resonances of oxided
cysteines, the NOE cross peaks between C7-HA and CI15-
HB1,2 protons, however, clearly demonstrate the presence of
the disulfide bond between these two residues. From this
data it can be deduced that C6 must also be oxidized. Direct
observation of the other two disulfide bonds by means of
NOE cross peaks was not possible due to overlap with trivial
intraresidual signals. The presence of the three disulfide
bonds is also consistent with the observed molecular weight
by mass spectroscopy (expected mass: 1475.46 Da, meas-
ured: 1475.43 Da). The NOESY cross peaks between P135-
protons and the a-proton of N12 show the trans conforma-
tion of the proline. Slow solvent exchange of amide protons
of C11, N12, and C15 (Fig. 2) suggests these residues to be
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involved in hydrogen bonds. During the iterative structure
determination hydrogen bonds between N12 CO and C15
H"; C18 H" and C15 CO and C10 H" and C7 CO were de-
duced.

For the structure calculation 190 experimentally derived
distance restrains were obtained. Due to the observed line
broadening by conformational exchange NOE peak intensi-
ties were classified very conservatively to include effects of
dynamical averaging. The ten accepted structures out of ten
calculated superimpose with a backbone r.m.s.d. of 0.89 A
and show only low violations of experimental and geometri-
cal restraints (Table 2). A PROCHECK-NMR analysis of
STh shows that 51 % of the residues of the accepted struc-
tures are found in the most favoured regions and an addi-
tional 49 % in the allowed regions of the Ramachandran plot
(Table 2).

Table 2. Structural Statistics

NOE Statistics

Total NOE number 190
Short range 21
Medium range 16
Long range 153

Deviation from Standard Geometry and
Experimental Restrains

Bonds 0.00095 £ 0.0002
Angles 0.169 £ 0.023
Distance restrains 0.0036 £0.0011

51%/31 %/18%/0 %

* Ramachandran plot statistics are determined by PROCHECK-NMR and are deter-
mined as follow: residues in most favored region, in additional region, in generously
allowed region, and in disallowed region.

Ramachandrans plot statistics

The Open Spectroscopy Journal, 2008, Volume 2 37

The solution structure of STh(6-19) is composed of an a-
helical turn at its N-termius region and two B - turns, be-
tween C11-Cl15, C15-C18 stabilised by the three disulfide
bridges as mentioned before (Fig. 3).

The unavailability of the coordinates of the solution con-
formation from Gariepy et al. [26] renders direct comparison
of the structures impossible. Superimposing the present STh
structure with the crystal structure (pdb code 1ETN [25]),
however, resulted in a backbone r.m.s.d. of 1.6 A for resi-
dues C7-C18, mainly due to different orientation of the car-
boxy terminus. Restricting the fit to residues C7-G16 lowers
the rmsd to 0.9 A, demonstrating similar conformations in
solution and in the crystal. The receptor binding region of
STh and the endogenic GC-C pedptide ligands uroguanylin
and guanylin is found to be from N12 - A14 for STh [44]
and Y9 - All for guanylin [45]. In fact, these regions are
highly solvent exposed for guanylin, uroguanylin, STp, and
STh (Fig. 4).

A B

NH,

Fig. (3). (A) Overlay of 13 NMR derived structures of STh (6-19).
(B) Presentation of disulfide bridges in STh (6-19).

Ab initio MD simulations with the NMR structures of
guanylin, uroguanylin, and STh as starting structures show
high flexibility of all three peptides in the loop regions (Fig.

Fig. (4). Comparison of structures of (A) STp (5-17), PDB: 1ETN; (B) Uroguanylin human, PDB: 1UYA; (C) Guanylin human, PDB:
1GNA and (D) our calculated STh (6-19) structure. Possible binding sites are shown as sticks.
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5). The r.m.s.d. values of heavy atoms are in the same range
for all three peptides, despite the additional disulfide bridge
in STh. To evaluate the importance of the three disulfide
bridges for the structure calculation of STh, we performed
the identical calculations as we did for the NMR-structure
determination, however, without taking into account the di-
sulfide bridges. The energetically most favourable 15 struc-
tures were virtually the same as from the calculation contain-
ing both, the NOE restraints and the disulfide bridges. The
largest difference in the structures was in the N-terminal
loop and the carboxy-terminus of the peptide which both
were observed to show higher flexibility.

s}

RMSD [A]

0 T T T 1
0 500 1000 1500 2000

Time [ps]

Fig. (5). RMSD of the heavy atoms during the MD. Sth ( 6-19)
referenced to the present structure (black); Uroguanylin referenced
to PDB: 1UYA (light grey); Guanylin referenced to PDB: 1GNA
(dark grey).

In addition to differences in structure and dynamics, STh
may act as a toxin because it does not contain the chymo-
trypsin cleavage site found in guanylin, the endogenous pep-
tide that predominantly acts in the large intestine, as opposed
to uroguanylin [45]. Chymotrypsin is an enzyme of the intes-
tinal tract, and it cleaves after aromatic amino acids such as
Y9 of guanylin (Fig. 1). In fact, the YONA10P double mu-
tant of guanylin causes diarrhoea in suckling mice at much
lower concentrations than the native peptide does [45]. Thus,
one reason for the only transient action of native guanylin in
the large intestine could be its rapid loss of its structure by
enzymatic digestion.
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Abstract

Human Guanylyl Cyclase B (hGC-B) is a single-transmembrane receptor protein which
upon binding C-type natriuretic peptide (CNP) to its extracellular domain catalyzes the
intracellular conversion of GTP to the second messenger cGMP. cGMP in turn affects
various physiological processes such as smooth muscle contraction, cell proliferation,
phototransduction, and salt as well as fluid homeostasis. The 3-dimensional binding site
of the peptide hormone is unknown, and the binding mechanism is not yet understood.
Therefore, a model of the C-terminal moiety of the extracellular domain of human GC-B
containing the potential binding site was derived from the crystal structure of (GC-A).
The selected protein sequence was provided with an N-terminal TEV-cleavage site and
fused with a 109 aa thioredoxin-tag and a hexahistidine-tag. The identity of the purified
25 kDa protein was confirmed by protein mass fingerprint and its secondary structure was
determined by CD- and NMR-spectroscopy. The protein proved to be properly folded with
the observed secondary structure matching the predicted secondary structure and the ho-
mologous structure in the extracellular domain of GC-A. Size exclusion chromatography
confirmed the monomeric state of P-hGC-B.

Key words: Guanylate cyclase; Natriuretic peptide; cGMP; ANP; GCB; Peptide hormone;
Receptor; Transmembrane; Extracellular domain; Second messenger.

Introduction

Human Guanylyl Cyclase B (hGC-B) is one of seven particulate guanylyl cyclases
that have been identified in mammals so far. This receptor family bears resem-
blance to soluble guanylyl cyclases and adenylyl cyclases and belongs to a larger
family of single-transmembrane receptors that also includes growth hormone and
cytokine receptors. In general, the structure of a typical GC receptor consists of
an extracellular N-terminal domain (ECD), a transmembrane moiety (TM) and an
intracellular part comprising a protein kinase-homology domain (KHD) and the
cyclase catalytic region (GCD). On ligand binding to the ECD, the particulate
GCs undergo a conformational change enabling them to convert GTP to cGMP at
their intracellular domain thus participating in transmembrane signal transduction.
This signaling pathway is implicated in a variety of physiological processes such
as smooth muscle contraction, cell proliferation, phototransduction, and salt as well
as fluid homeostasis (1). In humans, the ligands of three particulate GCs (hGC-A,
hGC-B, hGC-C) have been identified. hGC-A, which regulates blood pressure by
diuretic and natriuretic effects on the kidney, binds atrial natriuretic peptide (ANP)
and B-type natriuretic peptide (BNP) (2, 3); hGC-B, which exhibits mainly vas-
orelaxant effects but is also important for bone growth (4) and the attenuation of
vascular inflammation (5), is activated by C-type natriuretic peptide (CNP). ANP,
BNP as well as CNP bind to the natriuretic clearance receptor (NPR-C), which
lacks most of the intracellular domains found in the other receptors and does not
possess guanylyl cyclase activity. hGC-C is mainly expressed in the intestine and
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is thought to regulate the fluid and electrolyte balance. hGC-C binds guanylin,
uroguanylin, and the E. coli heat stable enterotoxin STa. Specific ligands for the
other four known GCs — GC-D to GC-G — have not been identified so far.

As several cardiovascular and skeletal disorders are associated with dysfunctions
in natriuretic peptide signaling, this pathway holds promise as a therapeutic target.
Defects in the hGC-B gene (NPR2) on chromosome 9, for example, are responsible
for a form of human dwarfism called acromesomelic dysplasia type Maroteaux
(AMDM) (6) that is characterized by deformity of forearms, forelegs, fingers and
toes, spine and head abnormalities, and delayed motor development.

The functional unit of GC-A and -B is a homodimer, and even without ligand
the monomers undergo spontaneous self-association to form dimers or oligomers
(7). The ECDs of both receptors contain six cystein residues, which form three
intramolecular disulfide bonds with a 1-2, 3-4, 5-6 pairing pattern. Both ECDs
possess multiple N-glycosylation sites and partially as well as fully glycosylated
forms can be detected. The functional and structural importance of glycosylation
is controversial, and glycosylation may or may not be required for proper folding,
targeting, and ligand binding (8-10).

Most of the work to characterize the natriuretic peptide receptors was performed
on GC-A, which exhibits a high degree of sequence similarity to hGC-B. The
sequence similarity between the two ECDs is approximately 44% and it is even
higher comparing the intracellular domains (KHD: 63%; GCD: 88%) (11).
Therefore, structure and ligand binding mechanism are believed to be similar
as well, and the structural information gained on GC-A should well serve as a
model for understanding hGC-B. Accordingly, a model of the C-terminal mem-
brane proximal moiety of the ECD of hGC-B containing part of the ligand bind-
ing site was derived from the crystal structure of GC-A (12) and was named P-
hGC-B. The purified protein is monomeric and properly folded according to size
exclusion chromatography, CD- and NMR-data, with the observed secondary
structure matching the predicted secondary structure as well as the homologous
structure in the extracellular domain of GC-A.

Material and Methods
Homology Modeling

PSI-BLAST (13) was used to find protein sequences similar to the ECD of hGC-
B, and significant homology was found to the ligand binding regions of the ANP
receptor family. The sequences of the ECDs of GC-A and hGC-B were aligned
using CLUSTALW (14). The sequence similarity between both extracellular
domains is approximately 44%, which renders the crystal structure of hGC-A a
suitable template for comparative modeling with Modeller9v2 (15). Template
coordinates were taken from the GC-A ECD crystal structure (PDB code: 1DP4),
and the sequence alignment of the ECDs of hGC-B and GC-A was based on the
results from 3D-PSSM (16). A structural model for the hGC-B EDC was calcu-
lated for sequence positions 23-458. Using the model of the extracellular domain
of hGC-B the structure of P-hGC-B was modeled with the same programs. A
disulfide bond was introduced using the AMBER program and molecular stability
was checked using the same package.

Molecular Dynamics (MD) Simulations

The Amber 9 program package (17) and the {f03 force-field (18) were used for the
simulation of P-hGC-B. It was solvated in a TIP3P water box (19) of 80x50x60
A3, and sodium counter ions were added in silicio for neutralization of the system
using the LEAP program. Additionally, the disulfide bond between Cys208 and



Cys217 was introduced as a calculational restraint. Calculations were performed
at 298 K and an external pressure of 1 atm. At these conditions the system was
minimized and equilibrated using the program SANDER. Initially, the whole
system was minimized for 1000 steps, and the water molecules and counterions
were relaxed around the fixed solute with a 100-ps MD run. MD production runs
of 5-ns duration were then performed for the P-hGC-B. The MD data was ana-
lyzed using the PTRAJ program.

Expression and Purification

A 720 bp synthetic gene adapted to E. coli codon usage harboring the sequence
the P-hGC-B was obtained in the cloning vector pCR2.1-PGCB (Eurofins Me-
digenomix, Martinsried) and subcloned into the E. coli expression vector pET-
32a(+) (20) (Novagen) using Sacl/HindIII cloning sites. The construct expressed
a fusion protein containing a N-terminal thioredoxin and 6His-tag followed by a
TEV cleavage site and P-hGC-B. The resulting pET-32a(+)-TEV-PGC-B vector
was transformed into E. coli Rosetta-gami B(DE3) (Novagen). After transforma-
tion the cells were cultured on LB agar plates containing ampicillin (100 ug/ml),
kanamycin (15 ug/ml), tetracyclin (12.5 ug/ml), and chloramphenicol (34 ug/
ml) at 37 °C overnight. For an induction culture, the cells were grown at 37 °C
in M9 medium containing 2 mM MgSO,, 10 uM Fe(IlI)-citrate, 0.1 mM CaCl,,
trace element solution TS2 (21), MEM vitamin solution (Gibco, Invitrogen), an-
tibiotics and 1.5 g/l (NH,),SO, and 4 g/l glucose as sole nitrogen and glucose
source until an OD,, of 0.6 was reached. The cell culture was cooled down to
25 °C and expression of the fusion protein was induced with 100 uM IPTG at an
OD,,, of 0.7-0.8. Cells were harvested 3 hours after induction and stored at -20
°C. To obtain "N labeled protein, (NH,),SO, in the M9 medium was replaced by
(*NH,),SO,. The frozen cell pellet was resuspended in lysis buffer containing 50
mM sodium phosphate (pH 7.8), 500 mM NacCl, lysozyme, DNase and protease
inhibitor cocktail (Roche), and was lysed with a Microfluidizer. The lysate was
fractionated by centrifugation (6000 rpm, 20 min). The supernatant containing
the soluble His6-tagged protein was applied to a 5 ml HiTrap Chelating column
(GE Healthcare, Munich, Germany) charged with Co*" and pre-equilibrated with
binding buffer (50 mM sodium phosphate, pH 7.8, 500 mM NaCl, 10 mM imi-
dazole). After washing the column with three column volumes binding buffer,
the protein was eluted using a stepwise gradient including 5, 20, 100% elution
buffer (50 mM sodium phosphate, pH 7.8, 500 mM NaCl, 500 mM imidazole).
Protein was eluted with 108 mM imidazole. The whole purification protocol was
performed on an Aktapurifier (GE Healthcare, Germany). The fractions showing
protein peaks were analyzed on an SDS-gel. Fractions containing the desired
protein were pooled. TEV-cleavage was performed during dialysis against phos-
phate buffer (50 mM sodium phosphate, 500 mM NaCl; TEV) overnight at 4 °C.
Successful cleavage was confirmed by SDS-PAGE. TEV protease and cleaved
Trx-6His-tag were separated from P-hGC-B by Co** affinity chromatography.
After purification, the protein was dialyzed against 20 mM sodium phosphate
buffer (pH 7.0) and 100 mM NaCl at 4 °C for at least 4 hours. The dialyzed pro-
tein was concentrated using VIVAspin columns (Satorius, Géttingen, Germany)
and stored at 4 °C. The identity of the purified protein was confirmed by protein
mass fingerprinting (ZMMK Koln).

Circular Dichroism Spectroscopy (CD)

P-hGC-B samples (2.5 pM) were diluted in 20 mM sodium phosphate buffer pH
7.0. Spectra were recorded at 25 °C from 190 nm-260 nm with 50 nm/min scanning
speed (J-810 S spectropolarimeter, CDF-426S temperature control unit, JASCO In-
ternational, Tokyo, Japan) in a I mm path length quartz cuvette (Hellma, Miillheim,
Germany). 6 spectra were accumulated and corrected for buffer effects, the CD-
data was processed with the CDSSTR algorithm at the Dichroweb server (22).
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Figure 1: P-hGC-B construct. (A) Schematic represen-
tation of hGC-B monomer. ECD, extracellular domain; C D
D-hGC-B, membrane-distal part of the ECD; P-hGC-B,
membrane-proximal part of the ECD; TM, trans-mem-
brane region; KHD, kinase homology domain; GCD,
guanylyl cyclase domain. (B) P-hGC-B amino acid
sequence. APGD was used as linker-sequence (green).
C83S and the intra-chain disulfide bond are marked red
(C) Model of the ECD P-hGC-B calculated with Mod-
eller9v2. Green: amino acids on the incision sites. (D)
Model structure of P-hGC-B based on the model struc-
ture of ECD P-hGC-B. Green: linker peptide.
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Figure 2: (A) Rmsd-values of the atomic coordinates
for P-hGC-B as a function of the simulation time ref-
erenced to the first calculated structure. (B) Snapshots
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Size Exclusion Chromatography

Size exclusion chromatography was carried out using two coupled 1 x 30 cm Su-
perdex 75-HR columns (GE Healthcare, Germany) on an Aktapurifier at room tem-
perature. P-hGC-B (100 uM) was eluted at a flow rate of 0.5 ml/min with 20 mM
sodium phosphate buffer and 100 mM NaCl at pH 6.9. For calibration, cytochrome
¢, ovalbumin, chymotrypsinogen a, and albumin were used.

NMR Spectroscopy

The sample contained SN P-hGC-B, 500 uM, in 20 mM sodium phosphate buffer
pH 7.0 with 100 mM NaCl, and the NMR measurement was performed at 298 K
with an 800 MHz Bruker AV800 spectrometer using standard techniques for re-
cording and water suppression. NMR data was analyzed with NMRView 5.2.2
(23) and in house routines.

Results and Discussion
Modeling and Stability

The ECD of hGC-B as well as the corresponding domains of hGC-C and hGC-A
belong to the class of periplasmic proteins with type 1 periplasmic binding protein
fold (http://scop.mrc-lmb.cam.ac.uk/scop). This type of fold has a two domain
architecture, each with a six stranded parallel -sheet bordered with a-helices and
a flexible linker region connecting these two domains. The ECD exhibits an N-
terminal membrane distal domain and a C-terminal membrane proximal domain,
which is assumed to be a ligand binding domain (24-27). From to the model of
hGC-B EDC (Fig. 1) the membrane proximal domain containing the ligand bind-
ing site could be derived by cutting the sequence at three sites, before Tyr276 and
Thr368 in an antiparallel 3-strand region of the proximal domain and before Ser123
in a helix region. Tyrosin and threonin where chosen as a section site since they
are common in 3-strands and the distance between them is approximately 5 A, so
they could easily be reconnected with the loop to yield a single continuous strand.
This construct leaves the putative ligand binding site intact. The decision to start
the domain with Ser123-Alal24-Pro125 before helix 1 was based on the stabiliz-
ing effect of those amino acids to the helix 1 (28). Cys205Ser was introduced to
avoid the formation of unspecific inter- and intramolecular disulfide bonds. The
whole system was stable in AMBER MD calculations after approximately 300 ns
(Fig. 2A) as evidenced by the merely slight increase in the rmsd-value with ongo-
ing simulation time. Snapshots taken from the simulation (Fig. 2B) show that the
early stabilization of the structure is mainly due to the formation of the central
[-strands, followed by better definition of the surrounding a-helices. Flexibility
of the C-terminus leads to an increase in the rmsd-value at simulation times from
3.5 to 5.0 ns (Fig. 2). The snapshot at 4 ns (Fig. 2B), in contrast to all other snap-
shots, shows the C-terminus pointing towards the rear of the figure, resulting in a
90° deviation from its prevailing position. This flexibility, however, seems not to
affect the overall fold and stability of P-hGC-B.

Expression and Purification

From different temperatures (20 °C, 25 °C, 37 °C) and IPTG-concentrations (100 uM,
200 uM, 500 uM, 1 mM) an optimal choice of parameters turned out to be 25 °C
with 100 uM IPTG for induction (Fig. 3A). The protein mostly accumulated in
the supernatant after cell lysis (Fig. 3B), whereas at higher temperatures or higher
IPTG-concentrations it was mainly insoluble because of inclusion body formation.
The cleavable N-terminal Trx-6His-tag allowed purification of soluble P-hGC-B by
Co?* affinity chromatography (Fig. 3C). The protein fractions were pooled and TEV
cleavage of the N-terminal Trx-6His-tag was performed during dialysis against lysis
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Figure 3: Expression and purification of soluble P-
hGC-B. (A) Induction in LB: Rosetta-gami B(DE3);
100 uM IPTG; 25 °C; lane 1: molecular weight stan-
dard (MW); lane 2-5: before induction, 1h, 2h, 3h after
induction; arrow indicates P-hGC-B. (B) Solubility of
P-hGC-B after cell lysis; lane 1: MW; lane 2: superna-
tant; lane 3: pellet; arrow indicates P-hGC-B. (C) First
purification step. Protein fractions after first purifica-
tion on the Aktapurifier using a cobalt column; lane 1:
MW, lane 2: flow-through, lane 3: wash with binding
buffer (10 mM imidazole); lane 4: elution with 34.5 mM
imidazole; lane 5: elution with 108 mM imidazole; lane
6: elution with 500 mM imidazole. (D) Second purifi-
cation step. Lane 1: MW; lane 2: P-hGC-B after first
cobalt column; lane 3: TEV protease; lane 4: P-hGC-
B after dialysis with TEV overnight; lane 5: P-hGC-B
after second purification on the cobalt column (flow-
through); arrow indicates purified P-hGC-B; lane 6:
elution with 34.5 mM imidazole; upper arrow indicates
TEV protease, lower arrow indicates cut Trx-6His-tag;
lane 7: elution with 500 mM imidazole.

buffer overnight (Fig. 3D). TEV protease and cut Trx-tag each containing a 6His-
tag were removed from P-hGC-B by Co?* affinity chromatography (Fig. 3D). Pu-
rity and correct amino acid sequence were confirmed by peptide mass fingerprint.

Structural Analysis

The far UV CD-spectrum of P-hGC-B exhibits characteristic features of a-helical
and [-sheet structure elements (Fig. 4A). The estimated content of secondary
structures was 29% o-helix and 23% f-strand, and the PredictProtein program
(29) predicted 26% o-helix and 22% [3-strand, in nearly perfect agreement with
the experimentally derived data.

The high dispersion of the signals in the 'H-"N HSQC of "N labeled P-hGC-B
(Fig. 4B) indicates a well defined tertiary structure of the P-hGC-B protein.

Oligomerization State

In the absence of ligand, GC-A and GC-B have been observed to exist as ho-
momers (7), and purified ECD of GC-A tends to form dimers (30). From crystal-
lization data of dimerized glycosylated GC-A ECD, dimerization was proposed
to occur tail-to-tail via the membrane proximal subdomain (12), from crystal-
lized NPR-C ECD, however, head-to-head dimerization via membrane distal
domain interaction was inferred (31). In the case of P-hGC-B, size exclusion
chromatography shows the isolated model membrane proximal domain to exist
as a monomer (Fig. 4C), disfavoring the tail-to-tail dimerization model under the
current experimental conditions.
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Conclusions

We here demonstrated the successful design and expression of P-hGC-B, a model
for the membrane proximal, ligand binding ECD of hGC-B. The isolated domain
forms a stable tertiary structure independent of the rest of the protein, and this



domain is not sufficient for protein oligomerization. In addition, P-hGC-B results
in very well resoved HSQC-spectra. Thus, the present study may serve as a start-
ing point to determine the ligand binding acitivities and, eventually, paving the
way to determine the tertiary structure of the receptor:ligand complex by NMR-
spectroscopy and X-ray crystallography.

Ligand binding of P-hGC-B, however, may be compromised since the membrane-
distal subdomain of the ECD has been truncated and, although this subdomain
seems to be mainly involved in dimerization (31-33), its contribution to ligand
binding is clearly evidenced in GC-A (34, 35). Therefore, the ligand binding prop-
erties of P-hGC-B are currently studied by fluorescence spectroscopy and NMR
HSQC-titration in order to define more clearly the role of the various parts of the
extracellular domain to ligand binding, dimerization, and signal transduction.
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ABSTRACT

Phage ) propagation in Escherichia coli host cells
requires transcription antitermination on the A
chromosome mediated by AN protein and four host
Nus factors, NusA, B, E (ribosomal S10) and
G. Interaction of E. coli NusB:Nusg heterodimer
with the single stranded BoxA motif of LnutL or
AnutR RNA is crucial for this reaction. Similarly,
binding of NusB:NusE to a BoxA motif is essential
to suppress transcription termination in the
ribosomal RNA (rrn) operons. We used fluorescence
anisotropy to measure the binding properties
of NusB and of NusB:Nusg heterodimer to
BoxA-containing RNAs differing in length and
sequence. Our results demonstrate that BoxA is
necessary and sufficient for binding. We also
studied the gain-of-function D118N NusB mutant
that allows L. growth in nusA1 or nusE71 mutants.
In vivo )\ burst-size determinations, CD thermal
unfolding measurements and X-ray crystallography
of this as well as various other NusB D118 mutants
showed the importance of size and polarity of amino
acid 118 for RNA binding and other interactions. Our
work suggests that the affinity of the NusB:NusE
complex to BoxA RNA is precisely tuned to
maximize control of transcription termination.

INTRODUCTION

Phage A-mediated antitermination in Escherichia coli
enables RNA polymerase (RNAP) to read through early
transcription termination sites on the phage chromosome
(1). Antitermination is regulated via the direct interaction
of N protein and the transcription elongation complex

(TEC) formed by RNA, RNAP and the Nus (N utilization
substance) host factors NusA, NusB, NusE (S10
ribosomal protein) and NusG (2-4). N-mediated
antitermination is coupled to transcription of the phage
A nut RNA sites, each consisting of the single stranded
BoxA and the palindromic stem-loop BoxB linked by
a spacer sequence to which NusA binds (5). N interacts
with BoxB and converts the TEC to a termination-
resistant form (6,7). Binding of A N to BoxB results
in an indirect interaction with RNAP through NusA
(8,9). NusB interacts with the nut site by binding
to BoxA, an interaction that is ~10-fold strengthened
upon NusE:NusB heterodimer formation (10-13).
The NusB:NusE:RNA ternary complex is proposed
to associate with RNAP through NusE (1,14,15). A
similar complex in which A N is replaced by phage
HKO022 Nun protein induces transcription arrest on the
A chromosome (7).

In addition to its involvement in transcription, NusE
participates in translation as part of the 30S ribosomal
subunit (16-18).

A termination-resistant TEC also assembles during
transcription of rrn operons in E. coli and other bacteria
(19,20). In addition to Nus factors, ribosomal proteins S4,
S2, L4 and L13 participate in transcription regulation
(21,22). BoxA is highly conserved in all seven E. coli rrn
operons. A promoter-proximal BoxB-like element is
present but is not required for rrn antitermination (23).
As is the case with A, formation of the ternary
NusB:NusE:BoxA complex is a key step during rrn
processive antitermination (13).

The structure of the NusB:NusE*'°°P complex, in which
the 22 residue ribosome-binding loop of NusE was
deleted, has recently been determined (24). Analysis of
this structure and other data (25) suggest that NusE is
the active partner of the complex and that NusB mainly
acts as a loading factor for NusE, a notion that is
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supported by the fact that NusE in a NusB deletion
background could still support N antitermination and
Nun termination (24). Although UV-crosslinking studies
indicate that both NusB and NusE“°°P contact BoxA
RNA, detailed structural information about the RNA
binding of NusB and the ternary NusB:NusE:RNA
complex is not currently available.

Several nutR BoxA mutants abolish N-mediated
antitermination or Nun-mediated transcription arrest
in vivo and/or in vitro, namely nutR BoxA5 (G35U) (26),
nutR BoxAI16 (C38A) (27), nutR BoxA (U39G) (28).
Oddly, the 9-bp transversion mutant nutR BoxA69
has little effect on N-mediated antitermination except
to make it NusB-independent, and it was proposed that
NusB competed for BoxA binding with an as yet
unidentified inhibitor of N activity (14).

NusB101 (D118N) presents an intriguing gain of
function variant that suppresses a block in N-mediated
antitermination by NusAl (L183R) and NusE71 (A86D)
at 42°C (29,30). NusBP!'"®N has enhanced affinity for rrn
and A nut BoxA (29); for example, NusBP!"®™:NusE can
be UV-crosslinked to BoxA-containing RNAs more
efficiently than wt NusB:NusE (24). However, whether
the increased affinity originates from a charge effect,
from different direct contacts of the amino acid at
position 118 to the RNA, or from a combination of
effects is not clear.

In the present study, we used biophysical and genetic
approaches to delineate identity elements of nut RNA that
are recognized by NusB and by heterodimeric NusB:NusE
complex. Furthermore, we studied NusB D118 mutants to
clarify the role of this amino acid in NusB:RNA and
NusB:NusE:RNA interactions.

MATERIALS AND METHODS
Cloning, expression and protein purification of Nus-factors

The nusB gene was cloned vie BamH1 and Ndel
restriction sites into the E. coli expression vector pET29b
(Novagen, Madison, WI, USA). Escherichia coli strain
BL21(DE3) (Novagen, Madison, WI, USA) harboring
the recombinant plasmid was grown at 37°C in LB
(Luria—Bertani) medium containing kanamycin (30 pg/
ml) until an ODgyp = 0.5 was reached, then the
temperature was reduced to 20°C for 30min and the
cells were induced by 1mM isopropyl 1-thio-f-p-
galactopyranoside (IPTG). Cells were harvested 4 h after
induction, resuspended in four times the pellet weight of
lysis buffer (50 mM Tris, 150 mM NaCl, | mM DTT, pH
7.5), and lysed by using a micro-fluidizer (Microfluidics,
Newton, MA, USA). After centrifugation the supernatant
was dialyzed for 4h against lysis buffer without NaCl
and afterwards applied to a HeparinFF column (GE
Healthcare, Munich, Germany) using a step gradient
with increasing NaCl concentrations (0-1M). For
further purification the eluted fractions containing NusB
were pooled and concentrated with Vivaspin concentra-
tors (Vivascience, MWCO 5000 Da). The concentrated
sample was applied to an S75 gel filtration column (GE
Healthcare). The fractions containing NusB were pooled
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and dialyzed against buffer as used for fluorescence
measurements (25mM HEPES, 100mM potassium
acetate, pH 7.5). The identity and structural integrity of
the purified protein was analyzed by 19% SDS-PAGE
and NMR spectroscopy.

NusB mutations

For NusBP'"™N  (NusB101), NusBP!"*R NusBP!''84
NusBP!'"®E and NusBP''®¥ the mutation primers shown
in Supplementary Table S1 were used. Mutations were
introduced by using the QuikChange protocol
(Stratagene, La Jolla, CA, USA). Expression and Euriﬁca-
tion was as described for wildtype NusB. NusB*?F was
inherent in the original NusB pETM11-plasmid (24).

NusE:NusB complex

NusE was cloned vie BamH! and EcoRl1 restriction
sites into the E. coli expression vector pGEX-6P
(GE Healthcare) (24). The recombinant plasmid encoded
a GST-NusE fusion protein with an internal PreScission
cleavage site following the GST-tag. Escherichia coli strain
BL21(DE3) (Novagen) harboring the recombinant
plasmid was grown at 37°C in LB medium containing
ampicillin (100 pg/ml) until an ODgyy = 0.5 was reached,
then the temperature was reduced to 20°C for 30 min and
the cells were induced by 1 mM IPTG. After induction
overnight, the cells were harvested and resuspended in
four times the pellet weight of lysis buffer (S0 mM Tris,
150mM NaCl, ImM DTT, pH 7.5). At this point, the
NusB cell extract solved in the same buffer was added.
After mixing for 20min the cells were lysed with a
micro-fluidizer (Microfluidics, Newton, MA, USA), and
additional mixing was performed for 1h to ensure
correct formation of the NusB:NusE dimer. After
centrifugation the dimer was purified from the
supernatant via a GSTrap-FF column (GE Healthcare)
using a one step elution (lysis buffer with 15mM
reduced gluthathione). The GST-NusE fusion protein
was cleaved by PreScission protease while dialyzing
against lysis buffer at 4°C overnight. The cleaved protein
was reapplied to a GSTrap-FF column using the same
step elution procedure, but this time collecting the flow-
through. For further purification the eluted fractions
containing NusB:NusE were pooled and concentrated
with Vivaspin concentrators (Vivascience, MWCO
5000 Da). The concentrated sample was applied to an
S75 gel filtration column (GE Healthcare). The fractions
containing NusB:NusE were pooled and dialyzed against
buffer as used for fluorescence measurements (25mM
HEPES, 100mM potassium acetate, pH 7.5). The
identity and structural integrity of the purified protein
complexes were analyzed by 19% SDS-PAGE.

NusBP'"8F_NusE*"*°P production and purification for
crystallization

Cloning of the genes encoding NusB and NusE*'°°P has
been described (24). Mutations were introduced by using
the QuikChange protocol (Stratagene, La Jolla, CA,
USA). To produce protein for crystallographic
analysis, plasmids containing the genes of interest were
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co-transformed into E. coli strain BL21(DE3) by
electroporation. The cells were grown in auto-inducing
medium (31) in the presence of the appropriate antibiotics
to an ODgg of 0.5 at 37°C, and then incubated for an
additional 16h at 20°C. After harvesting at 4°C, the cell
pellets were washed with binding buffer (50 mM Tris, pH
7.5, 150 mM NaCl) and stored at —80°C. Purification of
the NusBP''"N:NusE*°°P complex followed a double
affinity chromatography procedure as described for the
NusB:NusE*!°°P complex (24).

Crystallographic analysis

NusBP!BN:NusE21°P  complex  (NusB101:NusEA1°°P;
16 mg/ml) was crystallized at 20°C via the sitting drop
vapor diffusion method by mixing 1 ml of sample with
I ml of reservoir solution (0.2M potassium citrate, 20%
PEG 3350). Crystals could be flash frozen in liquid
nitrogen after transfer into 60% reservoir plus 40%
glycerol. Diffraction data were collected at 100K on
beamline PXII (SLS, Villigen, Switzerland) using a
MarCCD 225mm detector. The data were processed
with the XDS package (32).

The structure of the NusBP'¥N:NusE~!°°P complex was
solved by molecular replacement using the coordinates
of the NusB:NusE2'°°P complex [PDB ID 3D3B; (24)].
The model was manually rebuilt using COOT (33) and
refined by standard methodology using Refmac5 including
TLS refinement (34). Each protein molecule in the
crystallographic asymmetric unit represented a separate
TLS group.

In vivo assays

nusB::Cam nusA™ or nusB::Cam nusAI mutants carrying
rcl857 prophage were constructed. Wild-type and mutant
NusB were supplied from a pBAD30 plasmid. Phage burst
size after thermal induction was determined according to
standard protocols.

Fluorescence equilibrium measurements

Various RNA sequences corresponding to the nut regions
of the A genome or to the rrnG BoxA of the E. coli genome
(Supplementary Table S2) were used. Fluorescence
equilibrium titrations were performed using an L-format
Jobin—Yvon Horiba Fluoromax fluorimeter (Edison,
NJ, USA). Extrinsic fluorescence measurements with
3’-6-carboxy-fluorescein  (6-FAM)-labeled RNA were
performed in fluorescence buffer as above in a total
volume of 1ml using a 10x4mm quartz cuvette
(Hellma, Miillheim, Germany). The excitation wavelength
was 492nm, and the emission intensity was measured
at 516 nm applying a 500 nm cutoff filter. Anisotropic
measurements were performed with slit widths of 4nm
and 3nm for excitation and emission, respectively.
All titration measurements were carried out at 25°C
with 50nM of 6-FAM-labeled RNA. Following sample
equilibration, six data points with an integration time of
0.8 s were collected for each titration point.

Data fitting

Anisotropic data were fitted to a two-state binding model
to determine the equilibrium dissociation constant (Ky)
using standard software. The anisotropy was calculated
from:

A :ﬁzomplex ' Acomplex +fRNA - ArRNA 1

where A, Acompiexs Arna are anisotropies and feomplexs
frna are fractional intensities. The change in fluorescence
intensity has to be taken into account, so that the bound
fraction is given by

[complex] _ (A — ArNA) 2
[RNA]O ((A - ARNA) +R- (Acomplex - A))
_ (Kaq +[Ply+[RNA])
[complex] = (2[RNA]O) 3

(K + [Pl HRNAT)’ ~4{P},[RNA],
(Z[RNA]O)

with A, anisotropy; Arna, initial free anisotropy; Acompiexs
anisotropy of the protein—RNA complex; Py, RNA,, total
protein and RNA concentration, respectively; R, ratio of
intensities of bound and free forms.

CD measurements

Far UV CD measurements were performed on a J-810 S
spectropolarimeter with a CDF-426S temperature control
unit (JASCO International, Tokyo, Japan). Samples were
prepared by dialyzing protein solutions against 10 mM
sodium phosphate buffer, pH 7.5. Spectra were recorded
at 25°C in a wavelength range of 185-260 nm with 50 nm/
min scanning speed in a 1 mm path length quartz cuvette
(Hellma, Millheim, Germany) at a protein concentration
of 10uM. Buffer spectra were subtracted and ten
spectra were accumulated. In order to normalize the
measured ellipticity the mean residue molar ellipticity
was calculated as:

®
[OlMrw= cd N 4

®, measured ellipticity; MRW, mean residue mass; c,
protein concentration; d, path length; N, number of
amino acids.

Thermal stability was analyzed by monitoring the CD
signal at 222 nm during heating from 25°C to 90°C with a
heating rate of 1°C/min. Quartz cuvettes with 1cm path
length equipped with a stirrer were used at a protein
concentration of 2.5 uM. Both baselines and the transition
region were fitted simultaneously:

B (yn —+ my - Tm)
obs = 1 exp(AHm/R(L/ T — 1/T))) 5
L 04t mg ) exp(AHn/R-(1/ Ty ~ 1/T)

(1 +exp(AHw/R(1/ Ty — 1/T)))

Vobs> Observed ellipticity; y,, vq y-intercepts of the baselines
of native and denatured protein; m,,, mq, baseline slopes.



AH,, is the enthalpy at the temperature of the melting
point (Ty;) (35,36). Evaluations were based on the
assumption that the unfolding transition is a two-state
reaction. The temperature dependence of AGp (free
energy of unfolding) can be predicted at any temperature
from the modified Gibbs—Helmholtz equation:

AGp(T) = AHw(1 — T/ Ty)
—AC,(Ty — T) + T - In(T/ Tr))

Over the narrow temperature range of the transition
effects of ACp (change in heat capacity) are negligible.
Therefore, the equilibrium constant of the unfolding
reaction, K, is defined as

—R-Tin(K) = AHy, — T+ ASy = AGp 7

c=oof () + (5%2)] :

where T is the temperature in Kelvin, R is the gas constant
and AS,, is the entropy of unfolding at the melting
point (Ty;). When observing a two-state process with an
experimental observable, y.s, the equilibrium constant
for the reaction is

:())obs_(yn“‘mn'T))
((va +ma - T) = yobs)

By combining equations 7 and 9, AGp can be calculated
(36,37).

6

9

RESULTS

Fluorescence anisotropy measurements were performed to
determine the dissociation constants of NusB or NusB
:NusE and various RNA constructs (Tables 1 and 2).

Formation of the dimeric NusB:NusE complex enhances
RNA binding affinity

NusB bound rrnG BoxA-spacer and rrnG BoxA with
nearly identical efficiencies (dissociation constants Ky of
130 = 20nM and 200 = 10 nM, respectively; Figure 1A,
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BoxA-spacer, nutL BoxA-spacer and nutR Box A sequences
was significantly lower (K4 values of ~1.5 uM; Figure 1B).
The higher anisotropy of nutR BoxA relative to the other
constructs reflects the different rotational correlation
time relative to the large RNA constructs. Preformed
NusB:NusE heterodimer bound to all RNAs tested with
affinities more than an order of magnitude greater than
NusB alone, consistent with the findings that both NusB
and NusE in the NusB:NusE complex make RNA
contacts (24). K4 values for the rrnG BoxA-spacer and
the rrnG BoxA were 8 £2 and 5 £+ 1 nM, respectively
(Figure 1A; Table 2), and 90 + 37nM for nutR BoxA-
spacer, 80 +22nM for nutl. BoxA-spacer, and
83 + 8nM for nutR BoxA (Figure 1C; Table 2). These
data also indicate that contacts of NusE to the spacer
region previously seen by UV-induced crosslinking (24)
do not significantly increase the RNA affinity of the
complex.

Protein RNA interaction takes place predominantly
via BoxA

The binding of NusB and NusB:NusE to A nut BoxA-
spacer and nutR BoxA sequences with virtually identical
affinities suggests that the spacer regions, shown
previously to bind NusA (5), do not bind NusB or
NusB:NusE. To confirm this, we measured binding to
spacer alone. Specific binding of NusB or NusB:NusE to
nutl. spacer and nutR spacer was not observable in
fluorescence titrations (Figure 1D). A slight increase of
the fluorescence anisotropy signal with the NusB:NusE
nutR spacer titration is consistent with unspecific binding
with a K4-value in the upper micromolar range.

BoxA mutations decrease binding affinity

Several BoxA mutations (Supplementary Table S2) affect
AN antitermination and HK022 Nun transcription arrest
(14,26-28). We studied the effect of these mutations on
NusB and NusB:NusE binding affinities. No interaction
with the boxA transversion mutant nutR BoxA69-spacer
and either NusB or NusB:E heterodimer was detected
(Figure 2A and B; Tables 1 and 2), clearly indicating

Table 1). The efficiency of NusB binding to A nutR that the binding of these factors is Box4d RNA
Table 1. Dissociation constants for NusB monomer variants in nano molar

NusB NusBP!18N NusBP!18A NusBP!1SE NusBP!18K NusBP!1SR
rrmG BoxA-spacer 130 + 20 24 +4 230 £+ 140 370 + 30 240 =+ 40 500 + 130
rrmG BoxA 200 + 10 50 + 15 1100 £ 100 150 + 20 450 + 50 800 + 80
nutR BoxA-spacer 1200 + 600 900 + 300 nb 3200 + 800 nb nb
nutL BoxA-spacer 2200 + 800 1400 = 500
nutR BoxA 1600 £ 100 290 + 15 500 + 140 1400 £ 100 600 + 25 1000 + 70
nut R-spacer nb nb
nutL-spacer nb nb
nutR BoxAS5-spacer 3100 £ 1600 12200 + 1600
nutR BoxAl6-spacer 5100 £ 1400 6500 + 2000
nutR BoxA(U39G )-spacer 1600 + 800 9000 + 3400
nutR BoxA69-spacer nb nb

25mM HEPES, 100mM potassium acetate, pH 7.5.
nb = no binding detectable; empty cell = not determined. At least two
weights of the amino acids at residue 118 are A<N <D <E<K <R.

independent experiments were performed per Ky. The relative molecular
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Table 2. Dissociation constants for NusB:NusE heterodimer variants in nano molar

NusB:NusE NusBP!EN: NusBP!18A; NusBP1SE; NusBP!8K, NusBP!'$R: NusE NusB:
NusE NusE NusE NusE NusE21eoP

rrnG BoxA-spacer 8+2 24 +£ 4 305 125 £ 20 42 £6 26 £5 22 £2
rrnG BoxA S+1 25+ 7 60 £ 5 135£5 90 + 4 65+ 6 50+5
nutR BoxA-spacer 90 + 37 32+ 11 700 = 100 290 + 90 110 = 20 110 + 28 360 + 50
nutl BoxA-spacer 80 £ 22 40 £ 10 600 £ 60
nutR BoxA 83 £8 9+ 1 60 £ 5 200 + 20 75 +£3 31+£2 160 £ 20
nutR Spacer nb
nutL Spacer nb
nutR BoxAS5-spacer 5200 + 1300
nutR BoxAl6-spacer 3400 £ 1800
nutR BoxA(U39G )-spacer 1900 £+ 700
nutR BoxA69-spacer nb

25mM HEPES, 100 mM potassium acetate, pH 7.5.

nb = no binding detectable; empty cell = not determined. At least two independent experiments were performed per Ky. The relative molecular

weights of the amino acids at residue 118 are A<N<D<E<K<R.
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Figure 1. Fluorescence anisotropy titration of fluorescein labeled A nut and rrnG RNAs with NusB (open markers) and NusB:NusE complex (filled
markers). (A) A 50nM rrnG BoxA-spacer (squares) and 50 nM rrnG BoxA (circles) titrated with NusB and NusB:NusE. (B) Fifty nanomolar nurR
BoxA-spacer (circles), nutL BoxA-spacer (squares) and nutR BoxA (triangles) titrated with NusB. (C) A 50nM nutR BoxA-spacer (circles), nutL
BoxA-spacer (squares) and nutR BoxA (triangles) titrated with NusB/NusE. (D) A 50nM nutR spacer (circles) and 50 nM nutL spacer (squares)
titrated with NusB and NusB/NusE. Solid lines represent the best fit to equation (3).

sequence-dependent. This result supports the in vivo
finding of Patterson et al. (14) that N antitermination on
BoxA69 fusions is NusB-independent. We next tested
BoxA point mutants that inhibit N and Nun (Figure 2A
and B; Tables 1 and 2). The nutR BoxAS5 mutation (G35U)
reduced NusB binding 2- to 3-fold (Kq = 3.1 £ 1.6 uM).
Interestingly, the affinity of NusB:NusE heterodimer for
the mutant RNA was essentially identical to that of NusB

(Kg = 5.2+ 1.3 uM). NusB and NusB:NusE bound nutR
BoxAl6 (C38A) with Ky values of 5.1 £ 1.4uM and
3.4 £ 1.8 uM, respectively. The dissociation constants of
NusB and NusB:NusE for nutR BoxA (U39G), which
inhibits N, were 1.6 £0.8uM and 1.9 = 0.7uM,
respectively. Judged from their effects on the NusB and
NusB:NusE binding affinities, G35 and C38 participate
more tightly in protein binding than U39. The equivalent



normalized anisotropy >

0 10 20 30
protein concentration [uM]

Nucleic Acids Research, 2010, Vol. 38, No. 1 319

=

05 , .

normalized anisotropy

-0,1 | 1 |
0 10 20
protein concentration [uM]

Figure 2. Fluorescence anisotropy, Anut BoxA variants and NusB (A), NusB:NusE (B). Each titration was performed with 50nM of fluorescein
labeled RNA. nutR BoxAS5-spacer (filled circle, fit: solid line), nutR BoxAIl6-spacer (open square, fit: dashed line), nutR BoxA69-spacer (filled triangle)
and nutR BoxA(U39G )-spacer (open triangle, fit: dotted line). Lines represent the best fit to equation (3). For nutR BoxA69-spacer no interaction was

observable, therefore no fitting was performed.

binding affinities of NusB and NusB:NusE heterodimer
to these BoxA point mutants stands in sharp contrast to
the enhanced binding of the heterodimer to wild-type
BoxA sequences.

The NusB?'"®N (NusB101) mutation affects RNA
binding affinity

NusBP!'"®N is a gain- of-function mutation that enables
NusB to override mutations in NusE and NusA that
abrogate A N-mediated antitermination (29,30). The
dissociation constants for NusBP''"*N complexes with
rrnG  BoxA-spacer and rrmG BoxA were 5- to 6-fold
lower compared to wild-type NusB (Figure 3A; Table 3).
Only small reductions in K4 were observed for the nutL
BoxA-spacer and nutR BoxA-spacer complexes, whereas
the dissociation constant for the complex of NusBP!'*N
with nutR BoxA decreased significantly from ~1600 nM to
~290nM (Figure 3B; Table 1). In contrast, the mutation
increased the Ky values about 3-fold for heterodimer
complexes with rrnG BoxA-sgacer and rrnG BoxA
(Figure 3C, Table 2). NusBP'"*N:NusE complexes with
nutR BoxA-spacer and nutl BoxA-spacer sequences
displayed 3- and 5-fold, respectively, lower Ky values
for the mutant relative to the Wild-tx})e heterodimer
(Figure 3D, Table 3). For the NusBP'"*N:NusE complex
with nutR BoxA, the Ky decreased by nearly an order of
magnitude to 9 £ 1 nM (Figure 3D; Table 2). Thus, NusE
did not further enhance the binding of NusB®'"*N to rrnG
BoxA or rrmG BoxA-spacer. However, NusE strongly
stimulated the binding of NusBP'™N to sequences
derived from nutL and nutR.

The structure of NusB'"*™N:NusE*'*°P closely resembles
the structure of NusB:NusE*'*°P

NusE2'°°P js a derivative of NusE that binds NusB and
retains transcriptional but not translational activity (24).
The NusB:NusE*!°°P complex binds RNA that includes a
BoxA sequence, although with lower efficiency than
NusB:NusE [(24); Figure S1; Table 2]. Previous studies
demonstrated that NusBP''3N:NusE*'°°P bound RNA
more tightly than NusB:NusE2'°°P. To ask if the increased

RNA affinity of the NusBP'"*™:Nusg*!°°P complex
correlated with structural rearrangements compared
to the NusB:NusgE2°°P comﬁg\l{ex, we solved the crystal
structure of the NusBP! :}\IusEA'(’Op complex by
molecular replacement at 2.5A resolution (Figure 4).
The structure was refined to Ryorx and Rpe. factors of
20.4% and 25.6%, respectively (Table 4). An asymmetric
unit of the crystal contained three molecules each of
NusBP!'®N  and  NusE2°°P,  which formed three
NusBP!"¥N:NusE*1°°P complexes. Two of these complexes
exhibited well-defined electron density, but the electron
density map of the third complex was fragmentary: In
that complex, residues 60-77 and 127-139 of NusB"!'*N
and residues 45-47 and 60-72 of NusE*!°°P could not be
unambiguously traced. The following discussion therefore
refers to the structures of the two well defined complexes,
which closely resemble each other [RMSD of 0.75A for
220 Co atoms; calculated with SSM (538)].

The global structure of NusBP''™N in complex with
NusE~!°°P is very similar to that of wild-type NusB in
isolation [PDB ID 1EYI; (39); rmsd of 2.54 A for
110 Co atoms; Figure 4]. Furthermore, the structure of
the NusBP'"*N:NusE*!°°P complex is virtually identical
to that of the NusB:NusE2'°°P complex (RMSD of
0.85A for 220Ca atoms; Figure 4B), demonstrating
that the DI18N mutation has no global conforma-
tional consequences. In particular, the positions and
conformations of NusB residue N118 in the mutant and
of residue D118 in the parent complex are essentially
identical. Irrespective of the amino acid at position 118,
the neighboring region undergoes identical adjustments
upon NusE*°°P binding, during which the Co position
of residue 118 is repositioned by 2.8 A (Figure 4C,
inset). However, the D118N exchange induces a significant
difference in the local electrostatic surface properties of
the complex (Figure 4D). This observation is consistent
with the idea that the increased RNA affinity of
NusBP'8N or its complex with NusE21°°P is at least in
part due to the replacement of a negatively charged
residue with an uncharged residue at the RNA binding
site, thus reducing repulsion with the negatively charged
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Figure 3. Fluorescence anisotropy measurements with fluorescein-labeled Anur and rrnG RNAs towards NusBP'¥N (A and B) and NusBP!"*N:NusE
complex (C and D) (filled markers) compared to the wild-type NusB and NusB:NusE complex (open markers, data as in Figure 1A and C). (A) Fifty
nanomolar rrnG BoxA-spacer (squares) and 50nM rrmG BoxA (circles) titrated with NusBP'"™™ and NusB; (B) 50 nM nutR BoxA-spacer (circles),
nutL BoxA-spacer (squares) and nutR BoxA alone (triangles) titrated with Nus®'"®N and NusB. (C) A 50nM rrnG BoxA-spacer (squares) and 50 nM
rrnG BoxA (circles) titrated NusB®!'"*N:NusE and NusB:NusE; (D) 50nM nutR BoxA-spacer (circles), nutL BoxA-spacer (squares) and nutR BoxA
(triangles) titrated with NusBP'"™N:NusE and NusB:NusE. Dashed lines represent the best fit to equation (3) for NusBP'"*N and NusBP'"N/NusE,
respectively. Solid lines the similar fit for wild-type NusB and NusB:NusE.

Table 3. Melting temperatures (7y), free reaction enthalpy at the
melting point (AHy p) and Gibbs free energy of the unfolding
reaction at 328K (AGp) values for NusB variants (10mM potassium
phosphate, pH 7.5)

v (K) AHy p[Tm] AGp [328K]

(kJ/mol) (kJ/mol)
NusB 337.8 £ 0.1 280 + 4 8.3 +0.2
NusBP!8N 333.6 + 0.1 174 + 3 2.74+0.2
NusBP!84 333.5 £ 0.1 340 + 4 5.6+0.2
NusBP!!8R 331.0 £ 0.1 298 + 4 24+02
NusBP!3E 334.5 + 0.1 263 + 3 58+0.2
NusBP!8K 330.8 + 0.1 244 + 3 1.6 £0.2

sugar-phosphate backbone of the RNA. Alternatively,
or in addition, introduction of an asparagine for an
aspartate at position 118 may result in additional
hydrogen bonds to the RNA.

The overall structures of various NusB118 mutants are
highly similar

To investigate further the effect of amino acid variations
at position 118, several point mutations with positively
charged, negatively charged, and apolar amino acids
were examined. All NusB variants show CD-spectra
typical of a-helices, i.c. minima at 208 nm and 222 nm as

well as a maximum at 190nm (Figure 5A), with only
minor differences from the wild-type protein spectrum.
The melting temperatures of NusB and NusB D118
variants were determined by thermal unfolding. The CD
signal at 222 nm, which we used to indicate melting, was
reduced by all mutations, particularly by substitutions
with positively charged residues. The Gibbs free energy
of the unfolded species (AGp) at 328 K thus ranges from
8.3 £ 0.2kJ/mol for wild-type NusB to 1.6 £ 0.2 kJ/mol
for NusBP!'"8% The NusB variants, with the notable
exception of NusBP''"N show very similar unfolding
transitions. The broader transition of NusBP''*N indicates
a lower value for the Gibbs free energy of the unfolding
reaction at 328 K and for the free reaction enthalpy at the
melting point [(35,36); Figure 5 and Table 3]. These
relatively small differences indicate that the D118 point
mutations do not lead to global NusB misfolding or to
unstable NusB proteins.

Effects of other NusB D118 mutations on RNA binding

The binding properties of different NusB mutants
dependent on the RNA were tested. Thus the binding of
NusBP'"*A to rrmG BoxA-spacer was approximately as
tight as NusB ™", whereas the affinity of the mutant for
rrG BoxA was 20% that of NusB™ (Figure 6; Table 1).
NusBP!'"'®E bound rrnG BoxA with wild-type efficiency but
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Figure 4. Structure of the NusBP''|N:NusE2'°°" complex. (A) Ribbon plot of the E. coli NusBP''"N:NusE2'°°P complex. NusBP!'*N, green;
NusE2°°P_ orange. Secondary structure elements and termini are labeled. The orange sphere marks the site at which the ribosome-binding loop
of NusE has been replaced by a single serine. (B) Comparison of the NusBP''¥N:NusE2°°P complex (left) with the NusB:NusE*°°P complex [right,
PDB ID 3D3B; (24)]. Insets: closeup views of the residue 118 regions. The orientation relative to (A) is indicated. Gray mesh, final 2F, — F; electron
densny of the NusBP ¥ N:NusEA!°°P structure contoured at the 1o level and covering N118 and neighboring residues. The orientation relative to (A)
is indicated. (C) Su Iperlmposition of the NusB:NusE*°°P complex [blue and red, PDB ID 3D3B; (24)] and of NusB [grey, PDB ID 1EY1; (39)] on the
NusBPN:NusEA°°P complex (green and orange). Residues at position 118 are shown as sticks and a magmﬁed view of the residue 118 region is
provided (carbon, as the respective molecule; oxygen, red; nitrogen, blue). The orientation relative to (A) is indicated. (D? Comparison of the
electrostatic surface potentials of the complexes. Blue, positive charge; red, negative charge. Left, NusBP!'"™:NusE2!°°P complex. Right,
NusB:NusE2°°P complex. The positions of residue 118 are circled. The orientations are the same as in (B).
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Table 4. Crystallographic data

NusBDl I8N _ NusEAloop

Data collection

Wavelength (A) 0.9788
Temperature (K) 100
Space group 14,22

a=112.64, b = 112.64,
¢ =263.25
30.0-2.5 (2.6-2.5)*

Unit cell parameters (10\, °)

Resolution (A)

Reflections
Unique 29761 (3263)
Completeness (%) 100 (100)
Redundancy 7.22 (7.42)
I/o(D) 18.1 (4.1)
Ryym(D)° 8.6 (72.5)
Refinement
Resolution (A) 30.0-2.5 (2.56-2.50)
Reflections
Number 29753 (2178)
Completeness (%) 100 (100)
Test set (%) 5.0
Ryork’ 20.4 (23.1)
Riree’ 25.6 (29.1)

Contents of AUY
Protein molecules/refined atoms 3 NugBAspl18Asn

3 NusE2°°P/5313

Water oxygen 155

Ions . 1 K*
Mean B-factors (A?)

Wilson 52.7

Protein 60.5

Water 22.8

Ions 29.5
Ramachandran plot®

Favored (%) 97.12

Allowed (%) 2.43

Outliers (%) 0.45
RMSD from target geometry

Bond lengths (A) 0.01

Bond angles (°) 1.22
RMSD B-factors (A?)

Main chain bonds 0.41

Main chain angles 0.82

Side chain bonds 1.43

Side chain angles 2.48
PDB ID 3IMQ

“Data for the highest resolution shell in parentheses

bRsym(l') = XX hkl) < I(hkl) > | 2,,%2; | I(hkl) |; for n independent
reflections and i observations of a given reflection; </(hkl)> — average
intensity of the i observations

CR = Ehk/HFubs‘ - ‘Fcalc\‘/zhk/‘Fubs‘; Rwork - hk! ¢ T; Rfree - hkl S T; Ta
test set.

JAU, asymmetric unit.

‘Calculated with MolProbity (http://molprobity.biochem.duke.edu/)
(40) RMSD, root-mean-square deviation.

associated with rrnG BoxA-spacer ~2-fold less well than
NusB ". We considered the possibility that replacing D118
with a positively charged residue might enhance binding
through ionic interactions with the RNA ligand. This was
not the case. Neither NusB®''®* nor NusB”''"*® bound
rrnG RNA with wild-type efficiency. The higher volumes
of the lysine and arginine residues may induce unfavorable
steric interactions, canceling out positive contributions
to binding by electrostatic interactions with RNA.
Consistent with this idea is our observation that
NusBP!'"®R bound rrn or nutR BoxA less efficiently than

NusBP!'"™¥ reflecting, perhaps, the larger volume of the
former substitution. Of the various D118 substitutions,
interaction with the nutR BoxA-spacer could be
detected only for NusBP'"®N and NusBP''*F (Figure 6
and Table 3). NusBP''®E bound nutR BoxA as well as
NusB*. NusBP''"®4 and NusBP''®¥ bound nurR BoxA
significantly better than wild-type NusB (Figure 6 and
Tables 1 and 2).

NusE improves binding of NusB mutants

With the exception of NusBP''®F NusE significantly
enhanced mutant NusB binding to rrnG RNA, although
no mutant except NusB®'"®N bound as well as NusB ™ :
NusE. NusE also enhanced binding to nutR sequences.
Binding of NusB mutants to nutR BoxA was, except
for NusBP'"'¥E  at least as strong as NusB*. Thus, NusE
may foster additional RNA contacts, rendering NusB-
mediated interactions less dominant (Figure 7 and
Tables 1 and 2).

NusBP'8N NusBP''8% and NusBP'!8R suppress
the nusA1 (nusA“'**®) mutation in vivo

We next tested the NusB D118 mutants for suppression of
nusAl (nusA™53R). nusA™153% prevents phage A growth at
42°C by blocking A N antitermination. Over-expression of
NusB D118 mutants in a nusA” A cI857 lysogen had
modest negative effects on phage burst size (Table 5).
The negatively charged NusBP®'™F was most inhibitory,
reducing burst size to 32% of wild-type levels. In the
nusA™* R background, all mutants except NusBP!''SF
increased burst size >100-fold. NusB°'"™N suppressed
nusAH153R with greatest efficiency, increasing burst size
from <0.01% to 4.9% relative to nusA ". NusB”'"®*% and
NusBP!'"®R also significantly enhanced A growth (to 2.2%
and 3.3%, respectively, of nus4+ titers). Suppression by
NusBP!"'84 was the least effective (0.5%). Taken together,
these data suggest that replacing the negatively charged
aspl18 with an uncharged asparagine residue or a
positively charged lysine or arginine residue significantly
restores A N activity in a nusA“®® strain. Poor
suppression by the alanine substitution may reflect the
lower molecular weight of this aminoacid relative to
aspartate. Similarly, the inability of NusBP''®E to restore
A growth may also be caused by steric effects due to the
bulky glutamate side chain, in spite of its negative charge.

DISCUSSION

Processive transcription antitermination depends on
formation of a multi-factorial ribonucleoprotein com-
plex on the surface of RNAP in response to nut signal-
ing sequences in the untranslated leader regions of
transcripts. These factors include NusA, NusB, NusE
and NusG (2-4). In the case of A nut, A N protein forms
part of the complex, whereas the complex that forms at
rrn nut includes the Nus proteins and a number of addi-
tional host factors (21,22). Protein—protein and protein—
RNA interactions in these complexes are cooperative
in the sense that a stable complex is assembled based on
numerous, but often weak, binary interactions. While some
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of these binary interactions have been mapped within the
complexes, little is known about their relative strengths
and how important these are for generating functional
complexes. Here, we have used a combination of
biophysical and functional studies to explore interactions
between NusB or NusB:NusE complex and the nut BoxA
RNA signaling sequence to which it binds.

We confirm that the affinity of NusB:NusE for BoxA4 is
an order of magnitude higher than that of NusB alone
(13), reflecting, presumably, the additional contacts that
NusE makes with BoxA. We find that mutations in A nut
BoxA that inhibit A N antitermination reduce NusB
binding. However, in contrast to A nut BoxA™, the
affinities of NusB and NusB:NusE for the mutant BoxA
sequences are essentially identical. The mutations lie
throughout BoxA and do not define the known sites of
NusE-RNA interactions (24).

The K4 values reported above for the association
of NusB or NusB:NusE with A nut BoxA are similar

N (green), NusBP!'%4 (black),

to those reported by Greive and coworkers based
on fluorescence anisotropy experiments (13). We note,
however, a large difference with respect to rrnG
BoxA-spacer binding. These authors report a Ky of
850nM for NusB and 200nM for NusB:NusE, whereas
we observe values of 130nM and 8nM, respectively.
Since the RNA sequences tested were identical, we
suggest that the lower affinity seen by Greive et al.
reflects the 5 location of the fluorescent label on
their RNA compared to the 3’ location used in our
experiments. The N-terminus of NusB contacts both
rrn BoxA and nut BoxA at their 5'-ends, and interference
with these contacts by a 5 label could increase the
K4 values, although in an RNA sequence-dependent
manner. Indeed, we find that the K2E mutation
increased the Ky of the NusB rrn BoxA-spacer complex
from 130nM to 3600nM, but raised the Ky of NusB
binding to nutl BoxA-spacer only 2-fold (from 2200 nM
to 5100 nM).
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Table 5. Strains are W3110 nusB::Cam rclI857 lysogens

nusB plasmid nusA ™" nusAl Suppression (%)
- 103 0.0004 <0.01

+ 137 2 <0.01

DI118N 85 4.2 49

DI18A 74 0.4 0.5

DIISE 44 0.005 <0.01

D118K 113 2.5 2.2

DII8R 125 4.2 33

NusB is carried on pBAD30 and induced with 0.2% arabinose. Cells
were grown overnight at 32°C in LB + ampicillin (50 pg/ml), diluted
1:100 into the same medium + 0.2% arabinose,and grown at 32°C
for 1h. 2 was induced by temperature shift to 42°C for 90 min.
Burst size was determined by plating the lysate on W3110 at 37°C.
Cells were titered at 32°C prior to temperature shift; titers were equi-
valent for all strains. Values represent an average of two experiments;
variation was <8 %.

We have also explored the Phgnotype of the NusBP!'!8N

(NusB101) mutation. NusB®''®N suppresses mutations in
NusA and NusE that inhibit 4 N antitermination function
(29,30). It has been proposed that an increase in the
affinity of NusB®'"*N for nut RNA compared to NusB ™
may compensate for weaker RNA (or protein) contacts of
the mutant Nus proteins (24, 29). We show here that the
DI118N mutation enhances NusB binding to both rrn
BoxA and A nut BoxA. The mutation reduces binding to
A nut BoxA mutants, BoxA5 and BoxA(U39G), but
has no effect on binding to BoxA16. It will be interesting
to test whether the D118N mutation further reduces A N
antitermination on BoxA mutant templates in vivo.
DI118N also enhances NusB binding to nut BoxA in
complex with NusE. However, we find that the affinity
of NusBP'""®*N:NusE for rrn BoxA is only 20% that of
NusB " :NusE. These data imply that D118N, although
it optimizes the formation of the A N antermination
complex, interferes with the assembly of antitermination
complexes on rrn operons.

The enhanced affinity of NusB”'"*N to Box4 is not due
to gross distortions in the shage of the NusE complex.
Thus, the structure of NusBP!''*™:NusE*'°°P complex
is virtually identical to NusB':NusE*!°°P, although
the electrostatic surface properties are strongly
affected (Figure 4D). In fact, CD spectroscopic analyses
(Figure 5) show that NusB also structurally tolerates a
number of other mutations at position 118. Thus, the
effects of the D118 mutations on RNA binding are local.

D118 is located close to NusB residues that interact
with BoxA RNA. It was suggested that removal of the
negatively charged aspartate with the neutral asparagine
residue might extend the NusB RNA-binding surface and
that this might stabilize the antitermination complex and
account for the suppression of nus4l and nusE71. Our
results in general support this notion, although we find
that the size of the D118 substitution also plays a role in
the affinity of NusB for RNA.

The differential RNA affinities of the mutant
NusB:NusE complexes roughly correlate with their
in vivo suppression activity. We measured the burst sizes
after induction of a A ¢I857 lysogen in nusA " and nusAI
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hosts. This assay, which reflects the ability of A N to
antiterminate, showed that the order of nusAl suppres-
sion efficiency was D118N > DI118R > DI118K > DI118A.
DI118E failed to increase A burst size over that seen for
NusB *. The binding affinities to nut BoxA for the mutants
in complex with NusE was D118N > D118 > DII8R >
D118A > DI118K > DI18E. Note that the Ky of NusB™"
for nut BoxA (83nM) was not significantly different from
that of NusBP''®K (75n1M), yet the mutant NusB
increased the A burst size in a nusA/l host at least 100-
fold above the wild-type NusB level. This disjunction
between RNA binding and N activation is, as yet,
unexplained. It implies, however, that D118 may make
functionally important contacts within NusB or with
NusE.

We propose that D118 does not contact BoxA,
but that removal of the negative charge permits
such interaction. The location of position 118 opposite
the NusB:NusE interaction surface renders an effect
of mutations at this position on the NusB:NusE
interaction unlikely. However, it cannot be ruled out
completely, and a more definitive verdict needs further
structural analysis of the NusB:NusE:BoxA complex.
Study of how NusB mutations affect complex formation
with NusE2!°°P and alter its RNA binding properties
might shed further light on the role of the NusE loop in
RNA binding.

The results from our combined biophysical and genetic
investigations illustrate how a particular protein—RNA
interaction is fine-tuned with respect to other interactions
within a functional ribonucleoprotein complex to
achieve processive transcriptional antitermination.
Furthermore, our results refine the mechanism by which
NusB acts as a NusE RNA loading factor (24).
NusB:NusE:RNA complex formation is entirely
mediated by the BoxA sequences, whereas the spacer
regions are necessary and sufficient for NusA binding
(5). Sterically, simultaneous binding of these Nus factors
to nut and rrn should be possible. There is, however, no
evidence that NusA and NusB:NusE interact at nuz, and
no increase in nut binding by NusB:NusE was observed on
NusA addition (15).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplemental Table:

Table S1: Obtained affinity constants for NusB®''™ (NusB101) towards different
concentrations of fluorescein labeled rrnG BoxA. The used buffer conditions were 25

mM HEPES, 100 mM potassiumacetate, pH 7.5.

rrnG BoxA [nM] K;InM
5 66 + 20

50 50+ 15
100 100 + 24

Supplemental Figure Legend:

Figure S1: Fluorescence anisotropy measurements with fluorescein labeled Anut and
rrnG RNAs towards NusB/NusE*°. Each titration was performed with 50 nM
fluorescein labeled RNA. rrnG BoxA(open circles), rrnG BoxA-spacer (filled circles),
nutR BoxA (open squares), nutR BoxA-spacer (filled triangles), nutl BoxA-spacer

(open triangles). Lines represent the best fit to equation (3).

Supplemental Figure:
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The bacterial transcription factor NusG
is suggested to act as a key coupling
factor between transcription and
translation (1) and contributes to Phage
A mediated antitermination in E. coli
that enables read-through of early
transcription termination sites. E. coli
NusG consists of two structurally and
functionally distinct domains that are
connected via a flexible linker. The
homologous Aquifex aeolicus NusG with
a secondary structure that is highly
similar to E. coli NusG shows, under
certain conditions, direct interaction
between its N-terminal and its C-
terminal domain resulting in a domain-
swapped dimer. Here we performed
NMR paramagnetic relaxation
enhancement measurements and
identified interdomain interactions that
were, however, concentration
dependent and thus considered not only
weak and transient, but also
predominantly intermolecular, and this
notion of two virtually independent
domains was supported by N
relaxation measurements. Thus, a
regulatory role of NusG interdomain
interactions is considered unlikely.

E. coli NusG (N-utilization substance G)
is essential for cell viability (2) and found
in all known bacteria. The C-terminal
domain, CTD, contains a KOW motif that
is also found in archaeal (3) and
eukaryotic (4) proteins. NusG's exact role

in transcription regulation remained
obscure until very recently when NusG
was identified as the long sought after
coupling factor between transcription and
translation in E. coli (1), in addition to its
better known role in the transcription-
elongation complex (TEC) where it
increases the elongation rate of the RNAP
in vivo and in vitro (5-7) by suppression of
transcriptional pausing (7). NusG is also a
component of the phage A protein N
mediated antitermination (8-10) and the
phage HKO022 protein Nun mediated
termination complex (11, 12), along with
the other Nus factors A, B, E (ribosomal
protein S10), RNA, and the RNAP. The
regulatory functionality of NusG can be
attributed to direct interaction with the
RNAP (8, 13, 14).

Additionally, NusG is involved in
transcription antitermination in ribosomal
RNA (rRNA)(15, 16) and at certain p
dependent sites (11, 17, 18). NusG recruits
p and prevents backtracking of the RNAP
(7, 18), but detailed information on the
final step of p-dependent termination is
still ~ lacking (19). Direct NusG:p
interaction was reported (17, 18), and the
NusG carboxy-terminal domain (CTD)
was identified as the interaction domain
(1). In addition to its role in transcription,
NusG is also involved in translational
regulation (20), and the NusG CTD was
again identified as the ribosome
interaction domain (1).
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The structure of E. coli NusG (19) is
highly similar to the structures of the
homologous Aquifex aeolicus (21, 22) and
Thermus thermophilus (23) proteins. The
A. aeolicus NusG is reported to form a
domain-swapped dimer under certain
crystallization conditions (22), although
this observation is disputed as such a
dimer is not observed in a different
crystallization setup (21) and related
studies (19, 24). Interestingly, however,
the NusG paralogue RfaH is reported to
exist in a closed conformation with both
domains tightly interacting, and this tight
interaction is abolished when the RfaH-
CTD leaves the binding pocket on the
RfaH-NTD upon binding to the ops-site of
the non-template DNA strand, thus
providing an RfaH activation step (24, 25).
Although E. coli NusG and RfaH exhibit
the same folding topology for their NTDs
(19, 25)(NusG-NTD, PDB-ID: 2KO06;
RfaH, PDB-ID: 20UQG), their CTDs show
reversed topologies: Whereas RfaH-CTD
is all a-helical, NusG-CTD exhibits an
anti-parallel [B-barrel-like structure (19)
(NusG-CTD, PDB-ID: 2JVV).

The area masked on the RfaH-NTD by its
CTD consists of several surface exposed
hydrophobic residues that are directly
involved in RfaH:RNAP interaction (14,
26). Surface hydrophobic residues are
more numerous in RfaH than in NusG (19)
where they are supposed to be involved in
additional protein interactions (21).

Here we study individual NusG domains
to gain insight into their role within the
TEC, their relative motional behavior and
their mutual interactions by chemical shift
and paramagnetic relaxation enhancement
(PRE) perturbation titrations as well as by
relaxation experiments.

Materials and Methods

Cloning, expression, and purification of
full-length  NusG and the individual
domains:  Cloning, expression and
purificaton was based on published
methods (18, 19). NusG was cloned via
Bpul102I and Ndel restriction sites into
the E.coli expression vector pETI1A

(Novagen, Madison, WI, USA). E. coli
strain BL21(DE3) (Novagen, Madison,
WI, USA) harboring the recombinant
plasmid was grown at 37 °C in LB
medium (Luria-Bertani) containing
ampicillin (100 pg/ml) until an ODgy =
0.8 was reached and the cells were
induced to a final concentration of 1 mM
isopropyl  1-thio-B-D-galactopyranoside
(IPTG). Cells were harvested 4 h after
induction, resuspended in 4 times the
pellet weight of lysis buffer (50 mM TRIS,
150 mM NaCl, 1 mM DTT, pH 7.5, 1
Protease inhibitor tablet (Complete,
EDTA-free, Roche Diagnostics GmbH,
Mannheim, Germany)), and lysed by using
a micro-fluidizer (Microfluidics, Newton,
MA, USA). After centrifugation
Polyethylenimine (Fluka, Basel,
Switzerland) was added drop-wise under
continuous stirring to the supernatant to a
final concentration of 0.6%. The lysate
was incubated for 20 min and centrifuged
at 12.000 g. Ammonium sulfate was added
drop-wise to a final concentration of 60%
under stirring to the supernatant. The
lysate was centrifuged at 12.000 g and the
pellet was solved in 30 ml of buffer A (50
mM TRIS, pH 7.5). The lysate was
afterwards dialyzed against 2 x 4 1
overnight against buffer A. The lysate was
applied to a HeparinFF column (GE
Healthcare, Munich, Germany) using a
step gradient with increasing NaCl
concentrations (0 — 1 M). For further
purification the eluted fractions containing
NusG were pooled and concentrated with
Vivaspin  concentrators  (Vivascience,
MWCO 5,000 Da). The concentrated
sample was applied to a S75 gel filtration
column (50 mM TRIS, 150 mM NaCl;GE
Healthcare, Munich, Germany). The
fractions containing NusG were pooled
and dialyzed against buffer as used for
NMR measurements (10 mM potassium
phosphate, 50 mM NaCl, pH 6.4). The
identity and structural integrity of purified
protein was analyzed by SDS- PAGE as
well as by NMR spectroscopy. NusG-
NTD (1-124) was cloned via BPU1102I
and Ndel into the E. coli expression vector
pET11A (Novagen, Madison, WI, USA).
The same procedure as described above
for full-length NusG was performed for
expression and purification of NusG-NTD.
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NusG-CTD (123-181) was cloned and
purified as described before (1).

Full-length NusG mutations S16C and
§163C: For NusG"'°“ the following
primers were used: 5'-primer: GTC GTT
CAG GCG TTT TGC GGT TTT GAA
GGC CGC, 3'-primer: GCG GCC TTC
AAA ACC GCA AAA CGC CTG AAC
GAC. For NusG®'° the following primers
were used: 5'-primer: CTG AAA GTG
TCT GTT TGT ATC TTC GGT CGT
GCG, 3'-primer: CGC ACG ACC GAA
GAT ACA AAC AGA CAC TTT CAG
(Purimex, Grebenstein, Germany).
Mutations were introduced by using the
QuikChange protocol (Stratagene, La
Jolla, CA, USA). Expression and
purification were the same described
before for NusG full-length besides the
addition of 1 mM DTT to all buffers used.

Random spin labeling of the e¢-amino
groups of lysines: Spin labeling of the
lysines with 1-Oxyl-2,2,5,5-
tetramethylpyrolline-3-carboxylate N-
hydroxysuccimide Ester (OXYL-1-NHS;
Toronto research Chemicals Inc., North
York, ON, Canada) was done by a slightly
modified published protocol (27). Briefly,
500 uM protein solution in NMR buffer
(10 mM potassium phosphate, 50 mM
NaCl, pH 6.4) were washed with 10 mM
sodium carbonate buffer, pH 9.2, for
buffer exchange in Vivaspin concentrators
(Vivascience, MWCO 5,000 Da). A 10
fold excess of OXYL-1-NHS in DMSO
was added, followed by incubation for one
hour at room temperature and an
additional hour at 4 °C in the dark. To
remove unreacted OXYL-1-NHS, the
sample was washed with 20 ml of NMR-
buffer in a Vivaspin concentrator. For
reduction of the spin label, ascorbate (500
mM stock) was added directly to the NMR
tube to a final concentration of 5 mM.

Site specific spin labeling of NusG
cysteine mutants: Spin labeling of the
cysteines introduced into NusG, NusG®'®¢
and NusG®'®C, respectively, with (1-Oxyl-
2,2,5,5-tetramethyl-A3-pyrroline-3-

methyl) Methanethiosulfonate (MTSL;
Toronto research Chemicals Inc., North

York, ON, Canada) was done by a slightly
modified published protocol (28). Briefly,
500 uM protein solution in NMR buffer
(10 mM potassium phosphate, 50 mM
NaCl, pH 6.4) were washed with 10 mM
acetate buffer for buffer exchange in
Vivaspin  concentrators  (Vivascience,
MWCO 5,000 Da). After addition off DTT
to a final concentration of 5 mM, the
sample was kept for one hour at 4 °C. For
removal of DTT, the solution was eluted
isocratically with 10 mM acetate from a
HiTrap Desalting column (GE Healthcare,
Munich). A 10 fold excess of MTSL
dissolved in acetonitrile was added,
followed by incubation overnight at room
temperature in the dark. To remove
unreacted MTSL, the sample was again
washed with 20 ml of NMR-buffer in a
Vivaspin concentrator. For reduction of
the spin label, ascorbate (500 mM stock)
was added directly to the NMR tube to a
final concentration of 5 mM.

NMR: NMR experiments were recorded at
sample temperatures of 298 K on Bruker
Avance 600 MHz and 700 MHz (equipped
with a cryogenically cooled probe) NMR
spectrometers.

Assignments for NusG-NTD and full-
length NusG were from previous work
(19). The isolated NusG-CTD 'H,"°N-
HSQC resonances matched the
corresponding signals of full-length NusG
perfectly and were trivially assigned and
verified by triple resonance NMR
experiments.

Paramagnetic relaxation enhancements
(R2,para = R2,spinlabel - R2,n0 spinlabel) were
determined by a two point scheme using
an HSQC experiment with additional spin
echo period during the first INEPT
transfer (29). Spin echo intervals were set
to 0.1 ms and 10.2 ms. "N longitudinal
(Ry) and transverse (R;) relaxation rates
were determined by standard methods at a
'H frequency of 600.2 MHz.

Results and Discussion

NMR titrations suggest independence of
the NusG domains: 'H, "N chemical shifts
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of resonances from isolated NusG-CTD
and isolated NusG-NTD as observed in
HSQC (heteronuclear single quantum
coherence) spectra were virtually identical
to the chemical shifts of the respective
domains in full-length NusG (Fig. S1),
rendering persistent domain interactions
within full-length NusG highly unlikely.
In order to further clarify whether or not
transient domain interactions exist for the
more general case of the isolated domains
we resorted to observation of HSQC
chemical shift perturbations of an isotope
labeled domain, NusG-CTD or NusG-
NTD, upon addition of the unlabeled
potential interacting domain, a method that
is well established as a tool to study the
interplay between molecules (30). NMR
spectroscopy, due to its inherent
insensitivity and its resulting requirement
for sample concentrations in the high
micromolar range, is useful for detecting
even weak (kg ~ pM—-mM) interactions,
and perturbations of amide group
resonance shifts as detected by 'H,"°N
HSQC are very sensitive even to subtle
structural changes. As NusG-CTD F165
was claimed to strongly interact with a
NusG-NTD hydrophobic cavity (22),
significant chemical shift changes are
expected on domain contact at least for
F165 and residues in its vicinity, that is
residues in the loop between strands B3
and p4. Titration of unlabeled NusG-NTD
to "N labeled NusG-CTD to a twofold
excess and vice versa, however, did not
result in observable chemical shift changes
in the NMR experiments (Fig. S2). Thus,
with the level of sensitivity provided by
HSQC perturbation experiments, domain
interaction could be detected neither
within the full-length protein nor for the
isolated domains under our experimental
conditions. This observation strongly
correlates with our earlier conclusion that
the area around F165 is not involved in
mutual interactions of NusG domains, but
is rather a key residue in NusE:NusG
complex formation (1).

PN relaxation reveals decoupled domain
reorientation: In order to study the degree
of motional independence of the NusG
domains we determined their "N
relaxation rates in the context of the full-

length protein (31). In a two-domain
protein, concerted tumbling of domains
can be described by a single rotational
diffusion tensor, whereas independent
tumbling of domains requires description
with different rotational diffusion tensors
(32). In an isotropic rotation model,
differences in these tensors are directly
reflected in differences in the average
relaxation rates.

"N transverse and longitudinal relaxation
rates were determined at 14.1 T with a
sample concentration of 200 uM to reduce
aggregation (Fig. 1A, 1B). In the HSQC
spectrum of the full-length protein,
virtually all residues of NusG-CTD were
observed, the average longitudinal
relaxation rate (R;) was 1.35 (£ 0.09) sec”
and the transversal relaxation rate (R,) was
154 (£1.9) sec’, corresponding to a
rotational correlation time 1.~10.1 ns in an
isotropic model. Although the NusG-NTD
signals were considerably weaker, 67 non-
overlapping signals were observed and the
average longitudinal relaxation rate was
1.1 (+ 0.2) sec’, the transversal rate 19.0
(+ 4.6) sec”, corresponding to 1.=13.1 ns
in the isotropic model. Analysis of Ri/R,
distributions offers an elegant method to
detect interdomain motion on the time
scale faster than the overall tumbling (33).
The R;y/R, ratios form the basis for
determination of the rotational diffusion
tensor by NMR relaxation, and for
compact globular proteins a uniform
distribution of R,/R, ratios is characteristic
(31). The bimodal distribution of the R;/R,
ratios (Fig. 1C) that reflect the two
domains demonstrates their different
rotational reorientation behavior, arguing
against a stable domain interaction on the
ns timescale. Although the difference in
relaxation rates demonstrates independent
movement of the two domains to a certain
degree, t. of the CTD in full length NusG
is higher than 1. of the isolated domain
(10.1ns vs. 4 ns). This indicates that
motional decoupling of NusG-CTD and
NusG-NTD via the 5 residue linker is
imperfect, and a significant contribution of
the overall rotation of the full length NusG
to the relaxation mechanisms is expected.
In intact NusG, V162 and 1164 of NusG-
CTD exhibit significantly enhanced R,
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rates of 21.5 sec’ as compared to the
domain average of 15.4 sec’, a difference
not found in isolated CTD. Most likely the
enhanced transverse relaxation can be
attributed to a chemical exchange
contribution, and as these residues are
located in the domain interface of the
swapped-dimer crystal structure, this
might be regarded as initial evidence of
transient domain interaction in solution.

Only highly sensitive PRE experiments
show signs of interaction between the
isolated domains: Fast exchange on the
NMR timescale leads to observation of
population averaged NMR parameters,
and states that are extremely weakly
populated on time average often cannot be
detected even by HSQC chemical shift
perturbations or changes in relaxation
rates. Paramagnetic interactions, however,
provide a means to detect even weak and
transient interactions between molecules.
Paramagnetic centers dramatically
increase relaxation rates of nearby nuclei
and, as a consequence, presence of even
very minor concentrations of paramagnetic
labels in proximity to observed nuclei can
enhance the relaxation rate of the latter to
an observable degree (34). Thus, PRE
observed in a non spin-labeled protein in
the presence of a spin-labeled protein
points to an at least transient proximity of
both molecules. The experiment is
straightforward as a non-spin-labeled
protein, for example NusG-CTD, can be
made easily detectable by '°N enrichment
in HSQC spectra, and introduction of
paramagnetic centers into proteins, for
example NusG-NTD, is possible by
random labeling of mostly surface
exposed lysine residues with 1-Oxyl-
2,2,5,5-tetramethylpyrolline-3-carboxylate
N-hydroxysuccimide Ester (OXYL-1-
NHS) (35). In such an experiment,
addition of OXYL-1-NHS-NusG-NTD to
"N-NusG-CTD causes observable and
specific PRE in the latter, and vice versa
(Fig. 2). Mapping of the resonances with
increased relaxation rates onto the three-
dimensional structures of NusG-CTD
shows very clearly the region around F165
and the region P140 to N145, close to
F165 in the turn between ' and B°, to be
the ones most seriously affected (Fig. 2).

The outcome of the inverse experiment,
that is addition of OXYL-1-NHS-NusG-
CTD to ]SN—NUSG—NTD, was not so clear-
cut. The hydrophobic patch around F65
was clearly affected, together with several
residues in helix o’ and residues close to
F65 that form an apolar surface
surrounded by polar residues. However,
several isolated residues in helices a' and
o’ at the opposite side of the molecule as
well as several residues of the »upper«
loop regions facing away from the putative
interaction side were affected (Fig. 2).
Combined, the PRE results yield a picture
in which a plug around F165 fits nicely
into a socket around F65. Although this is
a reasonable contact surface, and although
these sites correspond well to those found
in the swapped dimer crystal structure
(22), our negative results with HSQC
chemical shift mapping indicate the
interaction to be rather weak and transient.

PREs of site-specific full-length NusG are
concentration dependent: Spin-labeling of
cysteines with 1-Oxyl-2,2,5,5-tetramethyl-
A3-pyrroline-3-methyl)

Methanethiosulfonate (MTSL) provides a
means to to observe the PRE induced by
site-specific labels. Thus, in order to
clarify whether or not the weak domain
interaction observed by random PRE in
solution is intra- or intermolecular, we
performed additional PRE experiments on
two full-length NusG constructs, one
containing an MTSL-cysteine at position
S16C, the other containing an MTSL-
cysteine at position S163C. For both
mutants, PRE of the spin-label on the
respective other domain was observed,
clearly indicating an interaction between
NusG-NTD and NusG-CTD and thus
neither supporting nor ruling out the
formation of a domain-swapped dimer.
However, intramolecular domain
interaction ~ would result in a
concentration-independent PRE, whereas
concentration dependent PRE would
demonstrate intermolecular ~ domain
interactions. PRE determined at different
protein concentrations (Fig. 3) clearly
show a direct dependence of PRE on
sample concentration, thus ruling out an
interaction within one molecule and
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favoring the effect related to the transient
formation of a domain-swapped dimer.

Conclusions: Our NMR studies on domain
interactions of E. coli NusG show these
interactions to be not detectable via
classical chemical shift mapping, and "N
relaxation measurements reveal
independent movements of the two
domains to a very high degree. A domain
interaction could only be observed with
the extremely sensitive technique of PRE
measurements, and it needed a
combination of this technique and site-
directed paramagnetic labeling to show

that these weak interactions were
intermolecular rather than intramolecular.
Thus, a low population of molecules
secems to adopt a  dimolecular
conformation  compatible with the
proposed swapped dimer observed in X-
ray crystallography. Intramolecular
domain interaction, however, would be
required for an autoinhibitory function to
reduce the population of the active open
state. The mode of regulation found for the
paralog RfaH (25) can thus be ruled out to
work for NusG, which may explain why
NusG maintains its overall function, while
RfaH needs the ops site to render a
functional protein.
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Figure Legends:

Fig. 1 A) Longitudinal relaxation rates (R;) for full-length NusG . B) Transversal relaxation
rates (R,) for full-length NusG . Residues 45 to 65 and 115 to 125 are highly flexible and
located in strongly overlapping regions of the protein and their relaxtion rates could not be
determined. C) The distribution of R,/R; is bimodal for full-length NusG. Bars representing
NusG-CTD are shown in black and bars representing NusG-NTD are shown in gray.

Fig. 2 A) Surface representation in gray of the individual E. co/i NusG domains (NusG-NTD
PDB-ID: 2K06; NusG-CTD PDB-ID: 2JVV; (19)) with secondary structure elements. Central
F65 and F165 are shown as sticks in blue, aminoacids with an Ry 4ra (HN)—effect >20 Hz in the
titrations of the individual domains are highlighted in red. B) Rjpar (HY)-rates for each
aminoacid upon titration with the individual spin labeled domains. Values and their respective
deviations are in gray. Signals disappearing due to extensive line broadening are highlighted

in red. The dotted line represents the significance level of 20 Hz.

Fig. 3 Effects of spin labeled NusG®'°“ on the R para (HY)-rates of NusG-CTD in full-length
NusG. Dark gray bars: effects at a protein concentration of 150 uM for selected aminoacids.

Light gray bars: effects at a protein concentration of 50 uM for these aminoacids.
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Supplemental Figure Legends:

Fig. S1: Overlay of the 'H ,"”’N HSQC spectra of full-length NusG (black), A) the individual
NusG-NTD (red), and B) the individual NusG-CTD (red).

Fig S2: 'H, "N HSQC titrations of the individual NusG domains. A) Overlay of "N-NusG-
NTD (black) titrated with unlabeled NusG-CTD to a 1:2 complex (red). B) Overlay of '°N-
NusG-CTD (black) titrated with unlabeled NusG-NTD to a 1:2 complex (red). Concentrations

in each experiment were about 300 uM.
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Bacterial NusG is a highly conserved transcription factor that is required for most Rho
activity in vivo. We show by nuclear magnetic resonance spectroscopy that E. coli
NusG carboxy-terminal domain forms a complex alternatively with Rho or with
transcription factor NusE, a protein identical to 30S ribosomal protein S10. Since
NusG amino-terminal domain contacts RNA polymerase and the NusG carboxy-
terminal domain interaction site of NusE is accessible in the ribosomal 30S subunit,
NusG may act as a link between transcription and translation. Uncoupling of
transcription and translation at the ends of bacterial operons enables transcription
termination by Rho factor, and competition between ribosomal NusE and Rho for

NusG helps to explain why Rho cannot terminate translated transcripts.
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E. coli NusG is a two domain protein (Fig. S1; (1)) that is essential for cell viability
(2). NusG homologs are found in all known bacteria, and the 27 amino acid NusG
carboxy-terminal domain (CTD) KOW motif is found in proteins from archaea and
eukaryotes (3-5). Sequence highly homologous to NusG amino-terminal domain
(NTD) followed by KOW motifs appears in human transcription factor hSpt5 (6).
NusG suppresses RNA polymerase (RNAP) pausing and increases elongation rates in
vitro. In vivo, it acts in concert with NusA, NusB and NusE to promote read-through
of terminators within ribosomal rrn operons and on the phage A chromosome, a
process that additionally requires the A N protein (7). NusG activates Rho
transcription termination factor in vitro and is necessary for most Rho-mediated
termination events in vivo (8, 9). NusG-NTD binds to RNAP and increases the rate of
transcription elongation but cannot stimulate termination (7, 10).

The rates of transcription and translation are correlated over a range of different
growth rates (7/), and NusG was suggested to be involved in this correlation (12).
Thus, depletion of NusG slowed the rate of /acZ translation without affecting the rate
of lacZ transcription elongation (/2). The dual capacity of NusG to act in transcription
as well as in translation is shared by the 30S ribosomal subunit protein NusE which
doubles as a component of some transcription elongation complexes (TECs) (13). As
a transcription factor, NusE is loaded by NusB onto the boxA4 sequence within nut
RNA (14-16) and becomes part of an antitermination complex that includes NusA,
NusG, and other cellular factors (7, 17). The NusB:NusE:RNA ternary complex is
proposed to associate with RNAP through NusE (7, 18).

Genetic evidence supports an interaction between NusG and NusE. Thus, the nusG4
(S163F) mutation restores A N antitermination in a nusE71 (nusEA86D) strain (19).
We asked if this genetic interaction reflects a direct physical contact between the

proteins. For all experiments, we used the NusE*!°P

variant (15), referred to here as
NusE. NusE*°* is fully active for transcription, although it cannot support translation
(Fig. S2; (20)), and its crystal structure is known in the NusB:NusE complex (715). We
analyzed mixtures of NusG and the NusB:NusE complex by size exclusion
chromatography. A mixture of NusB:NusE and NusG eluted earlier from the column
than either NusB:NusE or NusG alone (Fig. S3; (20)), consistent with formation of a
NusB:NusE:NusG complex. To confirm the interaction and to map contact surfaces,

we investigated complex formation by NMR. Titration of isolated °N labeled NusG-
NTD or NusG-CTD with NusB:NusE complex caused chemical shift changes in the
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'H, "N-HSQC (heteronuclear single quantum coherence) NMR spectrum of NusG-
CTD, but not of NusG-NTD (Fig. S4, S5). Reverse labeling (‘’N-NusE or '"N-NusB,
unlabeled NusG-CTD) revealed that NusE is the recognition protein in the
NusB:NusE complex (Fig. S4, S5), suggesting direct NusG-CTD:NusE interaction.
From the chemical shift changes upon titration, we could estimate the dissociation
constant for the NusB:NusE:NusG-CTD (molecular weight, mw: 32.3 kDa)
interaction as K4 = 50 uM (Fig. S6). Comparison of secondary chemical shifts and
characteristic nuclear Overhauser enhancement spectroscopy (NOESY) cross peak
patterns of NusB:NusE and NusG-CTD with the corresponding data of the
NusB:NusE:NusG-CTD complex revealed no substantial conformational changes in
any of the participating proteins, indicating that only minor side chain rearrangements
are necessary to form the interaction surfaces (Fig. 1). Isotope-filtered NOESY
spectra (e.g. Fig. S7; (21)) revealed unambiguous intermolecular contacts:
NusG-1164:NusE-M88, NusG-1164:NusE-1100, NusG-T169:NusE-Q99, NusG-
P140:NusE-V84, NusG-R167:NusE-V98, NusG-E172:NusE-S101(22) (Fig. 2A).
Docking of the rigid domains with flexible side chains using the NOESY-derived
intermolecular NOEs as distance restraints yielded a distinct conformation of the
complex without any violation of the restraints (Fig S8). The NusE-binding region on
NusG-CTD is composed of loops between B-strands Bl and B2, B3 and P4, and
residues from B-strand 4. Hydrophobic amino acids P140, F141, F144, 1164, and
F165 show close contacts to hydrophobic residues of NusE. NusG-R167 is very close
to NusE-D87, and NusG-F165 at the tip of the loop between B-strands B3 and B4 is
buried deeply in a hydrophobic pocket on NusE (Fig. 2B, C). The NusE hydrophobic
pocket is composed of residues from helix 02 and the carboxy-terminal B-strand (4.
There were no significant effects on resonances of NusB in the NMR spectra of the
NusB:NusE complex upon binding of NusG-CTD. These data together with mapping
of the chemical shift changes on the sequences and the known three-dimensional
structures (Fig. 1) show that the NusE-binding interface is opposite to the NusB:NusE
interaction region, in proximity to the ribosome-anchoring flexible loop, R46 to T67
(Fig. S2).

NusE residues M88 and D97 and NusG residues P140, F165, and R167 in the
NusE:NusG-CTD interface are highly conserved among different bacteria (Fig. S9),
underscoring the importance of this interaction for bacterial viability. Although F165

was proposed to be required for an intramolecular NTD-CTD domain interaction in
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Aquifex aeolicus NusG (23), the NusE:NusG-CTD complex structure clearly reveals
that F165D or F165T mutations disturb the NusE:NusG-CTD interface.

Coregulation of transcription and translation was initially identified within the
attenuation system that controls expression of amino acid biosynthetic operons (24),
and polarity was shown to be the result of premature Rho-dependent transcription
termination induced by a translation terminating mutation (25). The reported
correlation between the rates of transcription and translation of the infB and lacZ
genes, however, implies a direct linkage between the two processes (1//). The
interaction surface of NusE with NusG (~1100 A?) is still accessible when NusE
forms part of the 30S ribosomal subunit (Fig 3A). Thus, NusE could mediate
simultaneous formation of a NusG-NTD:RNAP complex and a NusG-CTD:ribosome
complex (Fig 3B). This analysis suggests direct physical coupling of transcription and
translation via NusG (Fig 3C), a notion that is supported by the observation that NusG
depletion decreases translation elongation rates (72).

We next investigated whether the physical coupling of transcription and translation
via NusG interferes with the known Rho-related functions of NusG (8, 9). HSQC-
titrations of '"N-NusG-NTD or "N-NusG-CTD with Rho showed a nearly complete
loss of signals for NusG-CTD, but no effect for NusG-NTD (Fig. S10). The
resonances of NusG-CTD are broadened beyond detection by the dramatic increase of
the rotational correlation time on NusG-CTD:Rho complex formation (molecular
mass of NusG-CTD: 6.9 kDa; molecular mass upon addition of Rho-hexamer: 288.9
kDa). Thus, Rho binds to NusG-CTD, but not to NusG-NTD. Signals of residues from
the highly flexible N-terminus of NusG-CTD (R123, K125, T126; Fig. 4A) could be
observed in the presence of Rho, suggesting that they are located at the surface of the
complex and do not contribute to binding. These residues are part of the linker region
between NusG-CTD and NusG-NTD in full-length NusG, and their high flexibility
combined with their absence from the NusG-NTD:Rho binding interface indicates
that NusG-NTD remains flexibly linked to NusG-CTD in the complex with Rho.
Indeed, all detectable signals of full-length '’N-NusG after addition of Rho could be
assigned exclusively to residues of NusG-NTD and the linker region. HSQC
displacement experiments show the NusG-CTD:Rho and the NusG-CTD:NusE
interactions to be mutually exclusive (Fig. 4B, 4C).

Chromatine immunoprecipitation (ChIP) chip analysis indicates that Rho collocates

with elongating RNAP soon after transcription initiation (26, 27). How Rho is



Einzelarbeit F 121

recruited to the TEC is not clear. Nevertheless, termination does not occur until
transcription reaches the operon terminus. Our findings suggest a straightforward
explanation for this delay in termination. We suggest that during coupled
transcription-translation NusG-CTD is bound to ribosomal NusE and is therefore
unavailable for binding to Rho. Release of ribosomes at the ends of operons frees the
NusG-CTD to interact with and stimulate Rho. This mechanism may complement the
occlusion of RNA to Rho by translating ribosomes.

The different relative affinities of NusG for NusB:NusE-CTD (K4=50 uM) and for
Rho, (Kg=12 nM; (28)) as reflected in the displacement experiments (Fig. 4) appear to
argue against the above model. However, NusE:NusG-CTD interaction takes place
within a complex with TEC that includes many other factors. Other interactions with
the TEC may significantly lower the NusE:NusG-CTD K,. For example, during
processive antitermination NusB:NusE binds box4 RNA (14-16), linking these factors
with RNAP and enhancing the overall stability of the antitermination complex.
Consistent with the idea that the NusE:NusG interaction is stabilized on RNAP, we
found that overproduction of NusG-CTD in wild-type E. coli is not toxic, suggesting
that it does not efficiently compete with wild type NusG for binding to TEC; (7)). In
contrast, NusG-CTD did compete with a NusG mutant with reduced affinity for NusE.
Thus, overexpression of NusG-CTD was lethal in a nusGF1654 mutant strain, in
which a key NusE interface residue on NusG is altered. We suggest that NusG-CTD
titrates isolated NusE and/or ribosome-bound NusE in the mutant cells.

Finally, our data also explain the puzzling observation that ribosome-bound NusE still
supports antitermination (29). According to our model, this activity entails RNAP-

ribosome coupling through NusG.



122 Einzelarbeit F

References:

1. R. A. Mooney, K. Schweimer, P. Rosch, M. E. Gottesman, R. Landick, J. Mol.
Biol. 391, 341 (2009).

2. L. Downing, S. L. Sullivan, M. E. Gottesman, P. P. Dennis, J. Bacteriol. 172,
1621 (1990).

3. N. C. Kyrpides, C. R. Woese, C. A. Ouzounis, Trends Biochem. Sci. 21, 425
(1996).

4. N. C. Kyrpides, C. A. Ouzounis, Proc. Natl. Acad. Sci. U. S. A. 96, 8545
(1999).

5. T. Steiner, J. T. Kaiser, S. Marinkovic, R. Huber, M. C. Wahl, EMBO J. 21,
4641 (2002).

6. G. A. Hartzog, T. Wada, H. Handa, F. Winston, Genes Dev. 12, 357 (1998).
7. S. W. Mason, J. Greenblatt, Genes Dev. 5, 1504 (1991).

8. S. L. Sullivan, M. E. Gottesman, Cell 68, 989 (1992).

9. C.J. Cardinale et al., Science 320, 935 (2008).

10. G. A. Belogurov, R. A. Mooney, V. Svetlov, R. Landick, I. Artsimovitch,
EMBO J. 28, 112 (2009).

11. U. Vogel, K. F. Jensen, J. Biol. Chem. 269, 16236 (1994).

12. M. Zellars, C. L. Squires, Mol Microbiol 32, 1296 (1999).

13. C. L. Squires, D. Zaporojets, Annu. Rev. Microbiol. 54, 775 (2000).

14. S. J. Greive, A. F. Lins, P. H. von Hippel, J. Biol. Chem. 280, 36397 (2005).
15. X. Luo et al., Mol. Cell 32,791 (2008).

16. B. M. Burmann, X. Luo, M. C. Wahl, P. Rosch, M. E. Gottesman, Nucleic
Acids Res. 38, 314 (2010).

17. M. Torres, C. Condon, J. M. Balada, C. Squires, C. L. Squires, Embo J 20,
3811 (2001).

18. J. Greenblatt, J. R. Nodwell, S. W. Mason, Nature 364, 401 (1993).
19. S. L. Sullivan, D. F. Ward, M. E. Gottesman, J Bacteriol 174, 1339 (1992).

20. See the supporting material available on Science Online.



Einzelarbeit F 123

21. C. Zwahlen et al., J. Am. Chem. Soc. 119, 6711 (1997).

22. Single-letter abbreviations for amino acid residues are as follows: A, Ala; C,
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

23.J. R. Knowlton et al., Biochemistry 42, 2275 (2003).

24. E. B. Keller, J. M. Calvo, Proc. Nat. Acad. Sci. USA 76, 6186 (1979).

25. S. Adhya, M. Gottesman, Annu. Rev. Biochem. 47, 967 (1978).

26. R. A. Mooney et al., Mol Cell 33, 97 (2009).

27.J. M. Peters et al., Proc. Natl. Acad. Soc. U S A 106, 15406 (2009).

28. Z. Pasman, P. H. von Hippel, Biochemistry (N. Y. ) 39, 5573 (2000).

29. A. Das, B. Ghosh, S. Barik, K. Wolska, Proc Natl Acad Sci U S A 82, 4070
(1985).

30. T. M. Schmeing, V. Ramakrishnan, Nature 461, 1234 (2009).

31. We thank Ramona Heissmann for excellent technical assistance. Financial
support by the Deutsche Forschungsgemeinschaft to PR (Ro617/16-1) and
MCW (Wal126/3-1), BLS (NSF MCB-0744422) as well as by the NIH to
MEG (GMO037219) is gratefully acknowledged.



124 Einzelarbeit F
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Fig. 1:

A) Mapping of chemical shift changes (Adnorm[ppm] > 0.2, red; > 0.1, orange; >
0.04, yellow) on the structures of NusG-CTD (gray; Protein Data Bank
identification code (PDB ID) 2JVV; (1)) and the NusB:NusE complex (dark
gray and light gray, respectively; PDB ID 3D3B; (715)). Strongly affected
residues are labeled and shown as sticks. Coloring scheme: carbon, red;
hydrogen, white; oxygen, red; nitrogen, blue; sulphur, yellow. The light gray

sphere in NusE denotes the Ca position of S46, which in this construct
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B)

9)

replaces residues 46 to 67 of wild-type NusE (20). Numbering is based on the
residue numbers of wild-type NusE (1 to 46 and 68 to 103).

Surface representation of the structures shown in A). Orientations relative to

A) are indicated.

HSQC-derived chemical shift changes vs. sequence position; left: NusG-CTD
chemical shift changes on titration with NusB:NusE; right: NusE (in the
NusB:NusE complex) chemical shift changes on titration with NusG-CTD;
missing residues of the NusE ribosome-binding loop are indicated by a small
double-bars on the sequence axis. Dotted line: significance level of
Adnom[ppm] = 0.04; red bars: NusG-CTD signals disappearing on complex

formation.
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Fig. 2:

Fig.

A)

B)

)

2:
Experimental basis for the structure determination of the NusE:NusG-CTD

complex. For clarity, NusB was omitted. Coloring scheme: carbon, marine
(NusE) and green (NusG); hydrogen, white; oxygen, red; nitrogen, blue;
sulphur, yellow. Black lines represent unambiguously assigned NOEs between
NusG-R167-H6:NusE-V98-Hy, NusG-1164-Ho:NusE-M88-He, NusG-E172-
HPB:NusE-S101-HP, and NusG-P140-Ha:NusE-V84-Hp. These intermolecular
NOEs allowed unambiguous determination of the relative orientation of the

two proteins by rigid body minimization.

Possible interactions in the NusE:NusG-CTD interface between negatively
charged NusE-D97 and positively charged NusG-R167. NusG-1164 is
sandwiched by the hydrophobic sidechains of NusE-M88 and NusE-1100.

NusG-F165 and NusG-F141 bind to a NusE hydrophobic pocket. NusG-F144
is in close proximity to the interaction site and possibly participates indirectly
in this interaction. Several NusE hydrophobic sidechains are close to NusG
phenylalanine residues. The orientation relative to Fig. 1A is indicated (PDB

ID: 2KVQ).
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Fig. 3:
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A.

Possible interaction between NusG and NusE/S10 in the 30S ribosomal
subunit. The NusE (marine) NusG-CTD (green) heterodimer was aligned to
the structure of the E. coli 30S ribosomal subunit (ribosomal proteins, brown;
16S rRNA, rose). Landmark features of the 30S subunit (head, body, foot) are
labeled. S10 is part of the head region of the 30S subunit in close proximity to
the entrance site of the mRNA. The path of the mRNA is shown in gold. The

orientation relative to Fig. 1A is shown.

Schematic representation of the assembly of the A N mediated antitermination
complex (20). NusA domains ARI1 (acidic repeat 1), AR2 (acidic repeat 2),
and SKK (S1-KH1-KH2) are in light gray; RNAP aCTD, gray; boxA4, boxB,
and spacer region of nut RNA, gold; A N, dark gray; NusB, brown; NusE,
marine; NusG-CTD, green; NusG-NTD, dark green; B'-clamp-helices of the
RNAP, black.
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C. Model of the physical coupling between transcription and translation. Coloring
as in A) and B), the 50S ribosomal subunit is shown in light gray and the A-
site tRNA in dark gray. NusG links RNAP and the ribosome so that efficient
and fast translation of the nascent mRNA can occur. Coordinates for the
complete 70S ribosome, the mRNA and the A-site tRNA were kindly provided
by T.M. Schmeing and V. Ramakrishnan, MRC, Cambridge, UK (30).
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Fig. 4:
'H, "N HSQC-spectra of "N-NusG-CTD titrated with Rho. Spectrum of free

NusG-CTD, gray, and with an additional equivalent of Rho, black. All gray
signals disappeared after Rho addition, and the remaining signals (black) are

part of the spacer region between the NusG domains.

"H, "N HSQC-spectra of a displacement titration of a 1:1 of '"N-NusG-CTD:Rho
complex (gray) with NusB:NusE. Addition of 20 equivalents of NusB:NusE,
black. All newly appearing signals belong either to the spacer and the C-
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terminus of NusG or are on the side of the spacer region pointing away from

the interaction surface (E154, N145).

'H, "N HSQC-spectra of a displacement titration of a 1:1 '"N-NusG-
CTD:NusB:NusE complex (gray) with Rho. Addition of one equivalent of
Rho, black. The resulting spectrum is identical to the spectrum observed with

the NusG-CTD:Rho complex (part (A) of this figure).
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Supporting Online Material:

Experimental Procedures:

Aloop was cloned via BamHI1 and EcoR1

NusE**°P:NusB-complex: The gene encoding NusE
restriction sites into the E. coli expression vector pGEX-6P (GE Healthcare, Munich, Germany) (7).
The gene for NusB was cloned via BamH1 and Ndel restriction sites into the E. coli expression
vector pET29b (Novagen, Madison, WI, USA) (2). Expression and purification of the dimeric
complex was as described (2). The identity and structural integrity of the purified protein complex

was analyzed by SDS-PAGE and NMR spectroscopy.

NusG-CTD: NusG-CTD (123-181) was cloned via BamH1 and Ncol into the E. coli expression
vector pETGBIA (G. Stier, EMBL, Heidelberg, Germany) containing an aminoterminal GB1-
fusion tag (streptococcal immunoglobulin-binding domain of protein G), an aminoterminal hexa-
histidine tag, and a TEV cleavage site between GB1 and NusG-CTD. E. coli strain BL21(DE3)
(Novagen, Madison, WI, USA) harboring the recombinant plasmid was grown at 37 °C in LB
medium containing kanamycin (30 pg/ml) to ODggo = 0.8 and then induced with isopropyl 1-thio-p3-
D-galactopyranoside (IPTG; final concentration 1 mM). Cells were harvested 4 h after induction,
resuspended in 4 times the cell weight of lysis buffer (50 mM TRIS, 150 mM NacCl, pH 7.5, 1
protease inhibitor tablet (Complete, EDTA-free, (Roche Diagnostics GmbH, Mannheim,
Germany)), and lysed with a micro-fluidizer (Microfluidics, Newton, MA, USA). The lysate was
centrifuged for 30 min at 12,000 g, and was applied to a Ni**-NTA HiTrap column (GE Healthcare,
Munich, Germany) and eluted via a step gradient with increasing imidazole concentrations (10 mM
— 500 mM). The eluted fractions containing the GB1-NusG-CTD fusion protein were cleaved by
TEV-protease during dialysis against 50 mM TRIS, 150 mM NaCl, pH 7.5 at 4 °C overnight. The
cleaved protein was reapplied to a Ni**-NTA HiTrap column. The flow-through (containing NusG-
CTD) was concentrated by ultrafiltration (Vivascience, MWCO 5,000 Da) and applied to a
Superdex-75 gel filtration column (50 mM TRIS-HCI, 150 mM NaCl, pH 7.5; GE Healthcare,
Munich, Germany). The fractions containing NusG-CTD were pooled and dialyzed against 25 mM
HEPES, 50 mM NaCl, pH 7.5. The identity and structural integrity of the purified protein was
analyzed by SDS-PAGE and NMR spectroscopy.

Rho: E. coli Rho was expressed and purified as described (3).

Isotope labeled proteins: "N- and "’N-, *C-labeled proteins were obtained by growing E. coli in

M9-minimal media (4) upon respective addition of ('°NH,),SOs (Campro Scientific, Berlin,
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Germany) and “C D-glucose (Spectra Stable Isotopes, Columbia, MD, USA; (5)). For the
production of “H-"’N-"*C-NusE, four precultures with increasing concentrations of D,O (Euriso-
g

top, Gif-sur-Yvette, France) were used. Expression and purification was as described before.

Analytical size exclusion chromatography: For analytical size exclusion chromatography, the
experimental procedure was adapted from Trowitzsch et al. (6). NusB:NusE and NusG proteins
were mixed in approximately equimolar ratios, applied on a Superdex-75 PC 3.2 column (GE
Healthcare, Munich, Germany), and chromatographed in 10 mM TRIS-HCI, 50 mM NaCl, 2 mM
DTT, pH 7.5 using a SMART protein purification system (GE Healthcare, Munich, Germany). For
a typical run, 30 ul of sample were loaded on the column at a flow rate of 40 pl/min. 40 pl fractions

were collected and analyzed by 15 % SDS-PAGE.

NMR: All NMR experiments were performed in NMR-buffer containing 25 mM HEPES, 50 mM
NaCl, pH 7.5 (for NusG:NusE:NusB interactions) and 10 mM TRIS-HCI, 50 mM KCI, 1 mM
MgCl,, 0.1 mM EDTA, pH 7.7 (for NusG:Rho interactions). The experiments were recorded at 298
K for the titrations and 310 K for assignment experiments on Bruker Avance 700 MHz and Avance
800 MHz spectrometers with cryogenically cooled triple-resonance probes equipped with pulsed

field-gradient capabilities.

For resonance assignment of NusG-CTD, standard double and triple resonance through-bond
experiments were recorded (7) and for NusE the following TROSY (transverse relaxation optimized
spectroscopy)-type NMR experiments (8, 9) were additionally performed: ['°N,'H]-TROSY, tr-
HN(CA)CB, tr-HNCA. For obtaining distance restraints, '*N-separated and '*C-separated nuclear
Overhauser enhancement (NOE) experiments were recorded (70, 11). Intermolecular NOEs were
recorded with one partner ’N/"*C-labeled and the other unlabeled in D,O using three-dimensional
BC-separated/'*C-filtered NOE experiments (72). Distance restraints for structure calculation were
semiquantitatively derived from cross peak intensities of 3D '*C-edited NOESY experiments
(mixing time 100 ms) and 3D "*C-filtered (F1), *C-edited (F2) NOESY experiments (mixing time
120 ms). In addition 3D '"N-edited NOESY experiments (mixing time 60-80 ms) were recorded.
These spectra were compared with *C-edited and '*N-edited NOESY data of the free proteins to
validate the assumption that the overall fold of the individual domains does not change upon
complex formation. A 3D "C-filtered (F1), *C-edited (F2) NOESY experiment was also recorded
for the isolated NusE:NusB complex to identify intermolecular NOEs between NusE and NusB

before analyzing data of the ternary complex.
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The observed intermolecular NOEs were grouped in two distance classes with upper distance limits
of 4.0 A (strong) or 5.0 A (weak). NOEs involving diastereotopic methyl groups (Val, Leu) were

represented by a (Zr'6)'” 6

sum over all six protons to avoid bias by spin diffusion. Assignment of
NOE cross signals were facilitated by the amino acid composition in the complex interface, because
NusG-CTD contributes three phenylalanines whereas NusE does not contain any aromatic residue
close to the interface. Intermolecular NOEs involving an aromatic residue (Phel41, Phel44 or
Phel65) were always used as ambiguous restraints with the representation by a (Zr'6)'” % sum over
all protons and all three residues to avoid bias by spin diffusion or wrong assignment to individual
protons of the aromatic side chains.

NMR data were processed using in-house routines and visualized with NMRView (13).
Dissociation constants were determined from chemical shift changes of residues showing fast

exchange behavior using a two-state model.

Modeling of the complex: The structural model was generated using rigid body docking with
flexible side chains of residues close to the binding region (/4). In the calculation, we only used the
intermolecular distance restraints based on NOESY experiments (Table S1) as experimental
restraints. Docking was carried out using XPLOR-NIH 2.12 (15) with a modified version of the
protocol for docking of protein complexes (dock tor rigid.py taken from XPLOR-NIH supplied
protocols; (14)). Changes of the original protocol include neglect of residual dipolar couplings and a
potential term for the radius of gyration. Starting structures were taken from the high resolution
crystal structure of the E. coli NusB:NusE complex (PDB: 3D3B; (7)) and the solution structure of
E. coli NusG-CTD (PDB: 2JVV; (16)). Because NusB did not interact with NusG-CTD in the
NusB:NusE complex, coordinates of NusB were omitted during calculation. In addition, the seven
amino-terminal residues of NusE, which showed no regular secondary structure and exhibited a
high degree of flexibility in the crystal (1), were deleted in silico to avoid steric clashes. During
initial calculations all side chains were permitted to rotate freely. For the final calculation, full side
chain flexibility was allowed for those residues that showed an average distance below 8 A for at
least one atom to any atom of the partner molecule in earlier rounds of calculations. 120 structures
were calculated in the final iteration. Without exception, all structures exhibit the same orientation
of the proteins (backbone atomic rmsd 0.49 A over all residues, no distance restraint violation > 0.5
A, Table S1) demonstrating that the intermolecular distance restraints are sufficient for structure

determination with rigid body minimization.

Ribosome Binding of NusE and NusE**”: Binding of GST-NusE and GST- NusE*°*” to ribosomes

was tested as described previously for other ribosomal proteins and their variants (/7). DNA
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Aloop were cloned into the BamH1 and EcoR1 restriction sites of

fragments encoding NusE or NusE
pGEX-6P-1 (GE Healthcare) for expression as N-terminal GST fusion proteins (7). E. coli
BL21(DE3) cells were transformed with the plasmids and grown at 32 °C in 200 ml LB medium
with 100 pg/ml ampicillin. At ODyso = 0.1, IPTG was added to 0.5 mM final concentration. At
ODy4so = 1.5, cells were harvested by centrifugation. The cell pellets were washed once with 1 ml
buffer A (20 mM HEPES-KOH, 6 mM MgCl,, 30 mM NH4Cl, 6 mM B-mercaptoethanol, pH 7.5),
resuspended in 2 ml of buffer A and split into two 1-ml aliquots. After addition of lysozyme (100 pl
of a 15 mg/ml solution) and incubation on ice for 3 min, cell lysis was completed by freeze-
thawing. Lysates were clarified by spinning at 23,000 rpm for 30 min in an S100-AT4 rotor
(Thermo Scientific). The duplicate supernatants from each culture were pooled and centrifuged for
4 hours at 43,000 rpm in an S100-AT4 rotor. The pellets were resuspended overnight in 200 pl of
buffer A and centrifuged at 7900 x g in a Fresco 17 centrifuge (Heraeus) for 10 min at 4 °C. The
resulting supernatants contain ‘crude’ ribosomes. 150 pl of the crude ribosome preparations were
mixed with 1.8 ml buffer B (20 mM HEPES-KOH, 30 mM MgCl,, 1 M NH4Cl, 6 mM -
mercaptoethanol, pH 7.5), incubated for 1 hour at 4 °C and then centrifuged for 4 hours at 53,000
rpm in an S100-AT4 rotor. The pellets were rinsed once with 200 pl buffer A, resuspended
overnight in 100 pul buffer A and centrifuged at 7900 x g in a Fresco 17 centrifuge for 10 min at 4
°C. The resulting supernatants contain ‘salt-washed’ ribosomes.

Proteins from ribosomes (0.1 Aysp equivalents) were separated by 12 % SDS PAGE and electro-
blotted on a nitrocellulose transfer membrane (Whatman). For probing GST-tagged NusE or
NusE*°°, the membrane was first incubated with a rabbit anti-GST antibody (Invitrogen) and
subsequently by a goat anti-rabbit IgG (Dianova). The signal was detected by using ECL Western
blotting detection reagents (GE Healthcare) and exposing a high performance chemiluminescence

film (GE Healthcare). The film was developed on a KONICA developer.
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Assembly of the A N mediated antitermination complex

The highly conserved bacterial transcription elongation factor NusA (/8) consists of
the following functional subdomains: an N-terminal domain that interacts with RNAP
(19), three RNA-binding domains, S1, KH1 and KH2 (20-22) forming the SKK-
domain (23), and two C-terminal acidic domains ARI1 and AR2 (24-26). NusA
participates in the initiation-to-elongation transition due to its interaction with the
aCTD of the RNAP mediated by NusA-AR2 (79). Furthermore, its SKK-domain
interacts with the spacer region of the nut RNA (23), and the N-terminal arginine-
rich-motif of A N binds to the boxB of the nut RNA (27, 28), where it induces helix
formation in A N (29, 30). Additionally, A N recruits NusA-ARI1 to this site (24, 26).
NusB loads NusE onto boxA of nut RNA (1, 2, 31), where the NusB:NusE
heterodimer forms an extended mosaic RNA-binding interface (7). NusG-CTD
interaction with the NusB:NusE heterodimer leads to the formation of a closed and
compact complex due to the simultaneous interaction of the NusG-NTD with the f'-
clamp-helices of the RNAP (32). These B'-clamp-helices are an important regulatory
site on the RNAP as in addition to providing binding sites for NusG and its paralog
RfaH (32, 33) they form an interaction site with o-factor on RNAP (34, 35). Whether
NusG or RfaH is able to displace o-factor from this site remains unknown as so far
only models for the initiation-to-elongation transition exist (36).

Ribosome Binding of NusE and NusEA"°?

In NusE*° (ribosomal protein S10%°), residues 46-67 are replaced by a serine
residue (/). Because residues 46-67 of NusE form a loop, which in the ribosome-
bound form of the protein penetrates the 30S ribosomal subunit (37), we reasoned that
NusE*°°? may fail to bind to ribosomes and therefore fail to support translation. In
order to test this idea, we directly monitored binding of GST-NusE and GST-
NusE*°* to ribosomes. Since the N-terminus of NusE is accessible on the surface of
the 30S ribosomal subunit (37), an N-terminal GST fusion should not interfere with
stable ribosome incorporation of the protein. Indeed, GST-NusE was incorporated
readily and in a salt-stable manner into ribosomes (Figure S2, lanes 1-4). In contrast,
while residual amounts of GST-NusE*° were seen associated with crude ribosome
preparations, the truncated fusion protein was completely lacking from salt-washed
ribosomes (Figure S2, lane 5-8). Thus, NusE behaves differently from some other
ribosomal proteins, such as L4, in which analogous ribosome-penetrating loops are

not required for stable ribosome association (7).
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Table S1: Summary of structure calculation. Restraint violation and coordinate

precision are calculated for all 120 structures. Values in parentheses are for the best

40 structures.

Experimental restraints

Intermolecular distance restraints 17

Restraint violations

Maximal violation 0.45(0.14) A

Average violation 0.017 (0.012) A

Coordinate precision

Backbone 0.48 (0.39) A
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Supporting Figures:

Fig. S1:

NusG-NTD NusG-CTD

e
MSEAPKKRWYVVQAFSGFEGRVATSLREHIKLHNMEDLFGEVMVPTEEVV

Loop B3 a2 p4
—————————
EIRGGORRKSERKFFPGYVLVQOMVMNDASWHLVRSVPRVMGFIGGTSDRP
a3 Spacer B1 B2

—_——
APISDKEVDAIMNRLQQVGDKPRPKTLFEPGEMVRVNDGPFADFNGVVEE

o B3 B4 BS
VDYEKSRLKVSVSIFGRATPVELDFSQVEKA

Fig. S1:
A. The structure of E. coli NusG. NusG-NTD (1-116; dark green; PDB ID

2K06; (16)) 1s required for RNAP interaction (32). NusG-CTD (132-181;
green; PDB ID: 2JVV; (16)) is connected with the NTD via a flexible
linker region (117-131) and contains a KOW-motif (red; B1, p2 and

connecting loop), which may be involved in protein and/or nucleic acid
interactions (38, 39). Termini and secondary structure elements are

labeled, and the orientation relative to Fig. 1A is shown.

B. Amino-acid sequence of full-length NusG with corresponding secondary
structure elements as shown in A). Key amino-acids of the NusG-CTD

(123-181) construct used in this study are shown in bold.
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Fig. S2: Ribosome Binding of NusE and Nusg*°®

A. The structure of ribosome-bound NusE (ribosomal protein S10; from PDB

ID 2AVY; (40)). The black region denotes the long, ribosome-binding
loop (residues 46-67), which was deleted in NusE*°". In this and the

following panels NusE or NusE*°* are oriented as in Figure 1A.

Ribbon plot of the NusE*°-NusB complex (PDB ID 3D3B; (1)). The
black sphere in NusE*°” denotes the Ca position of S46, which in
NusE*P replaces residues 46-67 of full-length NusE.

Position of NusE in the 30S subunit. Model coordinates of the 30S subunit
with mRNA were kindly provided by T.M. Schmeing and V.
Ramakrishnan, MRC, Cambridge, UK (47). 30S subunit protein - brown;
16S rRNA - rose; mRNA - gold; NusE - marine. Landmark features of the
30S subunit (head, nose, body, toe) are labeled. NusE forms part of the
head of the 30S subunit with the long loop deeply buried in the particle

interior.

Western blot probing the binding of GST-NusE and GST-NusE*° to

ribosomes. Equal amounts of cells before (-; lanes 1 and 5) and after (+;
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lanes 2 and 6) induction with IPTG as well as equal amounts (0.1 Aep
equivalents) of crude (cr; lanes 3 and 7) and salt-washed (sw; lanes 4 and
8) ribosomes from the E. coli strains expressing GST-NusE (lanes 1-4) or
GST-NusE*"P (lanes 5-8) were analyzed on a 12 % SDS gel, transferred

to a nitrocellulose membrane and analyzed by Western blotting.
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Fig. S3:
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Fig. S3:  Gel filtration analysis. The panels show the migration of NusB:NusE

complex (top), of NusG (middle), and of a mixture of NusB:NusE and

NusG (bottom). Fractions collected from each run were analyzed by SDS-

PAGE. Equivalent fractions (17-23) are aligned below each other in the

three panels. The mixture of NusB:NusE and NusG elutes 1-2 fractions

earlier compared to either NusB:NusE or NusG alone, indicating formation

of a NusB:NusE:NusG complex.
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Fig. S4:
A. 'H, "N HSQC-spectra of NusB:"’N-NusE titrated with NusG-CTD.

Spectrum of free NusB:'’N-NusE, 420 puM, black; spectrum of
NusB:'"’N-NusE, 270 uM, in the presence of NusG-CTD, 410 pM, blue.

Arrows indicate chemical shift changes.

B. 'H, "N HSQC-spectra of '"N-NusG-CTD titrated with NusB:NusE.
Spectrum of free NusG, 500 uM, black; spectrum of wN-NusG-CTD, 260
pM, in the presence of NusB:NusE, 390 uM, blue. Arrows indicate

chemical shift changes.
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Fig. S5:

A.'H, "N HSQC-spectra of '’N-NusB:NusE titrated with NusG-CTD.
Spectrum of free ""N-NusB:NusE, 500 pM, black; spectrum of '°N-
NusB:NusE, 225 uM, in the presence of NusG-CTD, 450 uM, blue. The
few slightly shifting signals belong to the NusE:NusB interface. The
sidechain of NusB-Q79 is indicated. It is in close proximity of NusE-D19,
which shows a slight chemical shift as well. These observed chemical
shifts on the NusB side are only indicative for a minor rearrangement of
sidechains and slight differences of the chemical environment of a few

backbone amides.

C. 'H, "N HSQC-spectra of ’N-NusG-NTD titrated with NusB:NusE.
Spectrum of free ’N-NusG-NTD, 350 puM, black; spectrum of *N-NusG-
NTD, 190 uM, in the presence of NusB:NusE, 370 uM, blue.
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Fig. S6:

Fig. S6:
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Backbone amide chemical shift perturbations for selected residues upon
titrating unlabeled NusB:NusE to '"N-NusG-CTD (A; starting
concentration 500 pM) and NusG-CTD to NusB:'°’N-NusE (B; starting
concentration 420 pM). The chemical shifts were monitored with 'H, °N
HSQC spectra. The lines represent nonlinear least squares best fits of the
normalized changes in the "H and '°N chemical shifts to all of the titration
data simultaneously, using a bimolecular equilibrium binding model. The
optimized value of the equilibrium dissociation constant is 54 + 10 uM for

A and 40 =2 uM for B.
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Fig. S7:

Fig. S7:
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Intermolecular NOEs of the NusB:NusE-NusG CTD complex. Selected
strip extracts of 3D "C-filtered (F1)-"’C-edited (F2) NOE experiments
(mixing time 120 ms) of samples containing °C, "°N labeled NusG-CTD
(A) or ®C, PN labeled NusE (B) in D,O buffer. Ar indicates only
ambiguously defined aromatic peaks. Incompletely suppressed peaks are
labeled Ar* (aromatic peaks for NusG-CTD, because NusE is devoid of

aromatic residues) and D* (diagonal peaks), respectively.
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Fig. S8:

Fig. S8:  Overlay of 20 calculated structures based on the intermolecular distance
restraints as in Table S1. Structures exhibit an rmsd of 0.48 A (backbone

atoms). The orientation is as in Fig. 1A.
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Fig. S9:
sp|POATRS |[RS10_ECOLI MONQR--IRIRLKAFDHRLIDQATAEIVETAKRTGAQVRGPIPLPTRKERFTVLISPHVN 58
splP6790l|RSlOiHAEIN MQONQR--IRIRLKAFDHRLIDQSTAEIVETAKRTGAQVRGPIPLPTRKERFTVLISPHVN 58
sp|P21471|RS10_BACSU MAKQK--IRIRLKAYDHRILDQSAEKIVETAKRSGASVSGPIPLPTEKSVYTILRAVHKY 58
sp|P66334|RS10_STAAN MAKQK--TIRIRLKAYDHRVIDQSAEKIVETAKRSGADVSGPIPLPTEKSVYTIIRAVHKY 58
sp|POA5SX0|RS10_MYCTU MAGQK--IRIRLKAYDHEAIDASARKIVETVVRTGASVVGPVPLPTEKNVYCVIRSPHKY 58
sp|P66337|RS10_STRCO MAGQK--IRIRLKAYDHEVIDSSAKKIVETVTRTGASVAGPVPLPTEKNVYCVIKSPHKY 58
sp|P38518 |RS10_THEMA MPGQK--IRIKLKAYDHELLDESAKKIVEVAKSTNSKVSGPIPLPTERTLYCVLRSPMKH 58
sp|POA4ALl |RS10_CHLTR MKQQOKQRIRIRLKGFDQGQLDQSTANIVETAKRTGARVVGPIPLPTKREVYTVLRSPHVD 60
splP48850|RSlOiRICPR MKNK---IKIRLKSFDHRSLDQATKEIVSAVKRTFATINGPIPLPRKIERFTVNRSPHVH 57
sp|P66328|RS10_HELPY MEK----IRLKLKAYDHRVLDRSVVAIVEAVKRSGSEIRGPIPLPTKNKRYTVLRSPHVN 56
* R KRRk HEE R
SplPOA7R5IRSlOiECOLI KDARDQYEIRTHLRLVDIVEPTEKTVDALMRLDLAAGVDVQISLG--- 103
sp|P67901|RS10_HAEIN KDARDQYEIRTHKRLVDIVEPTEKTVDALMRLDLAAGVDVQISLG--- 103
sp|P21471|RS10_BACSU KDSREQFEMRTHKRLIDIVNPTPQTVDALMRLDLPSGVDIEIKL---- 102
splP66334|RSlO_STAAN KDSREQFEQRTHKRLIDIVNPTPKTVDALMGLNLPSGVDIEIKL---- 102
SplPOA5X0|RSlOiMYCTU KDSREHFEMRTHKRLIDIIDPTPKTVDALMRIDLPASVDVNIQ-—-—- 101
sp|P66337|RS10_STRCO KDSREHFEMRTHKRLIDILDPTPKTVDSLMRLDLPAGVDIEIKL---- 102
sp|P38518 |RS10_THEMA KDSREHFEKRVHKRLIDIIDPSPKTIDALMRINLPAGVDVEIKL---- 102
splPOA4A1IRSlO_CHLTR KKSREQFEIRTHKRLIDILDPTGKTIDALKMLSLPAGVDIKIKAA--- 105
SplP48850|RSlOiRICPR KKSREQFEIRKHKRLLVIDDPNPAVVDALSKVDLAAGVDVVIELESGE 105
sp|P66328 |RS10_HELPY KDSREQFEIRVYSRLIDIISATPETVDSLMKLDLAPEVDVEVTSMETK 104
R T T I
131 181
sp | POAFGO |NUSG_ECOLI GEMVRVNDGPFADFNGVVEEVDYEKSRLKVSVSIFGRATPV-ELDFSQVEKA-——————
Sp|P43916INUSG7HAEIN GEEVRVTEGPFADENGTVEEVDYEKGRLKVSVSMFGRATPV-ELEFGQVEKIH-——-——
sp|Q06795|NUSG_BACSU KETVKVIDGPFANFTGSIEEIDYDKSKVKVFVNMFGRETPV-ELEFTQIDKL-—-————
sp|POA096 |[NUSG STAAN GEQVRIKSGPFANQVGEVQEIETDKFKLTVLVDMFGRETPV-EVEFDQIEKL——-—————
SpIP65589INUSG:MYCTU GESVTVMDGPFATLPATISEVNAEQQOKLKVLVSIFGRETPV-ELTFGQVSKI———————
sp|P36266|NUSG_STRCO GDSVTVTDGPFATLQATINEINADSKKVKGLVEIFGRETPV-ELSFDQIQKN-- -
sp|P29397|NUSG_THEMA GDMVKIISGPFEDFAGVIKEIDPERQELKVNVTIFGRETPV-VLHVSEVEKIE-——-——
sp| 084322 |NUSG_CHLTR GSQVKINDGVFVNFVGVVSEVFHDKGRLSVMVSIFGRETRVDDLEFWQVEEVVPGQESE
sp|P50056 [NUSG RICPR GEIVTVIDGPFETFMGTVEAIDKARNRLKVSVSIFGKATPI-ELNENQVKKSD-——-——
sp|P55976INUSG:HELPY GEVVRVVEGPFANFTATVEEYDVEHRKLKLNVSIFGRNTPI-EILHSQVEKII-—————
Kook Lot B R
. .
Fig. S9:  Sequence alignment of NusE (A) and NusG-CTD (131-181; B) generated

with ClustalW. Amino acid sequences of proteins were deduced from the
nucleotide sequences of corresponding genes. GenBank accession
numbers are as follows (NuskE, NusQG): Escherichia coli, POATRS,
POAFGO; Haemophilus influenzae, P67901, P43916; Bacillus subtilis,
P21471, Q06795; P66334, P0OA096;
Mycobacterium tuberculosis, POA5X0, P65589; Streptomyces coelicolor,
P66337, P36266; Thermotoga maritima, P38518, P29397; Chlamydia
trachomatis, POA4A1, O84322; Rickettsia prowazekii, P48850, P50056;

Helicobacter pylori, P66328, P55976. Discussed residues marked in red.

Staphylococcus  aureus,
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Fig. S10:
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Fig. S10:  First 1D section of a 'H, "N HSQC spectrum of "N-NusG-CTD (A), "°N-
NusG-NTD (B), titrated with Rho. Left: free NusG-CTD (50 uM); center
and right: mixtures containing, respectively, 1:0.5 and 1:1 molar ratios of
NusG-CTD:Rho hexamer. Loss of signal for NusG-CTD upon increasing
Rho concentration indicates that binding takes place via this domain.
NusG-NTD shows no significant effect. Full-length '’N-NusG (C) shows
significant loss of signal, mainly due to disappearing NusG-CTD signals.

The 1D spectra were normalized to standard intensity.
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