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INTRODUCTION 1

1 Introduction

1.1 Bacteriophages

The molecular biology of gene regulation has come to an interesting juncture. On the one
hand, the molecular mechanisms used to control gene expression often seem to involve
relatively simple ‘adhesive’ interactions, whereas more complex, allosteric processes being
less common [Ptashne 2002]. On the other hand, understanding the properties of even small
networks of regulatory genes is surprisingly difficult, making analysis of large genome
networks daunting. The ‘simple’ bacteriophage is at the forefront of these advances and

challenges [Dodd et al., 2005; Roger 2003].

Bacteriophages have played an important role in the development of molecular biology. At the
present time, phages are the best organisms for investigation because of their lesser
complexity than bacteria and the availability of an enormous number of mutants. Phages have

also been useful in the study of replication, transcription and regulation [Freifelder 2001;

Hershey et al., 1971; Ptashne 1992].

One reason for the interest in bacteriophages and their relatives is that they recombine
genetically with their host, “mingling cellular and viral inheritance” in ways that are
fascinating to contemplate and, very likely, of practical importance to humans [Weisberg et
al., 1999; Hershey 1967]. In recent years, it has been recognized that bacteriophages have
several potential applications in modern biotechnology industry. They have been proposed as
delivery vehicles for protein and DNA vaccines, as gene therapy delivery vehicles, as
alternatives to antibiotics, for the detection of pathogenic bacteria and as tools for screening

libraries of proteins, peptides and antibodies [Jason et al., 2006].

Bacteriophage can persist by itself, but can neither grow nor replicate except within a
bacterial cell. Most phages possess genes encoding a variety of proteins. However, all known
phages use the ribosomes, protein-synthesizing factors, amino acids, and energy-generating

systems of the host cell, and hence a phage can grow only in a metabolizing bacterium. Each
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phage must perform some minimal functions for continued survival, like protection of its
nucleic acid from environmental chemicals that could alter the molecule, delivery of its
nucleic acid to the inside of a bacterium, conversion of an infected bacterium to a phage-
producing system which yields a large number of progeny phage and release of progeny
phage from an infected bacterium. These functions are carried out in a variety of ways by
different phage species. All of the species have certain features in common but differences in
detail show the many ways in which specific biological functions can be accomplished [Voet

et al., 2™ edition].

Lambda phage

The origins of molecular biology are deeply enmeshed with the discovery and
characterization of the temperate coliphage A [Gottesman 2004]. The isolation of A was first
reported in 1951 by Esther Lederberg and then later it was described in greater detail, in 1953
by Esther and Joshua Lederberg [Lederberg 1951; Lederberg et al., 1953].

The temperate coliphage A has served as a model for the fields of gene regulation and
temporal programming of gene expression [Gottesman 1999]. The A phage has been useful
because, following infection, A development can proceed along two alternative pathways.
Some cells enter a productive cycle, in which phage DNA replicates autonomously and is
packaged into progeny phage particles, which are then liberated by lysis. Other cells survive
infection to become lysogenic and harbor the phage DNA inserted into the chromosome as a
prophage, which remains transcriptionally quiescent for genes of the productive cycle

[Campbell 1994].

1.2 Life cycle of lambda bacteriophage

The lysis-lysogeny decision of A bacteriophage is a paradigm for developmental genetic
networks [Oppenheim et al., 2005; Court et al., 2007]. There are three key features which
characterize the network. First, after infection of the host bacterium, a decision between lytic
or lysogenic development is made that is dependent upon environmental signals and the
number of infecting phages per cell. Second, the lysogenic prophage state is very stable.

Third, the prophage enters lytic development in response to DNA-damaging agents.
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The CI (activates pRM promoter) and Cro regulators define the lysogenic and lytic states,
respectively, as a bistable genetic switch. Whereas CI maintains a stable lysogenic state,
recent studies indicate that Cro sets the lytic course not by directly blocking CI expression but

indirectly by lowering levels of CII which activates c/ transcription (Fig 1.1).

<_Ip| < \nRE <4pAQ

< | < pRM | |
I 1
I 1

<L |
1 :OL [ |
Sib (tl) —attp-int-xis---clll tL1N nutL cl cro nutR-tR1-cll-O-P-ren-tR2-Q R’
ORI I

|

R —> PRy

Figure 1.1 Gene and transcription map of A bacteriophage regulatory region. Genes are
shown in the shaded rectangle. The early transcripts for pL and pR promoters are shown as red
arrows. The late transcript from pR " is indicated with black arrows. The Cll-activated pl, pRE,
and pAQ transcripts are indicated with blue arrows. The pRM transcript activated by CI is a
green arrow. Transcription terminators (t) are shown as red letters among the genes. The #/
terminator is indicated in parenthesis because it is contained within the larger sib processing
site. The operators OL and OR where CI and Cro bind are shown next to the pL and pR
promoters.

Lytic development

Transcription is initiated with the synthesis of the early transcripts from the pL and pR
promoters (Fig 1.1). Early transcripts which encode two regulators, N and Cro, are attenuated
at the L/ and fR] terminators. These transcriptional terminators play an important role in
controlling the cascade of gene expression. By acting as a weak repressor for both pL and pR
promoters, Cro facilitates the lytic mode. For example, the N protein which is a
antitermination factor promotes the assembly of a transcription complex [Barik et al., 1987;
Greenblatt et al., 1998]. This assembly occurs on the RNA at nutL and nutR sites and is made

up of RNA polymerase and a number of host proteins called Nus.
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The N and Nus-modified RNA polymerase can overcome the #L/ and ¢RI transcription
terminators, resulting in expression of the distal delayed early functions. The delayed early
functions include the lysogenic regulators CII and CIII, as well as the lytic DNA replication
genes O and P, and the late gene regulator Q [Friedman et al., 1995].

After sufficient accumulation, the Q protein modifies RNA polymerase that has just initiated
transcription from the pR’ late promoter. This modification causes the RNA polymerase to
become resistant to transcription terminators present downstream to pR’, allowing the
expression of the late genes, which encode proteins for phage morphogenesis and host cell
lysis. During the last stage of the cascade, the late gene products assemble phage virions and

lyse the host.

Lysogenic development

Two phage proteins, Int and CI, are required to form stable lysogens. Int allows the
integration of the phage genome into the bacterial chromosome, and CI represses the two
early phage promoters to prevent any lytic phage gene expression. When A bacteriophage first
infects, Int and CI are not initially made, and the A phage initiates gene expression along a set
of events that are common to both the lytic and lysogenic pathways. If conditions are
favorable during this initial phase, Int and CI synthesis can be switched on, to enable

lysogenic development. This activation depends primarily upon the phage CII function.

The cll gene is located between the tR/ terminator and the replication genes and, thus, is
transcribed with the early lytic genes. However, CII protein is required only for lysogenic
development of infecting phages. Another gene required for lysogenic development is cllI,

located beyond ¢L/ in the pL operon.

Mutations in these genes as well as in the ¢/ gene encoding the repressor function cause A
bacteriophage plaques to be clear, unlike the normal turbid plaques where the turbidity
indicates growth of lysogenic cells. Whereas the CI repressor is required to maintain the
repressed lysogenic state, the CII and CIII proteins are only required to initially activate CI
synthesis [Kaiser 1957; Friedman et al., 2001]. Once CI has been made, the CII and CIII

functions are no longer required because, CI can maintain its own synthesis.
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1.3 Transcription mechanism

RNA polymerase

Transcription is regulated at several biochemical steps by protein factors through genetic
signals recognized in the form of DNA or RNA [Das 1993; Burgess et al., 1987].
Transcription of all E. coli (Escherichia coli) genes is carried out by a single form of core
RNA polymerase, constituted by four subunits (a,pp') that are encoded by rpod, rpoB and
rpoC genes, respectively. The core RNA polymerase binds to one of several sigma factors that
directs the RNA polymerase holoenzyme to the promoter of distinct classes of genes. ¢”°,
encoded by rpoD, serves as the initiator for most E. coli genes. Hence, the complete

holoenzyme has 6 subunits: apf'cw (~480 kDa).

The catalytic center is constituted by both B and ' subunits, which share homology to the
largest subunits of eukaryotic RNA polymerases. The [ subunit can be cross-linked to
nucleotides, DNA and the RNA product. Mutations in 7poB encoding P affect virtually every
aspect of transcription like sensitivity to antibiotics, promoter recognition and interaction with
o [Gross et al., 1992], abortive initiation, elongation kinetics, intrinsic termination and

regulation by termination and antitermination factors [von Hippel 1998; Rhodius et al., 1998].

Likewise, mutations in rpoC encoding ' alter promoter-specificity and sensitivity to
rifampicin and regulation by elongation control proteins. The alpha subunit, required for core
assembly, plays a pivotal role in the positive control of initiation by activators, such as the

cAMP-CRP complex.

a-CTD of RNA polymerase

Activation of gene transcription in a prokaryote system is triggered by several kinds of
transcription activators [Ishihama 1988]. In the E. coli RNA polymerase holoenzyme, one of
the regions responsible for transcription activation has been localized to the a subunit at
COOH terminal. The carboxyl-terminal domain a subunit (a-CTD), is regarded as the contact

site for transcription activator proteins and for the promoter UP element.

Deletion of this region does not interfere with the assembly of the core or the holoenzyme, but
reconstituted RNA polymerase containing C-terminal truncated alpha subunits cannot be

activated by a group of transcription activator proteins [Ishihama 1992; Igarashi et al., 1991].
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This group of proteins contains the class I transcription factors, and their contact sites have
been placed at various positions in the C-terminal domain. The isolated o subunit and its C-
terminal domain protect the UP element region from deoxyribonuclease I (DNase I) digestion,
which indicates that the C-terminal portion of the o subunit is responsible for the contact with
cis-acting UP elements as well as with trans-acting transcription factors. The solution
structure of aCTD, a 98-amino acid COOH-terminal fragment (residues 233 to 329 plus
methionine at the NH,-terminus) was determined by NMR [Jeon et al., 1995]. The structure is
compactly folded and comprises four helices and two long loops at the terminals of the

domain (PDB code - 1COO).

Transcription initiation

In all organisms, transcription performed by DNA-dependent RNA polymerases can be
divided into three mechanistically and structurally distinct stages: initiation, elongation, and
termination. In the first step, RNA polymerase binds to the promoter, forming a metastable
“closed promoter” complex. The ¢’ holoenzyme recognizes two conserved hexamers
centered around -10 (TATAAT) and -35 (TTGACA) positions relative to the start site,
utilizing two conserved DNA-binding domains in ¢”°. The closed complex then undergoes
several structural transformations to isomerize into a heparin-resistant “open promoter”
complex that contains a single stranded DNA bubble encompassing the -12 to +4 region.
Finally, the open complex couples two specific ribonucleotides forming a dinucleotide

tetraphosphate that serves as the primer for subsequent RNA chain elongation.

Transcription elongation

During elongation, RNA polymerase performs thousands of nucleotide addition cycles. Each
cycle must culminate in forward translocation by one nucleotide (nt) to allow for the
incorporation of the next substrate; this step entails the separation of 1 bp of the dAwDNA
accompanied by the displacement of one nt of the nascent RNA from the DNA template at the
upstream edge of the RNA/DNA hybrid and subsequent annealing of the upstream DNA
duplex [von Hippel et al., 2002]. Though the elongation complex is capable of the
uninterrupted synthesis of RNA chains thousands of nucleotides long, yet, the complex
becomes abruptly destabilized at terminators that demarcate the RNA end, in many cases with

single nt precision. The interplay between processive synthesis, transient halting at numerous
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‘roadblocks’ and RNA release depends on the intricate network of interactions between RNA
polymerase, the nucleic acid signals and/or auxiliary transcription factors within the

elongation complex [Vassylyev et al., 2007; Uptain et al., 1997; Nudler 1999].

Transcription termination [Gusarov et al., 1999; Greive et al., 2005]

Transcript elongation by RNA polymerase involves a processive mechanism. Yet, the RNA
chain is not extended at a fixed rate along the DNA. Until recently, two prevalent types of
sites were known to impede elongation: (a) the so-called “pause” sites, which induce a
temporary, reversible block to nucleotide addition and (b) terminators, which cause the release
of RNA and/or RNA polymerase, either intrinsically, or upon activation by a diffusible factor
such as NusA, Rho or Tau. The dissociation of the sigma factor is thought to mark the entry of
NusA protein, a key elongation modulator that couples termination and antitermination factors
to RNA polymerase and itself promotes pausing and termination at specific template sites. As
the elongation complex is the target of many more diffusible factors, which also includes
transcript cleavage factors, which help RNA polymerase to overcome the “dead-end” sites,
and additional Nus factors help RNA polymerase to transcribe processively through both

factor-dependent and intrinsic terminators.

Bacteria use two main modes of terminating transcription: Rho-independent or ‘intrinsic’
termination, mainly requiring elements located on the mRNA, and Rho-dependent
termination, relying on both mRNA elements and trans-acting factors. About half of the
transcription terminators identified in E. coli are Rho-dependent. These terminators lie at the
natural end of genes or within cistrons and in control regions preceding the coding sequences

of genes, where they play an important role in the regulation of gene expression.

Rho is a homohexameric protein with RNA-dependent ATPase and helicase activities which
binds to the mRNA. Essential sites on the mRNA are the Rho-binding site, known as the Rho
utilization site (rut), and a distal region where the transcripts are terminated. During the
transcription termination process the Rho factor which is a hexameric RNA—DNA helicase of
E. coli binds to the nascent transcript at a ‘loading site’ that is rich in cytosine residues and
also relatively unstructured. Once bound, Rho interacts with the E. coli transcription factor
(NusQG) and translocates directionally (5'—3") along the RNA chain by an ATP-driven process,
moving towards the transcribing RNA polymerase (Fig 1.2).
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Most Rho-dependent termination positions on the template are also pause sites, and therefore
function (at least in part) by allowing Rho to ‘catch up’ with the paused RNA polymerase,
which leads to termination by allowing Rho to use its RNA-DNA-helicase activity to unwind
the RNA-DNA hybrid within the transcription bubble. The stability of elongation complexes,
can be modulated by transcription factors that bind directly or indirectly (by cis RNA looping)
to the RNA polymerase after binding to the nascent RNA. These transcription factors include
NusA and NusG, which increase and decrease termination efficiency at intrinsic terminators,
respectively, and increase termination efficiency (NusG) at Rho-dependent terminators.
However, when assembled into complexes that contain antitermination proteins (such as the N
protein that is encoded by phage A) — which are often bound in conjunction with host
proteins NusB and NusE — NusA and NusG operate together to decrease termination

efficiency.

Rho binds to transcript at rho loading site and pursues polymerase

/, Rho

Figure 1.2 A model of rho-dependent termination.
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1.4 nut - RNA of bacteriophage A

The genome of the phage A codes for two cis-acting element called nut site (N-utilization):
nutL and nutR each of 60 basepairs long and lies in between 50-250 basepairs of the 3’ side of
the promoter P and P [Rosenberg et al., 1978].

The nutL and nutR sites are composed of three conserved motifs, including BoxA (8
nucleotides [nt] located upstream from the BoxB stem loop structure), BoxB (15 nt stem loop

structure), and BoxC (8 nt) [Washburn et al., 2006; Das et al., 1996].

Transcription of the nut site provides a locus on which N and Nus factors can nucleate the
formation of a specific ribonucleoprotein complex [Mogridge et al., 1998]. Box4d RNA
recruits NusB and NusE into an antitermination complex that includes RNA polymerase,
NusA, and NusG. BoxB RNA forms a stem-loop that binds N or HK022 Nun. As it binds
BoxB, N associates with NusA, NusG, and RNA polymerase. It is proposed that N, Nus
factors, and nut interact and complex with RNA polymerase while tethered on the same RNA
[Nodwell et al., 1991]. Although N is the essential factor for antitermination, nuf and the Nus

factors confer stability and full activity to the antitermination complex.

BoxB RNA alone binds N and Nun with similar affinities. This equivalent affinity for BoxB
RNA does not reflect the inability of N to compete with Nun at nutL in vivo. A third conserved
motif, BoxC (8 nt), lies downstream of nutL and nutR and does not appear to play a role in
antitermination. The two nut sites differ in the spacer regions between BoxA, BoxB, and BoxC
and by a single nucleotide change in the BoxB loop and the sixth nucleotide in BoxC. The
spacing between BoxA and BoxB is seven and eight nucleotides for nutL and nutR respectively

(Fig 1.3) [Patterson et al., 1994].

It has been proposed [Washburn et al., 2003] that the phenotypic difference between nutL and
nutR might be explained by the relative distances of the two nut elements from their
respective promoters. nutL is 34 nucleotides from pL, whereas nutR lies 227 nucleotides from
its cognate promoter. nutL also differs from nutR in that, it lies immediately promoter

proximal to RNase III cleavage sites (rIII).
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Figure 1.3 nut sequence showing three elements: BoxA, BoxB and the spacer region located
between BoxA and BoxB. The differences are highlighted by red colored alphabets.

Although the basic elements of the A nut region are conserved in many lambdoid phages,
there are lambdoid phages that vary from A paradigm. The most divergent example is phage
HKO022, which in place of nut sites, has put sites [Weisberg et al., 1999]. Unlike nut sites,
which serve as a nucleation site for protein antitermination complexes, the put RNA structure
itself appears to be necessary and sufficient for modification of RNA polymerase into an
antitermination mode. However, HK022 encodes a protein, Nun, that appears to be an
ortholog of N, but does not modify transcription of HK022. Instead, Nun, which is expressed
from the HK022 prophage, acts as an exclusion function by binding at A nut sites to arrest

transcription.
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1.5 Transcription antitermination and termination in E. coli

1.5.1 Phage A N antitermination

Antitermination is a critical event for genetic regulation of transcription in both eukaryotic
and prokaryotic cells. Antitermination involves the interplay of protein host factors with RNA
and the RNA polymerase transcription complex to allow transcription through early
termination sites [Greenblatt et al., 1993]. The transcriptional regulation process in
bacteriophage A can be viewed as a paradigm for antitermination. In phage A antitermination,
the N protein gene product from bacteriophage A plays an essential role in transcriptional
antitermination in the two phage early operons, which are critical for phage development. The
inhibition of termination at intrinsic and Rho-dependent terminators by A N depends upon the

recognition of nut RNA on the nascent phage transcript [Das 1992].

The key component of the antitermination complex is the highly basic 107 amino acid A N
protein, which is largely unfolded in solution [Mogridge et al., 1998]. A N consists of three
functionally distinct regions with different interaction partners: aminoacid residues from 1-22
binds the nutBoxB RNA, 34-47 binds the carboxy terminal part of E. coli NusA acidic repeat
domain 2, 73-107 forms the RNA polymerase binding region [Weisberg et al., 1999; Whalen
et al., 1988; Devito et al., 1994]. Highly efficient, processive N mediated antitermination
requires E. coli transcription elongation factors NusA, NusB, NusG, and NusE (S10), as well

as nutBoxA [Friedman et al., 1990; Henkin et al., 2002; Agnieszka et al., 2003].

NusA, a 56 kDa essential protein, was subsequently shown to affect transcriptional pausing,
termination, and antitermination. NusB, a 14 kDa protein essential for cell growth only at low
temperatures, may be involved in translation as well as transcription. The nusE71 mutation,
which defined the NusE product, is an allele of rpsJ, encoding ribosomal protein S10. NusG,
first identified through a nusG mutation that suppressed the effects of the nusA4/ and nusk71
mutations, is a required factor for the N antitermination in vitro as well as an enhancer of
termination factor Rho [Friedman et al., 1995]. The N and Nus proteins function as a complex
modifying RNA polymerase to a termination-resistant form. After this complex has been
formed, it leads to efficient in vitro and in vivo suppression of terminators located thousands
of base pairs downstream of the nut site [Mogridge et al., 1995]. A model of N-dependent
antitermination is shown in Fig 1.4 [Greive et al., 2005; von Hippel et al., 1996].
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RNA transcript } RNA polymerase

Figure 1.4 The processive antitermination complex of phage A consist of an RNA element
(the nut site) that contains boxA (violet), boxB (a hairpin loop) and five protein factors —
phage A N protein (dark red) and host proteins NusA (A, blue), NusB (B, yellow), NusE (E,
orange) and NusG (G, green). This network of interactions stabilizes the elongation complex
to prevent intrinsic termination and results in a twofold increase in transcription rate that
might help to avoid Rho-mediated termination.

The sequence of steps leading to the formation of the complex of A N, NusA, and RNA
polymerase is still unclear. One model proposes that NusA binds to RNA polymerase after the
initiation process. Immediately, after the nutBoxB RNA leaves the RNA polymerase, N binds
to the RNA tetraloop [Scharpf et al., 2000] and is recruited to the transcription elongation
complex. Complex formation transforms the RNA polymerase into a termination-resistant
transcription complex. In an alternative model, A N, NusA, and RNA polymerase associate
prior to the exit of RNA polymerase from the nutsite. A N is then able to scan the nascent
RNA for the nutBoxB signal and finally binds to it, forming a processive antitermination

complex.

1.5.2 Mechanism of Nun mediated termination

The HK022 life cycle and the functional organization of its genome are typical to those of the
A family of temperate bacteriophages. In the overall arrangement, expression, and function of

most of its genes, HK022 broadly resembles A and other members of the A family. Upon
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closer view, significant differences emerge. The differences reveal alternative strategies used
by related phages to cope with similar problems and illuminate previously unknown

regulatory and structural motifs [Dhillon et al., 1980; Dhillon et al., 1981].

The HKO022 genome, a dsDNA molecule of 40,751 bp, has been completely sequenced
(GenBank accession no. AF069308) and a majority of the genes revealed by the sequence
have been assigned functions. Nun is a small 13 kDa (109 aa) arginine rich, RNA binding
protein from the bacteriophage HK022. Nun terminates the RNA transcripts of phage A when
A tries to infect Hong Kong’s E. coli host. Nun is not essential for any part of HK022 life

cycle, but only seems to prevent super-infection of E. coli by certain lambdoid phages.

As the A nut sites are required for antitermination, surprisingly, these sites are also
components of a transcription termination pathway. In this pathway, the HK022 Nun protein
replaces N in the transcription elongation complex and converts the antitermination pathway
into a termination reaction [Oberto et al., 1989]. In addition to the nut sites, the two pathways
also use the host NusA, NusB, NusE, and NusG proteins [Robledo et al., 1991; Nudler et al.,
2002].

The structure of the Nun/BoxB complex has been solved by NMR spectroscopy [Faber et al.,
2001]. The BoxB-Nun complex is quite similar in structure to the corresponding BoxB-N
complex. Both proteins form a bent alpha-helix upon binding to BoxB. However, Nun amino
acids Leu-22, Ile-30, Trp-33, Ile-37 and Leu-41 form a hydrophobic surface which is not
present in N (1-36) bound to BoxB. This surface could be a recognition site for host factors.
This complex is thought to interact with RNA polymerase and Nus factors to bring about the
termination reaction. Nun competes for the same nutR and nutL BoxB rna/stem loops

effectively shutting down A’s antitermination system.

Model for Nun action

The three histidine residues in the C-terminus of Nun, form a Zn*" coordinating motif. Zn*
inhibits Nun binding to BoxB [Watnick et al., 1998; Watnick et al., 2000]. Mutation of any of
the histidines to alanine enhances BoxB binding and makes it insensitive to Zn**. Thus, the

carboxyl-terminus of wild-type Nun acts to interfere with the N-terminal RNA-binding motif.
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Figure 1.5 Model for transcription arrest by Nun. The amino terminal ARM of Nun interacts
with BoxB, tethering Nun in proximity to the transcription elongation complex. Histidine
residues in the C-terminal region permit Nun to contact RNA polymerase in a Zn*" dependent
manner. The C-terminus contacts DNA, possibly by intercalation of the penultimate
tryptophan residue into the DNA template.

All three Nun C-terminal histidines are necessary for Zn*" to inhibit RNA binding. However,
H93A and H100A single mutants retain termination activity, which implies that only two
histidines in the C-terminus are required for transcription termination. The additional residues

needed for coordinating Zn** could be supplied by RNA polymerase [Garber et al., 1998].

The C-terminal location of W108 is unusual, which implies that W108 plays a role other than
stabilizing the structure of the protein. W108 might intercalate into the DNA template,
blocking the translocation of RNA polymerase. Nun termination, therefore, may involve two
modifications of the elongating complex as shown in Fig 1.5: a tightening of the RNA

polymerase clamp, and an interaction with DNA template.

NusA can also modulate RNA binding by Nun. NusA binds to the C-terminal domain of Nun
and stimulates BoxB binding. The binding of NusA presumably sequesters the Nun CTD,
allowing the Nun-NTD to bind RNA (Fig. 1.6). This inhibition is relieved by NusG, NusB,
and NusE, which may translocate NusA from the CTD to another location in the transcription

complex and thereby stabilizing the Nun complex and stimulate transcription arrest.



INTRODUCTION 15

Polymerase

Figure 1.6 Model of Nun action in the presence of Nus factors.

1.6 [Elongation factor NusA

The NusA (N utilization substance A) transcription elongation protein is one of the highly
conserved host factors required by E. coli for the transcription termination/antitermination
[Berg et al., 1989]. NusA is the largest of the Nus proteins (M; ~55,000 in E. coli) and is
present in the Mycoplasma genitalium genome, the presumed minimal set of genes required

for bacterial life [Fraser et al., 1995].

NusA modulates transcription elongation by associating with the core component of RNA
polymerase after promoter escape, and release of the ¢’ subunit required for initiation at most
promoters [Greenblatt et al., 1981a]. NusA influences elongation by increasing the dwell time
for RNA polymerase at certain pause sites [Greenblatt et al., 1981], possibly by interacting
with and stabilizing the RNA hairpin structure often associated with pause sites. These effects
on the RNA polymerase elongation rate can influence gene regulation and may be necessary
to couple transcription and translation and prevent premature termination caused by the Rho

factor [Zheng et al., 1994].

NusA and the additional host proteins NusB, NusG, and ribosomal protein S10 are important
for the N protein of bacteriophage A to modify RNA polymerase into a termination-resistant
state [Horwitz et al., 1987; Nudler et al., 2001]. N, the host proteins and nut site RNA

assemble into a highly stable complex that associates with elongating RNA polymerase.
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Within this complex, N binds BoxB RNA, and NusA binds to N. NusB and ribosomal protein
S10 form a heterodimer that binds the BoxA portion of the nut site RNA. NusG and S10, as
well as NusA, bind RNA polymerase. Even in the absence of a DNA template, a stable
complex can be assembled on the nut site RNA that contains N, RNA polymerase and all the
host cofactors. While the presence of all of the host antitermination factors allows for the
formation of a stable and highly processive antitermination complex, high concentrations of N
alone can cause nut site-independent antitermination in vitro [Rees et al., 1996]. As this effect
is enhanced by the presence of NusA in the reaction, it was suggested that NusA functions to
stabilize the N-NusA-RNA polymerase-nut site complex. Genetic studies on antitermination
by the A N protein have suggested that NusA may interact with the BoxA4 portion of the nut
site as well. Based on all the evidence, it implies that NusA plays an important role in
stabilizing the transcription complex (Fig 1.7). In any case, the interaction of NusA with an N-
nut site complex is likely to be at least bipartite. First, there is a direct interaction of NusA
with amino acids 34-47 of N. Second, there may be a direct interaction of NusA with BoxA4

[Greenblatt et al., 1998].

~®R T
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Figure 1.7 Diagram emphasizing the role of NusA in stabilizing the N-transcription complex.
NusA interacts with BoxA, BoxB loop, a central region of N, and RNA polymerase.

Domain architecture of NusA

The 495 amino acid protein carries three RNA binding motifs, S1, KH1 and KH2 and two
acid-rich regions, arl and ar2 [Mah et al., 1999]. NusA has two RNA polymerase binding
domains, one at the amino terminus and the other at the C-terminal domain. The central S1
and the two KH domains are involved in the nu#-RNA binding. The arl and ar2 domain at the
C-terminus interacts with the A N and a-CTD respectively (Fig 1.8).
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Figure 1.8 Schematic representation showing functional domains of NusA.

N-terminal domain (NTD) mediates the interaction of the protein with RNA polymerase. The
NTD has two a helices lie alongside the first and last strand of a three-stranded antiparallel
sheet. The conformation of this part of the protein is therefore rather flexible and may be
critically stabilized by crystal contacts. The NTD is linked by a long helix, a3, and coupled
through a short flexible linker to three C-terminal binding domains, a single S1 domain
followed by two copies KH domain (Fig 1.9). A model has been proposed where these two
types of recognized RNA binding motif form an extended RNA binding interface [Worbs et
al., 2001].

The S1 domain was first identified in the sequence of the E. coli S1 ribosomal protein and
subsequently in the sequence of the NusA protein. The S1 domain folds into a five-stranded
antiparallel B barrel with Greek key topology and a small 3, helix following the third strand,
Be. C terminally of the S1 domain, NusA features two consecutive K-homology motifs. They
consist of three-stranded mixed B sheets packed against three (KH2) to four (KH1) a helices
on one side (Fig 1.9). The KH RNA-binding domain was first identified in the human
heterogeneous nuclear ribonucleoprotein K (hnRNP K) [Worbs et al., 2001]. Of particular
interest is the area encompassing the S1 and KH motifs, as these domains occur in many
nucleic acid binding proteins, both alone and tandemly repeated. The ubiquity of such arrays
suggests that they are used as a general tool to adjust the specificity and strength of the RNA-
protein interactions. KH domains are important functional components of the NusA protein
[Zhou et al., 2002]. and a recently solved x-ray structure of the homologous NusA from
Mycobacterium tuberculosis show that only these both domains act in concert to bind the

RNA [Zhou et al., 2002].



18 INTRODUCTION

Figure 1.9 Stereo ribbon diagram of Thermotoga maritima NusA. Domains are indicated
with different colors. PDB code — |HH2.

The crystal structures of two non-£. coli NusA factors have been solved so far, Thermotoga
maritima [Worbs et al., 2001] and Mycobacterium tuberculosis [Gopal et al., 2001]). These
structures show a common domain organization (S1+KH1+KH2) as described before. This
NusA core organization is conserved in most of the bacteria. An additional carboxy terminal
region, NusA-CTD, comprising 160 residues [(NusA(353-416) and NusA(431-490)] is found
in several a-, B-, and y-proteobacteria like enterobacterium E. coli. Though NusA-CTD is not
as highly conserved as the NusA core, the latter region is characterized by its acidity and
frequently by an internal sequence repeat of 70 residues. The solution structure of NusA-CTD
was solved with high-resolution by NMR [Eisenmann et al., 2005]. The two subdomains of
NusA-CTD are connected by a linker region. Either subdomain contains two helix-hairpin-
helix (HhH) motifs, each formed by two anti-parallel a helices connected by a short hairpin

(Fig 1.10).
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Figure 1.10 Structure of NusA arl (PDB code — IWCL) and NusA ar2 (PDB code — IWCN).
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Autoinhibition effect of NusA

N protein alone is sufficient to bind and retard the mobility of RNA containing a wild-type
nut site, whereas full-length NusA cannot shift the RNA on its own and needs N for its RNA
binding activity (Fig 1.11-A and 1.11-C) [Mogridge et al., 1995]. None of the NusA fragments
except NusA (1-416) (Fig 1.11-B) can bind the RNA directly in the absence of N. Recently,
Greenblatt and coworkers showed that the extra CTD of ecoNusA serves as an autoinhibitor
of RNA binding [Mah et al., 2000]. A carboxy-terminal deletion mutant NusA (1-416), which
retains the S1 and KH homology regions of NusA but only one of its two HhH motifs, can
bind RNA in the absence of N. This suggests that one or more of the RNA-binding domains
of NusA might be occluded by the second HhH motif or other determinants within the 79

carboxy-terminal amino acids of NusA (Fig 1.11).

It has been inferred that autoinhibition of RNA binding in ecoNusA is mediated via a negative
patch on the CTD [Mogridge et al., 1995; Mah et al., 2000]. Consistent with RNA binding to
NusA being mediated by the composite positive flank, the CTD could nicely block this area or

part thereof through its negative surface.
Role of a-CTD subunit of RNA polymerase

The inability of full-length NusA to bind RNA resembles the inability of the intact initiation
subunit 6™ of RNA polymerase to bind DNA. In analogy to the way in which interaction of
o”" with RNA polymerase relieves the inhibitory effect of the amino terminus of ¢’ on
promoter-specific DNA binding [Dombroski et al., 1993], it is possible that the interaction of
NusA with RNA polymerase relieves the inhibitory effect of the carboxyl terminus of NusA
and allows NusA to bind RNA.

Nuclease protection experiments and protein-RNA cross-linking experiments [Liu et al.,
1995], have already shown that NusA interacts with or is close to RNA nucleotides upstream
of the 3’end of the nascent transcript in a transcription complex and these results were
consistent with the observation [Mah et al., 2000] made by affinity chromatography
experiments, that the a-CTD subunit of RNA polymerase stimulates RNA binding by NusA.
Based on various observations, it has been suggested that during elongation, NusA uses its
RNA polymerase-binding region (1-137) [Mah et al., 1999] to interact with RNA polymerase

subunits § and B', and its carboxy-terminal region to interact with a-CTD subunit.
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The interaction with a-CTD subunit may then cause a conformational change in NusA such

that its RNA-binding domains either fold or become exposed and competent to bind the

nascent RNA (Fig 1.11-D).

Thus, as part of the transcription complex, NusA would be in a position to bind and stabilize

pause and termination motifs in the nascent RNA, leading to enhancement of pausing and

termination at certain sites. Hence, the interaction of the a-CTD with NusA is essential for

NusA to stimulate termination only if the inhibitory carboxy-terminal region of NusA is

present and not if it is deleted.
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Figure 1.11 Model showing the autoinhibition effect of NusA on RNA binding.
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1.7 Thesis objectives

Transcription is the primary regulatory process that is used by cells, tissues and organisms to
facilitate and control the complex programmes of gene expression, cellular metabolism, and
organ and tissue development. In the mechanisms of transcription termination and
antitermination, participation of various Nus host factors and their interactions plays a
significant role. Four N-utilization substances, NusA, NusB, NusE, and NusG, are important
elongation/termination modulators. Transcription regulation through these Nus factors has

been intensively studied in the expression of genes from lambdoid phages.

In this context, a unique mechanism of transcription elongation control was found in Nun
protein of bacteriophage HK022. One part of my work is focused on understanding the role of
Nun in the termination complex by studying the interaction of HK022-Nun with various Nus

host factors on a structural level by NMR.

The other part of my project was mainly aimed at a better understanding of the regulation of
RNA binding by NusA and the autoinhibition effect of NusA. Thus, this part of the work is

targeted on

e 'H, “C, and "N backbone resonance assignment of RNA binding domains of NusA

(SKK domain).

e Analysis of the interaction between RNA binding domains of NusA and nut site RNA
by NMR spectroscopy.

e NMR spectroscopy assessment of RNA binding inhibition by autoinhibition domain of
NusA.
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2 Materials and Methods

2.1 Culture media

The culture media was prepared using the ultra pure water (Filtering unit Milli-Q Biocel, 0.22
pum, Millipore, Eschborn) and heat sterilized at 121 °C (30 min, 1.2 bar, autoclave type 23,
Varioklav, Melag, Berlin or Varioklav Dampfsterilisator, H+P labortechnik, OberschleiBheim).
Prior to use, sterile filtered (0.2 um filter, Sartorius, Goettingen) antibiotics were added to the

medium as required.

2.1.1 Luria Bertani medium [Sambrook et al., 1989]

Luria Bertani (LB) medium was prepared by dissolving 10 g of peptone, 5 g of yeast extract,
and 10 g of NaCl in 1000 mL of water and set to autoclave.

2.1.2 Minimal medium (M9) [Sambrook et al., 1989; Meyer et al., 1983]

Uniform labeling of proteins with "N and “C isotopes were achieved by growing the cells in
minimal medium. To prepare a liter of M9 medium, 200 mL of 5 x M9 medium was diluted
with 800 mL of autoclaved H,O and supplemented with 2 mL of TS2 - trace element solution
[Meyer et al., 1983], 2 mL of 1 M MgSO,, 1 mL of 10 mM Fe (IIl)-citrate, 0.1 mL of 1 M
CaCl,, 20 mL of 20 % (w/v) glucose and 10 mL of 100 x MEM vitamin solution (Gibco,
Invitrogen, Karlsruhe). To produce "N and "*C labeled proteins, "N NH4Cl or "N (NH,4),SO,

and "C glucose were used as the sole nitrogen and carbon source respectively.

Table 2.1 Components in the 5 x M9 and trace element stock solution.

5 x M9—Medium:

Na,HPO, 12 H,O 855¢g
KH,PO, 150¢g
NaCl 25¢g
NH,Cl 50¢g
add 1000 mL of H,O
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TS2: (components to be added to 1000 mL of H,0O)

ZnSOy. 7 H,O 100 mg
MnCl,. 4 H,O 30 mg
H;BO; 300 mg
CoCl, . 6 H,O 200 mg
NiCl, . 6 H,O 20 mg
CuCl, . 2 H,O 10 mg
Na,MoO. 2 H,O 900 mg
Na,SeOs 20 mg

2.1.3 P-5052 medium [Robert et al., 2005; Studier et al., 2005]

All components for the medium were prepared using millipore water and were either filter-
sterilized (0.2 pm filter, Sartorius, Goettingen) or heat-sterilized (121 °C, 30 min, 1.2 bar,
autoclave type 23, Varioklav, Melag, Berlin). P-5052 medium contains 2 mM magnesium
sulphate, 1 x trace metals solution, 1 x 5052 solution, 1 x NPS solution, 1 x vitamin solution,

and respective antibiotic.

Stock solutions:

5000 x trace elements:

The trace metal solution contains 50 mM FeCl;, 20 mM CaCl,, 10 mM MnCl,, 10 mM
ZnS0O,, 2 mM CoCl,, 2 mM CuCl,, 2 mM NiSO,, 2 mM Na,MoO,, 2 mM Na,SeO; and 2 mM

H;BO;. The solution was wrapped in an aluminum foil and stored at room temperature.

50 x NPS solution:

1.25 M Na,HPO,, 1.25 M KH,PO, and 0.25 M Na,SO,. This preparation was prepared fresh,
heat-sterilized and used within a week. [(An unlabeled 50 x NPS solution can be prepared by
substitution of ammonium chloride as the nitrogen source (2.5 M NH4Cl)]. For labeling, the

media contains 5 g of "N NH,Cl (Cambridge Isotope Laboratories, Andover, USA) per liter.

50 x 5052 solution:

25 % glycerol (v/v), 2.5 % glucose (w/v) and 10 % lactose (w/v). This preparation was

prepared fresh and heat-sterilized.
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2.2 [Estimation of protein concentration

A measure of protein and nucleic acid concentration was obtained upon monitoring the
absorbance at 280 nm and 260 nm respectively. Absorption was measured either in a black
wall quartz cuvette (Hellma, Miillheim) with a thickness of 1 cm, using a Helios vy
spectrophotometer (Thermo spectronic, Cambridge, UK) or else in the Nanodrop ND-1000
instrument (Peqlab Biotechnology GmbH, Germany). After measuring, the protein
concentration was then determined by applying Beer-Lambert’s law [Ingle et al., 1988] as

follows which is related to the amount of light absorbed by the sample.

A(M)=¢c.c.b [2.1]

Where A (M) = measured absorbance at 280 nm
& = molar extinction coefficient (M cm™!)
¢ = concentration of the substance that absorbs light (M)
b =path length of the sample cell (cm)

Molar extinction coefficients [Gill et al., 1989] of proteins and nucleic acids were obtained
from amino acid analysis using ProtParam Tool (ExPASy, Expert Protein Analysis System

proteomics server, Swiss institute of Bioinformatics, www.expasy.che, Switzerland).

2.3 SDS - polyacrylamide gel electrophoresis [Lacmmli 1970]

The analytical electrophoresis of proteins was carried out in polyacrylamide gels under the
conditions that ensure dissociation of the proteins in to their individual polypeptide subunits.
Thereby the molecular mass of the protein was determined by eletrophoresing it together with
“marker” protein of known molecular masses that bracket that of the protein of interest [Voet

et al., 2" edition].

In this technique, the proteins were separated on a porous supporting material prepared by
cross linking acrylamide by N-N methylene bis-acrylamide. Initially the proteins were
denatured by heating them at 95 °C for 10 min in a buffer containing sodium dodecyl sulphate
[(SDS)-an 1onic detergent] and B-mercaptoethanol (reducing reagent). The gels (10 x 8 x 0.75
cm) were electrophoresed in Mighty small SE250/260 gel electrophoresis chambers (Hoefer,
San Francisco, CA, USA) at a constant voltage of 30 mA.
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The SDS gel has two distinct zones, a stacking gel overlaying a separation gel, both of Tris
buffered system. The two zones are characterized by their porosity and pH conditions. The

compositions for the preparation of two gels are mentioned in Table 2.2.

Table 2.2 Ingredients for 19 % Sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE).

19 % SDS gel Separation gel Stacking gel
Na,SOs 50 mg -
HO 2.13 mL 8.70 mL
0.5 M Tris/HCI; pH 6.8 - 5.0 mL
3 M Tris/HCI; pH 8.8 3.75 mL -
30 % (w/v) Acrylamide rotiphorese® Gel A 18.50 mL 2.6 mL
(Roth, Karlsruhe)
2 % (w/v) Bisacrylamide rotiphorese® Gel B 7.70 mL 1.08 mL
(Roth, Karlsruhe)
10 % SDS 0.3 mL 0.2 mL
TEMED 20 uL 20 uL
10 % (w/v) APS 200 pL 200 pL

The separated proteins were visualized by Coomassie Brilliant Blue staining [Wilson 1983]
and destaining with concentrated methanol : acetic acid solution. The gel after destaining was

photographed using a Gel document system (GEL DOC 2000, Biorad, Munich).

2.4 Schagger and Jagow gel electrophoresis [Schagger et al., 1987]

The most generally used technique to visualize the polypeptides with masses below about 15
kDa is the one developed by Schagger and von Jagow. This technique employs a
discontinuous gel system containing SDS. However, the interference of SDS with the stacking
and separation of small polypeptides is diminished by changing the trailing ion (in the cathode
buffer) from glycine to the more mobile Tricine (N-tris[hydroxymethyl]-methylglycine)
[Wisdom 1997] and by lowering the pH of the separating gel.

The separation gel consists of 16.5 % T and 6 % C in 1 M Tris/HCI, pH 8.45, 0.1 % (w/v)
SDS and 6 M urea. The stacking gel comprises 4 % T and 6 % C in 0.775 M Tris/HCL, pH
8.45 and 0.1 % (w/v) SDS. The polymerization was initiated by addition of 10 pL of TEMED
and 100 pL of 10 % (w/v) APS for 20 mL gel solution.
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The upper part of the electrophoresis instrument was filled with cathode buffer (0.1 M
Tris/HCL, pH 8.25, 0.1 M Tricine, 0.1 % (w/v) SDS and the base is filled with anode buffer
(0.2 M Tris/HCI, pH 8.9). A constant voltage of 28 mA was applied until the samples reached
the end of the stacking gel and then the voltage is increased to 40 mA. For the estimation of
the molecular weight in gels, Fluka molecular weight standard (Fluka, New-Ulm) or Peptide
marker kit (GE Healthcare life sciences, Germany) was used. Staining and destaining of the

gels were carried out in the same manner as that of SDS-PAGE.

2.5 HKO022 Nun protein

2.5.1 Expression of Nun

Nun full length construct (1-112) was expressed in the E. coli BL21(DE3). Pre-inoculum was
developed by inoculating the glycerol stock with 200 mL of LB medium containing ampicillin
antibiotic (1 pg/mL) and incubating overnight at 37 °C. Expression of protein was carried out
by inoculating 1.2 liter of LB medium containing ampicillin antibiotic with overnight culture
so as to have an initial concentration of cells corresponding to ODgy (Optical density at 600)
of about 0.1. The culture was then incubated with shaking (170 rpm) (C25KC Incubator
shaker, New Brunswick Scientific, Edison, NJ, USA) at 37 °C, until the culture has reached
the mid-log phase of the growth (ODgg ~0.8). The expression was then induced by addition of
1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) (GERBU, Gaiberg). The cells were
allowed to grow till the stationary phase (~4 h) and were then harvested by centrifuging
(Centrikon T-124, Rotor A 6.9, Kontron, Eching) at 6000 rpm (5000 g), 4 °C for 30 min. The
cell pellets were washed with 50 mM Tris-HCI, pH 8.0 and were harvested again by

centrifugation. The cells obtained are then stored at —80 °C until further use.

2.5.2 Cell lysis and purification of HK(022 Nun

Preparation of cell extract

Frozen cell pellets were resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 2 mM
ethylenediaminetetraacetic acid (EDTA), | mM phenylmethylsulfonylflouride (PMSF), 5 mM
Dithiothreitol (DTT), 0.2 mg/mL deoxyribonuclease I (DNase I), one protease inhibitor tablet-
EDTA free (Roche, Mannheim). The cells were freeze and thawed three times. After freeze
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and thaw, the suspension was stirred on ice for 30 min. The cell suspension was sonified for 2
times of each 1 minute with ultrasound (Duty cycle 0.5, 200 Watt, Sonifier Labsonic U, B.
Braun Biotech International, Melsungen) with 10 min pause in between each step. Cellular
debris was cleared from the cell lysate by centrifuging (Biofuge Stratus, Rotor 3334, Heraeus)
at 4 °C, 13000 rpm (19000 g) for 30 min. The cleared lysate was filtered (Minisart Sterilfilter,

0.45 um, Sartorius, Goettingen) and used for the purification.
Purification
All the buffers used were filtered and degassed before purification.

Binding buffer : 50 mM Tris-HCI, pH 8.0, 2 mM EDTA
Elution buffer : 50 mM Tris-HCIL, pH 8.0, 2 mM EDTA, 2 M NaCl

HK022-Nun was purified by employing cation exchange chromatography. The AKTA purifier
10-system (Amersham Biosciences, Freiburg) was used to purify the protein with a HiTrap™
Heparin column (SmL ~ 1 CV) (Amersham Biotech). The column was equilibrated with 10
CV of Binding buffer. The combined supernatant after centrifugation were applied on the
heparin column at a flow rate of 1mL/min. Flow through was collected in each step. The
column was washed with buffer A for 5 CV or more to remove unbound proteins. The bound
protein was then eluted by buffer B with a step gradient of 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, and 100 % respectively. Fractions collected during the elution were analyzed by SDS-
PAGE (2.3).

High-performance liquid chromatography (HPLC) [Horvath et al., 1967]

Fractions containing Nun which were identified on a 19 % SDS-polyacrylamide gel were

pooled and subjected to HPLC (Kontron, Eiching) for further purification.

Buffer A: 0.1 % TFA in millipore water
Buffer B: 0.1 % TFA, 80 % acetonitrile in millipore water

Purification was carried out by using a HPLC C-18 column (PrepLCtv 25 mm Module,
Waters, Milford, Massachusetts, USA) by applying a slow linear gradient. Fractions
containing Nun were kept in the speedvac (ABM Greiffenberger, Marktredwitz) to dry. The

dried samples were stored in the cold room till further use.
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2.6 Nun carboxy terminal domain (Nun CTD)

2.6.1 Cloning and expression of Nun CTD

The Nun C-terminal domain gene was amplified by polymerase chain reaction (PCR) with a
5" primer including a Ncol restriction site and a 3" primer with a BamHI site. The fragment
was cloned in to the expression vector pET-GB1 (G. Stier, EMBL, Heidelberg, Germany) via
Ncol and BamHI. The expressed protein is N-terminally fused to the 56 residues long
streptococcal immunoglobulin-binding domain of protein G [Huth et al., 1997; Zhou et al.,
2001]. The 16.6 kilodalton (kDa) fusion protein contains a 6 x His tag at the N-terminus and a
tobacco etch virus (TEV) protease cleavage site between GB1 and Nun CTD, and carrying

resistance to kanamycin antibiotic.

DNA isolation and quantification

For isolating plasmid DNA, a 10 fold concentrated cell suspension was used. Isolation of

DNA was performed according to the manufacturer's instruction using the NucleoSpin®
Plasmid Kit (MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany). The purified DNA
was eluted with 50 puL of H,O. After the isolation of DNA, the DNA product was analyzed by
0.8 % agarose gel by loading the plasmid DNA (3 pL of plasmid DNA + 3 pL of 6 x loading
dye). As a DNA marker, A DNA/Hind III marker (MBI-Fermentas, Germany) was used.

Polymerase chain reaction [Kramer et al., 2001]

The Nun C-terminal domain (45 - 109) gene was amplified by PCR with a 5’ primer including
a Ncol restriction site (underlined): 5'-GCC CAT GGG TGT GAC ACC TGG ATT TAA TGC
TAT AGA TGA C-3" and a 3’ primer with a BamHI site (underlined): 5-TGG GAT CCT TAA
CTC CAT TTT TTG TTC GGG TTG-3'. The oligonucleotides were obtained from
Biomers.net GmbH, Ulm, Germany. All the enzymes and buffers used in this study were

obtained from New England Biolabs and MBI-Fermentas.

The relevant coding regions of DNA were amplified using Primus 25 advanced Thermocycler
(Peqlab Biotechnology GmbH, Germany). 50 pL of PCR mixture contained, 1 uL genomic
DNA, 10 x Thermopol-buffer 5 pL, dNTPs (each 200 uM) 1 pL, primer forward (100
pmol/uL) 1 pL, primer reverse (100 pmol/uL) 1 uL, VENT-polymerase 0.5 puL and sterile

water 40.5 pL. Reaction mixture was subjected to 35 amplification cycles, consisting of



MATERIALS AND METHODS 29

denaturation at 94 °C for 2 minutes, and further extension of denaturation was carried out by
subjecting to 35 cycles of 30 seconds at 94 °C. Followed by denaturation, primer annealing at
50 °C for 30 s and elongation at 72 °C for 4 min. A final extension of 4 min at 72 °C was
performed. The PCR product was analyzed by electrophoresis using 1.5 % agarose gels. After
the electrophoresis the PCR fragment was excised from the gel and extracted as per the

instructions provided in the QIAquick Gel Extraction Kit protocol (Qiagen, Hilden).

Restriction digestion analysis (BamHI)

Restriction digestion analysis was performed with PCR amplified fragments as well as with
pET GBI vector to check the sequence similarity and the arrangement of Nun CTD genes in
the amplified locus. Restriction enzyme (BamHI) with recognition site 5’-GGATCC-3’was o
used according to the recommendations of the manufacturer. A reaction mixture of 60 pL in
total containing the PCR fragment or GB1 vector (47 pL), BamHI (3uL), 10 x buffer for
BamHI (6puL) and sterile water (4uL). The reaction mixture was incubated at 37 °C (Incubator
type BE 200, Memmert, Schwabach) for 1.5 hour. After the digestion reaction, the respective

fragments were analyzed by agarose gel electrophoresis.

Ethanol precipitation

To the BamHI digested samples, added 2 pL of Glycogen, 1/10 volume of 3 M Lithium
chloride and 3 volume of 100 % ethanol. Incubated the samples for 1 h at -80 °C. After
incubation, centrifuged at 13,000 rpm (10,000 g) for 15 min at 4 °C, decanted the supernatant,
and drain inverted on a paper towel. Add 70 % ethanol (corresponding to about three volume
of the original sample), incubated at room temperature (RT) for 5-10 min and centrifuged
again for 10 min, and decanted and drained the tube, as above. Placed the tube in a Speed-Vac
(ABM Greiffenberger Antriebstechnik, Marktredwitz) and dried the DNA pellet for about
5-10 min, or until dried. Dissolved the dried DNA in 20 pL of sterile water.

Restriction digestion analysis (Ncol)

Followed by ethanol precipitation, the samples were subjected to Ncol digestion. The
restriction enzyme Ncol with a recognition site 5’-CCATGG-3 was used according to the
recommendations of the manufacturer. The reaction mixture contains ethanol precipitated
sample (20 pL), Ncol (2uL), 10 x NE buffer 4 (3uL) and sterile water (SuL) with a total

volume of 30 pL. The mixture was incubated for 15 min at 37 °C.
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Dephosphorylation of vector plasmid [Ahmad et al., 1981]

After digesting the plasmid with the desired enzyme it was collected on a preparative gel by
gel extraction procedure. To the digested vector (57 uL), added 2 uL of Antartic phosphatase,
7 uL of 10 x buffer for the enzyme and 4 pL of sterile water. The mixture was incubated for
20 min at 37 °C. Heat inactivated (or as required to inactivate the restriction enzyme) for 5

minutes at 65 °C.
Quick ligation

To proceed with the ligation, Quick ligation Kit (New England Biolabs) was used. The
reaction mixture was incubated at RT by setting up with 2 uL of dephosphorylated vector, 3
pL of the insert, 5 uL of H,O, 10 pL of 2 x Quick ligation reaction buffer and 1 pL of Quick
T4 DNA ligase.

Butanol precipitation [Thomas 1994]

This method was carried out to get rid of the salt from ligation buffer and to increase
transformation efficiency and eliminate arching of cuvettes. Adjusted the volume of ligation
reaction up to 50 uL by adding sterile water. To this added 10 x amount of butanol, mixed
well and spinned at 13,000 rpm for 5 min at 4 °C. The supernatant was discarded and the
pellet was dried in the speedvac for 5 min. The dried pellet was resuspended in 10 uL of

sterile water and followed with transformation into £. coli BL21 DE3.

Transformation and expression

Prior to electroporation [Sugar et al., 1984], added 1 — 2 pL of ligation sample to 40 pL
aliquot of E. coli BL21 DE3 competent cells and kept on ice for 2 min. The mixture was then
added to the electroporation cuvette (0.1 cm, BioRad, Munich) and kept in the electroporator
(Micro™ Pulser, BioRad, Munich). Electroporation was started with a pulse of 1.8 Kvolts.
Now the contents of the cuvette was transferred to an eppendorf tube and added 500 pL of LB
medium and incubated at 37 °C for 1 hour. After incubation 50 uL was platted on LB agar
plate and left overnight at 37 °C (Incubator Model 200, Memmert, Schwabach).

Pre-inoculum was prepared by picking up the transformants from the plate and inoculating in
to 5 mL LB containing the respective antibiotic at 37 °C (Incubator shaker Certomat HK/R,

B.Braun Biotech International, Melsungen). After incubation for 6-8 h, final inoculum was
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developed by inoculating 1 mL of this pre-inoculum with 10 mL of LB medium containing
respective antibiotic and incubating overnight at 37 °C. The Nun CTD expression was carried
out by inoculating the overnight culture in to the fresh media with a start ODgy ~0.1, and
grown at 37 °C, 170 rpm (C25KC Incubator shaker, New Brunswick Scientific, Edison, NJ,
USA) till the ODgy reaches ~0.7 to 0.8, and then induced with 1 mM IPTG (GERBU,
Gaiberg) and allowed to grow further for 3.5 hours. Cells were pelleted at 6000 rpm (5000 g)
(Centrikon T-124, Rotor A 6.9, Kontron, Eching), at 4 °C for 30 min and stored at -80 °C.

2.6.2 Cell lysis and purification of Nun CTD

Preparation of cell extract

Frozen cell pellets were thawed on ice and resuspended in 10 mL of lysis buffer per 100 mL

cell culture volume.

Lysis buffer : 20 mM Tris-HCI, pH 8.0, 1 mM PMSF, 1 mM B-mercaptoethanol (Fluka, Ulm),
150 mM NacCl, DNase I, EDTA free-Protease Inhibitor tablets (Roche) and 10 mM imidazole.

The cell suspension after resuspending in the lysis buffer was stirred on ice for 30 min. The
cells were then freezed and thawed three times. After freeze and thaw, the suspension was
sonified (Sonifier Labsonic U, B.Braun Biotech International, Melsungen) for 3 times with
0.5 pulse and 75 % amplitude with five minutes pause in between each steps. The cell lysate
was then centrifuged (Biofuge Stratus, Rotor 3334, Heraeus) at 4 °C, 13,000 rpm (19,000 g)
for 30 min. After centrifugation the supernatant was filtered via a syringe filter of pore size
0.45 uM (Minisart Sterilfilter, 0.45 pm, Sartorius, Goettingen).

Purification

Wash buffer 1 :

20 mM Tris/HCI, pH 8.0, 10 mM imidazole, 150 mM NaCl, 1 mM B-mercaptoethanol

Wash buffer 2 :

20 mM Tris/HCI, pH 8.0, 10 mM imidazole, 1 M NaCl, 1 mM B-mercaptoethanol

Elution buffer :

20 mM Tris/HCI, pH 8.0, 500 mM imidazole, 1 M NaCl, 1 mM B-mercaptoethanol

The recombinant protein was purified by nickel affinity chromatography (Histrap chelating

column, Amersham Biosciences, Freiburg). The supernatant was loaded on to a Ni-ion affinity
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column by using a P1-pump (Amersham Biosciences, Freiburg) with a flow rate of 1 mL/min
and the flow through was reloaded on to the column again. The column was washed with 10
CV of wash buffer 1 and 10 CV of wash buffer 2 and then eluted by applying a imidazole step
gradient at the AKTA purifier 10-system (Amersham Biosciences, Freiburg). The eluted
fractions were analyzed by SDS gel.

Peak fractions containing Nun CTD were pooled and dialyzed using Spectra/Por dialysis
tubing, [(MWCO-10000), Flatwidth-45mm, Diameter-29mm, 6.4mL/cm, Roth, Karlsruhe)]
against 5 L of 20 mM Tris/HCl, pH 8.0, 100 mM NaCl and 2 mM B-mercaptoethanol in the
cold room overnight. After dialysis, the N-terminal histidine tag from the Nun CTD was
cleaved off using TEV protease by incubating the enzyme with the dialyzed fractions in the
cold room overnight with gentle shaking. The cleaved sample was then loaded onto the
Histrap and collected the flow through containing target protein. The fractions were analyzed
by Schagger-Jagow gel and the pure fractions were pooled and dialyzed against water and set

to lyophilize (ABM Greiffenberger, Marktredwitz) for further use.

2.7 NusA full length
2.7.1 Expression of NusA

The recombinant NusA (1-495) construct was cloned in pTKK 19k (by Dr. Sabine Schwarz,
Department of Biopolymers, University Bayreuth). A starter culture was set by inoculating the
glycerol stock in 200 mL of LB medium containing kanamycin antibiotic. The culture was
grown overnight at 37 °C (Incubator shaker Certomat HK/R, B.Braun Biotech International,
Melsungen). Expression was carried out by inoculating 1.2 L of LB medium with kanamycin
antibiotic with the overnight culture, to have an initial concentration of cells corresponding to

ODygo of about 0.1.

The culture was then incubated with shaking (170 rpm) at 37 °C (C25KC Incubator shaker,
New Brunswick Scientific, Edison, NJ, USA), until the culture has reached an ODg of 0.7.
The expression was induced by addition of 2 mM IPTG. The cells were then allowed to grow
for further five hours and harvested by centrifuging at 6000 rpm (5000 g), 4 °C for 20 min
(Centrikon T-124, Rotor A 6.9, Kontron, Eching). The cell pellets were stored at —80 °C until

further use.



MATERIALS AND METHODS 33

2.7.2 Cell lysis and purification of NusA

Preparation of cell extract

Thawed cell pellets were resuspended in 100 mL of 1 x binding buffer with 1 mM f-
mercaptoethanol, 0.2 ng/mL DNase I and protease inhibitor tablet (Roche), stirred on ice for
30 min. The cell suspension was sonified 3 x 1 minute with 0.5 pulse and 75 % amplitude
(Sonmifier Labsonic U, B.Braun Biotech International, Melsungen). Sonicated sample was
centrifuged at 13,000 rpm (19,000 g) for 30 min at 4 °C (Biofuge Stratus, Rotor 3334,
Heraeus). The supernatant was then loaded onto a histrap column (Amersham Biosciences,

Freiburg) for purification.

Purification

1 x Binding buffer : 20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 5 mM imidazole

1 x Elution buffer : 20 mM Tris-HCI, pH 8.0, 500 mM NacCl, 500 mM imidazole

Washed the column with 10 CV of binding buffer and then eluted with a step gradient using
AKTA purifier 10-system (Amersham Biosciences, Freiburg). The eluted fractions were

loaded on 10 % SDS gel and stained with Coomassie Brilliant Blue after electrophoresis.

Fractions containing NusA were then pooled and dialyzed (Spectra/Por dialysis tubing
(MWCO-10000), Flatwidth-45mm, Diameter-29mm, 6.4mL/cm, Roth, Karlsruhe) against 20
mM Tris/HCI, pH 8.0, 150 mM NaCl overnight. N-terminal his-tag was cleaved from the
fusion protein by 1 unit of PreScission protease enzyme for 100 pg of protein by incubating

the sample with the enzyme in the cold room overnight by gentle stirring.

The cleaved sample was further loaded onto the Histrap and the flow through was collected.
The flow through containing NusA was analyzed by running 10 % SDS gel. The fractions
corresponding to NusA were pooled and dialyzed against water, which was later subjected to

lyophilization and stored in the cold room till further use.
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2.8 NusA acidic repeat 1 (NusA arl)

2.8.1 Expression of NusA arl

NusA arl (cloned by Dr. Stefan Prasch, Department of Biopolymers, University of Bayreuth)
was expressed in E. coli BL21(DE3). The expression of '°N labeled NusA arl was carried out
as spar-preparation [Marley et al., 2001]. The cells were grown in 2 x 2 L LB, medium until
ODsoo reached 0.8. Cells were then centrifuged at 16 °C, 6000 rpm (5000 g) for 15 min
(Centrikon T-124, Rotor A 6.9, Kontron, Eching) and the cell pellet was washed with 500 mL
of wash buffer (6.4 g Na,HPO,, 1.5 g KH,PO, and 0.25 g NaCl). After washing, it was
subjected to centrifugation at 16 °C, 6000 rpm (5000 g) for 15 min and the cell pellets were

resuspended in 1 L of 1 x M9 minimal medium containing "NH,Cl and all the additives. Later

the cells were incubated at 37 °C for 1 h with shaking at 170 rpm. After 1 h, the cells were
induced by 1 mM IPTG. After 4 h of induction the cells were harvested by centrifuging at
6000 rpm, 4 °C for 15 min. Cell pellets were resuspended in binding buffer (20 mM sodium
phosphate, pH 7.4, 500 mM NaCl and 1 mM DTT) and stored at -80 °C until further use.

2.8.2 Cell lysis and purification of NusA arl

Preparation of cell extract

The cell pellets were freeze / thawed three times. After freeze and thaw, added 0.2 pg/mL
DNase I and 0.2 pg/mL lysozyme and stirred on ice for 45 min. The cell suspension was
sonified (Sonifier Labsonic U, B. Braun Biotech International, Melsungen) 2 x 1 minute with
0.9 pulse and 90 % amplitude and 1 x 10 min with 0.5 pulse and 60 % amplitude with 1 min
pause on ice and stirring in between each step. The cell lysate was then centrifuged at 4 °C,
13000 rpm (19,000 g) for 30 min to clear the cellular debris. After centrifugation the cleared
lysate was filtered by using a syringe filter of pore size 0.45 uM.

Purification

Binding buffer for Histrap : 20 mM sodium phosphate, pH 8.0, 500 mM NaCl, ] mM DTT

Elution buffer for Histrap : 20 mM sodium phosphate, pH 8.0, 500 mM NaCl, 1 mM DTT,
1 M imidazole
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The recombinant protein was purified by nickel affinity chromatography (5 mL Histrap
chelating column, Amersham Biosciences, Freiburg). The supernatant was loaded onto a Ni-
ion affinity column with a flow rate of 1 mL/min and eluted by applying a imidazole step
gradient. The eluted fractions were analyzed by Schagger-Jagow gel. Peak fractions
containing NusA arl were pooled and dialyzed (Spectra/Por dialysis tubing (MWCO-3500),
6.4mL/cm, Roth, Karlsruhe) against 50 mM Tris/HCI, pH 8.0, 150 mM NaCl and 1 mM DTT
overnight. After dialysis, N-terminal deca-Histidine tag was cleaved off using PreScission
protease (1 unit for 100 pg) by incubating the enzyme with the dialyzed fractions overnight
with gentle shaking. The cleaved sample was then dialyzed against 50 mM Tris/HCI, pH 7.4,
I mM DTT overnight. Further purification was carried out by loading the sample onto a 5 mL

HiTrap™ QXL column (Amersham Biosciences, Freiburg).

Binding buffer for QXL : 50 mM Tris/HCI, pH 7.4, 1 mM DTT
Elution buffer for QXL : 50 mM Tris/HCI, pH 7.4, 1 mM DTT, 1 M NaCl

The sample was eluted from the QXL column by a NaCl step gradient and the eluted fractions
were pooled and concentrated using Vivaspin concentrators of MWCO-5000 (Vivascience
AG, Hannover, Germany). Concentration was carried out by centrifuging the concentrators at

4 °C, 5000 rpm (Universal 320R, Rotor 1494, Hettich).

2.9 NusA acidic repeat 2 (NusA ar2)
2.9.1 Expression of NusA ar2

The recombinant NusA ar2 construct was cloned in pET 19b (by Dr. Stefan Prasch,
Department of Biopolymers, University of Bayreuth) and expressed in E. coli BL21 (DE3).
Pre-day culture was grown in 50 mL LB with 0.1 mg/mL ampicillin for 8 h at 37 °C, 180 rpm
(Incubator shaker Certomat HK/R, B. Braun Biotech International, Melsungen) and then
transferred into 500 mL of LB and grown overnight at 37 °C. 5 L of LB.w, was inoculated
with the overnight culture to a start ODgy of ~ 0.2, and grown at 37 °C until the OD¢ reached
0.8. The gene expression was induced for 4 h with 1 mM IPTG. 4 h after induction, cells were
harvested by centrifugation at 4 °C, 6000 rpm (5000 g) for 10 min (Centrikon T-124, Rotor A
6.9, Kontron, Eching) and pellet was resuspended in binding buffer and stored at -80 °C for

further use. Gene expression was monitored by Schagger-Jagow gel analysis.
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2.9.2 Cell lysis and purification of NusA ar2

Cell lysis and purification

Cells were resuspended in (4 mL/g) 20 mM sodium phosphate buftfer, pH 7.4, 500 mM NaCl,
1 mM DTT. After three freeze-thaw cycles, lysozyme, DNase I and one protease inhibitor
cocktail tablet were added and the suspension was stirred on ice for 30 min. The cell
suspension was sonified (Sonifier Labsonic U, B.Braun Biotech International, Melsungen) for
3 x 1 min, pulse 0.9, 100 % amplitude. After sonication the cell extract was centrifuged
(Biofuge Stratus, Rotor 3334, Heraeus) for 45 min at 4 °C, 13,000 rpm (19,000 g) to separate
the cell debris. The supernatant was filtered using Minisart Sterilfilter, 0.45 pm. Purification
of the fusion protein was performed by a step gradient using nickel ion affinity (10 mL
Histrap column, Amersham Biosciences, Freiburg, Germany) chromatography by a AKTA

purifier system.

Binding buffer : 20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 1| mM DTT
Elution buffer : 20 mM sodium phosphate, pH 7.4, 500 mM imidazole, | mM DTT

The filtered supernatant was loaded onto the column with a flow rate of 1 mL/min. After
loading the sample, the column was washed with 5 CV of binding buffer and eluted with a
imidazole step gradient. Fractions containing NusA ar2 were pooled, dialyzed against 50 mM
Tris/HCI, pH 8.0, 500 mM NaCl, 1 mM DTT and cleaved with PreScission protease (1 unit
for 100 pg protein) overnight at 4 °C. To further purify the protein and to remove the NaCl,
the cleaved sample was dialyzed against 50 mM Tris/HCI, pH 7.4, 1 mM DTT overnight in
the cold room. The dialyzed sample was loaded onto a 5 mL Q XL column connected in
tandem to a 5 mL GST column. After loading, the column was washed with 5 CV of binding
buffer and eluted by a NaCl gradient.

Binding buffer: 50 mM Tris/HCI, pH 7.4, ImM DTT
Elution buffer : 50 mM Tris/HCIL, pH 7.4, ImM DTT, 1 M NacCl

Fractions eluted were analyzed by Schagger-Jagow gel. The pure fractions were then dialyzed
against NMR buffer (50 mM sodium phosphate buffer, pH 7.6, 100 mM NaCl, 10 mM -
mercaptoethanol, 1 % glycerol (v/v), 0.5 mM EDTA) overnight and concentrated in Vivaspin
concentrators with a MWCO-5000 (Vivascience, Stonehouse, UK).
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2.10 S1+KH1+KH2 domain of NusA (SKK)
2.10.1 Expression of SKK

The NusA RNA binding domains containing amino acid 132-348 referred as SKK was cloned
via BamHI and Ndel restriction sites in to the E. coli expression vector pET11a (Dr. Stefan
Prasch, Department of Biopolymers, University of Bayreuth). The N-terminal Hiss tagged
SKK domain was expressed and purified according to the published protocols [Mah et al.,
1999; Mah et al., 2000] with minor changes. To study the interaction of NusA with nut RNA,
construct (SKK) lacking the N-terminal domain and the two acidic repeat domains was used,
since these regions are not directly involved in RNA binding [Mah et al., 2000]. For the
expression of unlabeled SKK, plasmid pET 11a-SKK domain was transformed into E. coli
BL21(DE3) host cells. The pre-inoculum was set by growing the strain harboring the
recombinant plasmid in 100 mL LB medium at 37 °C containing ampicillin antibiotic. The
pre-culture was used to inoculate 2 L of LB medium to an ODyg of 0.2. Cells were then
incubated at 37 °C, 170 rpm (C25KC Incubator shaker, New Brunswick Scientific, Edison,
NJ, USA). At an ODy of 0.6, expression was induced by addition of 0.1 mM IPTG followed
by incubation at 37 °C for 4 h. To monitor the expression, aliquots containing equal amounts
of cells were taken from the culture every hour and applied to a Schagger-Jagow gel. Cells
were harvested 4 h after induction by centrifugation (Centrikon T-124, Rotor A 6.9, Kontron,
Eching) at 6000 rpm (5000 g) for 15 min at 4 °C and the cell pellet was stored at —80 °C.

Increasing molecular size of the protein leads to crowded spectra, increase in number of
resonances, faster relaxation, broad lines, low intensity, overlapping signals, and long
experiment time. So in order to improve the resolution and sensitivity of the NMR spectra in

triple resonance experiments and in the binding studies, deuterated SKK was prepared.

Deuterated '"N-labeled samples were expressed in cells grown on M9 minimal media
containing 1.5 g/L "N (NH,),SO, and 2 g/L glucose. While preparing *C,""N labeled samples
the unlabeled glucose was replaced by 2 g/L of “C glucose. In order, to optimize the
expression of SKK domain, cell cultures were adapted to grow in D,O by increasing the
amount of D,O in the M9 minimal medium from 0 to 100 % with each growth cycle. To
produce deuterated SKK, five pre-cultures with increasing D,O content were grown prior to

inoculation of the main culture. At first, an overnight pre-culture was set at 37 °C in LB
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containing ampicillin antibiotic (100 pg/mL). Further cultures were grown at 37 °C in M9
minimal medium with increasing D,O concentration of 25 %, 50 %, 75 %, and 100 %
respectively. All of the cultures were maintained at subsaturating cell densities, with A
typically below 0.6. Each pre-culture was inoculated to an ODgg of 0.2 with the respective
amount of the preceding pre-culture. The final cell culture containing ~ 100 % D,O was
induced with 0.1 mM IPTG when the culture density reached A = 0.6 and grown for further
4 h before harvesting. Cells were pelleted at 6000 rpm (5000 g) (Centrikon T-124, Rotor A
6.9, Kontron, Eching) for 10 min and stored at -80 °C overnight.

2.10.2 Cell lysis and purification of SKK domain

Cell lysis and purification

Frozen cell pellets were thawed and resuspended in cell lysis buffer (20 mM Tris/HCI, pH 7.9,
500 mM NacCl, 10 % glycerol (v/v), 5 mM B-mercaptoethanol; 10 mL/g pellet). The cell
suspension was shock freezed three times. Lysozyme, DNase I (0.1 mg/mL) and one protease
inhibitor cocktail tablet (Complete, EDTA free, Roche) were added to the suspension. Now
the cell suspension was stirred on ice for 30 min and followed by sonication (Sonifier
Labsonic U, B. Braun Biotech International, Melsungen) on ice. The cells were sonicated 4 x
I minute with 1.0 pulse and 100 % amplitude with 1 minute pause on ice and stirring in
between each step. The lysate was then centrifuged (Biofuge Stratus, Rotor 3334, Heraeus) at
13,000 rpm (19,000 g) for 45 min at 4 °C.

The supernatant was filtered by using a syringe filter of pore size 0.45 uM. Purification of the
soluble his-tagged protein was performed by nickel ion affinity chromatography on an AKTA
purifier 10-FPLC system. The supernatant was loaded on a 5 ml Histrap column (Amersham
Biosciences, Freiburg, Germany) at 1 mL/min which was pre-equilibrated with cell lysis

buffer.

Binding buffer :10 mM HEPES, pH 7.6, 100 mM NacCl, 10 % glycerol (v/v), 5 mM -
mercaptoethanol
Elution buffer : 10 mM HEPES, pH 7.9, 100 mM NaCl, 10 % glycerol (v/v), 5 mM B-

mercaptoethanol, 300 mM imidazole
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The column was first washed with 10 CV of cell lysis buffer followed by 10 CV of binding
buffer. After the washing step, the bound protein was eluted by applying a imidazole step
gradient consisting of 5, 10, 20, 50, 80, and 100 % elution buffer. The fractions containing
protein were dialyzed (Spectra/Por, MWCO 3500, ROTH, Karlsruhe, Germany) against 5 L
of 50 mM sodium phosphate buffer, pH 7.6, 100 mM NaCl, 10 mM B-mercaptoethanol, 0.5
mM EDTA, and 1 % glycerol (v/v).

The sample was dialyzed 3 times against 5 L of the above mentioned buffer. The first two
dialysis step was done for 5—6 hours and the final dialysis step was done overnight. All the
dialysis steps were carried out at 4 °C. After the dialysis, the protein sample was concentrated
using vivaspin concentrators of MWCO-5000 Da (Vivascience AG, Hannover, Germany).
The concentration was carried out by centrifuging the concentrators at 4 °C, 5000 rpm
(Universal 320R, Rotor 1494, Hettich) till a concentration of 400 — 500 uM was reached. The

concentrated sample was stored at -80 °C till further use.

2.11 NusG
2.11.1 Expression of NusG

BL21 (DE3) cells were transformed with pET 11a/NusG in LB medium containing ampicillin
antibiotic and grown with shaking at 170 rpm (Incubator shaker Certomat HK/R, B. Braun
Biotech International, Melsungen) overnight. Expression was carried out by inoculating 1.2 L
of LB medium containing ampicillin antibiotic with the overnight culture so as to have an

initial concentration of cells corresponding to ODgg of about 0.1.

The culture was then incubated with shaking (170 rpm) at 37 °C (C25KC Incubator shaker,
New Brunswick Scientific, Edison, NJ, USA), until the culture has reached the mid-log phase
of the growth (ODgy ~0.7). At this point the expression was induced by the addition of I mM
IPTG. The cells were then allowed to grow till the stationary phase (~4 h) and were then
harvested by centrifuging at 6000 rpm, 4 °C for 30 min (Centrikon T-124, Rotor A 6.9,
Kontron, Eching). The cell pellets were stored at —80 °C until further use. Expression analysis

was carried out by 19 % SDS page.
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2.11.2 Cell lysis and purification of NusG

Preparation of cell extract and purification [Pasman et al., 2000]

The cell pellets were resuspended at 10 mL/g of lysis buffer (20 mM Tris-HCI, pH 7.8, 3 mM
EDTA, 1 mM DTT, 100 mM NaCl, ImM PMSF, lysozyme, DNase I, protease inhibitor
cocktail tablet (Complete, EDTA-free, Roche Diagnostics GmbH, Mannheim). After
resuspending the cells were incubated for 10 min at 22 °C (Thermomixer 5436, Eppendorf),
and then 20 min on ice. Sodium deoxycholate was added to a final concentration of 0.06 %
(w/v), and the resulting solution was incubated for 20 min on ice. After incubation, NaCl was
added to a final concentration of 0.3 M from a stock solution of 4 M and stirred for 10 min on
ice. The lysate was sonicated 4 times for 30 s at room temperature by applying 0.7 pulse and
70 % amplitude with 3 min on ice between each sonication treatments. Polymin P was added
drop wise (from a stock solution of 10 % at pH 7.8) with stirring to a final concentration of
0.6 %, after which the lysate was incubated for 30 min on ice and the lysate was sonicated
once again as previously mentioned. After sonication the sample was centrifuged at 13,000

rpm (19,000 g) for 30 min (Biofuge Stratus, Rotor 3334, Heraeus).

Saturated ammonium sulphate solution at pH 8.0 was prepared (515,3g/L at 4 °C).
Ammonium sulfate at 50 % of saturation was added to the supernatant drop wise, with
stirring. After this, the sample was incubated for 30 min on ice. The lysate was centrifuged for
30 min at 13,000 rpm (Biofuge Stratus, Rotor 3334, Heraeus) at 4 °C and the pellet was
resuspended in 30 mL (for 1 L culture volume) of buffer Q (10 mM Tris-HCI, pH 7.8, 1 mM
EDTA, 1 mM DTT, 5 % glycerol (v/v)). The lysate was then dialyzed against 4 x 1 L of buffer
Q for a total of 16 h and after dialysis the solution was spunned at 13,000 rpm (Biofuge
Stratus, Rotor 3334, Heraeus) for 30 min and the supernatant was filtered using a syringe
filter of pore size 0.45 uM and applied onto HiTrap™ QXL column (Amersham Biosciences,

Freiburg) at a flow rate of 0.5 mL/min.
Binding buffer : 10 mM Tris-HCL pH 7.8, 1 mM EDTA, 1 mM DTT, 5 % glycerol (v/v)

Elution buffer : 10 mM Tris-HCI, pH 7.8, 1 mM EDTA, 1 mM DTT, 5 % glycerol (v/v),
200 mM NaCl

Washed the column with 10 CV of binding buffer and then eluted with a linear of 0-200 mM

NaCl gradient. Pure fractions were pooled and concentrated with Vivaspin concentrators.
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2.12 NusB
2.12.1 Expression of NusB

To produce NusB, auto-induction of recombinant protein expression, a method introduced by

Studier [Studier 2004; Grabski et al., 2003] was carried out.

Expression plasmids were transformed into E. coli BL21 DE3, by electroporation (Micro™
Pulser, BioRad, Munich). The transformed cells were then plated on a LB agar plate with
kanamycin antibiotic and grown overnight at 37 °C. In the morning, a single colony was
picked from the transformation plate and transferred into a culture tube containing 20 mL of
P-5052 medium (2.1.3). The culture was grown at 37 °C with shaking at 170 rpm overnight
(Incubator shaker Certomat HK/R, B. Braun Biotech International, Melsungen). On the next
day, 10 mL of the overnight culture was used to inoculate 1 L of 1 x P-5052 medium. Cells
were grown at 37 °C till it reaches an ODgg of 0.5 and then transferred to 20 °C and allowed
to grow overnight. From the overnight culture the cells were harvested by centrifugation at
6000 rpm for 15 min and the cell pellets were resuspended in the lysis buffer (20 mM of 50
mM Tris/HCL, pH 7.5, 150 mM NaCl) and stored at -80 °C.

2.12.2 Cell lysis and purification of NusB

Preparation of cell extract

Frozen cell pellets were freeze/thawed three times. After adding one protease inhibitor tablet,
0.2 mg/mL DNase I and 0.2 mg/mL lysozyme, the cell lysate was stirred on ice for 45 min.
The sample subjected to sonication (0.5 pulse and 100 % amplitude) for 5 x 1 minute. The
crude cell lysate was centrifuged at 4 °C with 13,000 rpm for 30 min. After sonication, to the
supernatant added 20 mM imidazole as an end concentration and filtered the sample via

syringe filters of pore size 0.45 uM.
Purification

Binding buffer (A1) : 50 mM Tris/HCI, pH 7.5, 150 mM NaCl and 20 mM imidazole
Binding buffer (A2) : 50 mM Tris/HCI, pH 7.5, 150 mM NaCl and 50 mM imidazole

Elution buffer (B) : 50 mM Tris/HCI, pH 7.5, 150 mM NaCl and 500 mM imidazole
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Histrap chelating column, was equilibrated with 10 CV of buffer Al. The cleared lysate was
loaded onto the column with a very slow flow rate of 0.2 mL/min. The column was washed
with buffer A2 for about 10 CV and eluted with a step gradient by using the buffer B. The
peak fractions containing NusB were pooled and dialyzed against 50 mM Tris/HCI, pH 7.5,
10 mM NaCl, 2 mM DTT, and TEV protease to cleave the N-terminal histidine tag. The
cleaved sample was further loaded onto the histrap column and the flow through was
collected. The flow through was pooled and dialyzed against 50 mM Tris/HCI, pH 7.5. The

dialyzed sample was loaded onto the QXL column for further purification.

Binding buffer for QXL : 50 mM Tris/HCI, pH 7.5
Elution buffer for QXL : 50 mM Tris/HCL, pH 7.5, 1 M NaCl

The loaded protein was then eluted with a step gradient ranging from 0 to 1 M NaCl. The
corresponding fractions containing pure protein were pooled, dialyzed against water and

subjected to lyophilization.

2.13 RNA oligonucleotide

In vitro transcription and RNA preparation

All RNAs were prepared by in vitro transcription from synthetic DNA templates (IBA GmbH,
Gottingen, Germany) using a single polypeptide chain enzyme-T7 polymerase. The sequence
of the nutL DNA template was (GCC CTT CTT CAG GGC TTA ATT TTT AAG AGC GCT
ATA GTG AGT CGT ATT A) and the nutR was (GCC CTT TTT CAG GGC TGG AAT GTG
TAA GAG CGC TAT AGT GAG TCG TAT TA) respectively.

The transcription cocktail contains 100 uM DNA template, 20 mM of each NTP's, 0.5 M of
MgCl,, 40 % PEG 8000, 200 uM T7 promoter, 0.1 mg/mL of T7 RNA polymerase enzyme
and 10 x transcription buffer which contains (40 mM Tris-HCI pH 8.1, 50 mM DTT, 10 mM
spermidine, 0.1 % (v/v) Triton X-100) was set to a total volume of 5 ml and incubated for 4 h
at 37 °C (Incubator Model 200, Memmert, Schwabach). The reaction was quenched by adding
0.2 M EDTA, pH 8.0. The reaction mixture was precipitated by adding 3 M sodium acetate,
pH 5.3 and 100 % chilled ethanol and incubated overnight at -80 °C. Later, the sample was
centrifuged for 30 min at 5000 rpm. The pellet was subjected to speedvac (ABM
Greiffenberger Antriebstechnik, Marktredwitz) for drying.
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The dried sample was dissolved by heating with 8 M urea at 95 °C (Block thermostat BT100,
Kleinfeld labortechnique, Gehrden) for 5 min. The RNA was purified on denaturing 20 %
polyacrylamide gels containing 8 M urea by an overnight run. 600-1000V constant by a
Multidrive XL (Amersham Biosciences, Freiburg) was used for running the RNA gel. Product
bands were cut from the gel using UV shadowing. The RNA was electroeluted using a
Schleicher and Schuell electroelution apparatus and subsequent ethanol precipitation. To
remove multivalent ions and other low molecular weight impurities the RNA sample was first
dialyzed against 10 mM potassium phosphate, pH 6.4, 100 mM NaCl, 5 mM EDTA and then

finally dialyzed against water.

RNA was quantified by UV absorption at 260 nm wavelength. The extinction-coefficient of

the RNAs were obtained from http:/www.ambion.com/techlib/misc/oligo_calculator.html.

The RNA sample was lyophilized and stored at -20 °C till further use. Approximately five
reactions on a 5 mL scale yielded around 6—7 mg of purified RNA.

2.14 NMR spectroscopy
2.14.1 NMR sample preparation

NMR samples were prepared by dialyzing the purified protein against the respective NMR
buffer. After dialysis, the samples were either concentrated with Vivaspin concentrators

(Vivascience AG, Hannover, Germany).

For the interaction study of Nun with various Nus factors (NusA arl, NusB, NusG) either
buffer containing 10 mM KPO., pH 6.4, 50 mM NaCl or buffer with 50 mM NaPO,, pH 7.0,
50 mM NaCl was used. NMR samples of SKK domain were prepared in 50 mM sodium
phosphate, pH 7.6, 100 mM NaCl, 10 mM [-mercaptoethanol, 0.5 mM EDTA and 1 %
glycerol (v/v).

All the NMR samples contained 0.04 % sodium azide as an antimicrobial agent, 2 x complete
protease inhibitor tablet from a stock of 25 fold (prepared by dissolving one tablet in 2 ml of
sterile water) and 10 % (v/v) D,O for the field frequency lock. The total volume was adjusted
to 550 uL or 600 puL and the solution was then transferred to a 5 mm ultra precision NMR
tubes (Norell, Landsville, NJ, USA).
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2.14.2 NMR spectrometers and measurements

All NMR experiments were performed at 298 K on Bruker DRX 600 MHz, Bruker Avance
700 MHz and Bruker Avance 800 MHz spectrometers in standard configuration by using
triple-resonance probes equipped with self-shielded gradient coils. The water suppression was
performed by either a binomial 3-9-19 WATERGATE sequence [Sklenar et al., 1993; Piotto et
al., 1992] or using Water Flip-Back pulses [Grzesiek et al., 1993a; Grzesiek et al., 1993b] or a
coherence selection with pulsed field gradients [Schleucher et al., 1994]. To acquire data in
the time domain, phase sensitive quadrature detection was used. The quadrature detection in
the indirectly detected dimensions was obtained by the popular methods known as States or
States-TPPI (time proportional phase incrementation) method [States et al., 1982; Marion et
al., 1989]. When the coherence selection with gradients was employed during the three
dimensional NMR experiments, the echo/anti-echo method was used [Kay et al., 1992;

Schleucher et al., 1993].

The proton chemical shifts were referenced to external standard DSS (2,2-dimethyl-2-
silapentane-5-sulfonic acid). The chemical shifts of 1*C and "N resonances were referenced
indirectly using = ratios of the zero-point frequencies of the proton (oc/wu = 0.251449527 and

onx/oy = 0.101329051) [Live et al., 1984].

For backbone resonance assignments, we had implemented transverse relaxation optimized
spectroscopy (TROSY) in to triple resonance experiments for increased sensitivity. The
standard TROSY-type NMR experiments like ['°N, 'H]-TROSY, tr-HNCO, tr-HN(CA)CO, tr-
HNCA, tr-HN(CO)CA, tr-HNCACB and tr-HN(CO)CACB were performed [Salzmann et al.,
1998]. Additionally backbone assignments were completed using a combination of NNH-

NOESY and "N-HSQC-NOESY spectra to trace the sequential connectivities.

2.14.3 NMR data processing and analysis

The NMR data were processed using in-house written software [Schweimer 2000] and
analyzed with the program package NMRview [Johnson et al., 1994]. The digital resolution of
the recorded spectra was enhanced by zero filling [Cavanagh 1996] to at least twice the
number of acquired points, and Lorentzian-to-Gaussian or sine-bell or squared sine-bell

window functions applied. Data processing consists typically of SVD-Linear Prediction
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[Barkhuijsen et al., 1985] with root reflection [Press et al., 1992] in one heteronuclear
dimension (normally the "N dimension of triple resonance experiments or the X-dimension in
the X-edited spectra) and Fourier transformation. Baseline correction in the acquisition
dimension was performed using a model free algorithm [Friedrich et al., 1995]. For the three
dimensional experiments the Program process f1f3 and process f2 [Schweimer 2000] was

used.

2.14.4 Experiments necessary for Biomolecular NMR

2.14.4.1 The HSQC experiment

The HSQC (Heteronuclear Single Quantum Coherence) [Miiller 1979; Bodenhausen et al.,
1980; William et al., 1994] experiment is a routinely used experiment in biomolecular NMR

spectroscopy. It was invented by Geoffrey Bodenhausen and D. J. Rubenin in 1980.

The resulting spectrum is two-dimensional with one axis for 'H and other for a heteronuclei
most often "N. The natural abundance of "N is very low and their gyromagnetic ratio is
markedly lower than that of protons. Therefore, two strategies are used for increasing the
signal intensity of these nuclei: Isotopic enrichment of these nuclei in proteins and
enhancement of the signal to noise ratio by the use of inverse NMR experiments in which the

magnetization is transferred from protons to the heteronucleus.

The "N-HSQC is often referred to as the fingerprint of a protein because each protein has a
unique pattern of signal positions [Cavanagh et al., 1996; Ernst et al., 1992]. Thus in the '*N-
HSQC one signal is expected for each amino acid residue with the exception of proline which
has no amide-hydrogen due to the cyclic nature of its backbone. The HSQC also contains
signals from the NH, groups of the side chains of asparagine and glutamine and of the
aromatic H protons of tryptophan and histidine. It correlates the chemical shift of the proton
with that of its attached heavy atom ('H-"N pair). This information can be very useful, in
particularly for recognizing whether a protein is folded and intact. It also forms the basis for

nearly all multi nuclear 3D spectra.
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2.144.2 TROSY experiment

For large molecular systems, the conventional NMR methods have two main problems
[Fernandez et al., 2003]. First, the large number of resonances causes signal overlap, which
can make analysis of the spectra very difficult. Second, transverse spin-relaxation via dipole-
dipole coupling and chemical shift anisotropy leads to an overall increase in signal line width,

and a corresponding decrease in spectral resolution (Fig 2.1).
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Figure 2.1 Frequency dependence from 100-1800 MHz of the full resonance line width at
half height for amide groups in TROSY experiments calculated for three correlation times of
1. = 20, 60, and 320 ns, which represent spherical proteins with molecular weights of 50, 150,
and 800 kDa. (A) 'HN linewidth. (B) "N linewidth. The calculation uses axial symmetric
CSA tensor of "N = 155 ppm, and '"HN = 15 ppm, and the angle between the principal tensor
axis and the N-H bond was assumed to be 15° for °N and 10° for '"HN; I(N-H) = 0.104 nm;
effects of long-range dipole-dipole couplings with spins outside of the ’N-'H moiety were not
considered. Figure reproduced from [Wiithrich 1998].

In principle, the overlap of signals in the NMR spectra can be overcome by reducing the
number of resonances lines by a proper choice of isotopic labeling schemes. Major sources of
relaxation are the omnipresent hydrogen atoms. Their replacement by deuterons substantially
reduces transverse relaxation, resulting in increased resolution and significant sensitivity
gains. It has been recognized that at very high magnetic field strengths, dipole-dipole (DD)
and chemical shift anisotropy (CSA) interactions in a "N-"H pair can be utilized to obtain
sharp line widths for very large proteins or protein complexes. An important pulse sequence

called TROSY has been developed [Pervushin et al., 1997; Pervushin 2000]. TROSY takes
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advantage of mutual cancellation of CSA and DD relaxation effects at high fields. TROSY is
basically a heteronuclear correlation experiment (particularly for "N-'H spin pairs) in which
the proton magnetization is first transferred to °N, then evolves during t; under differential

relaxation mechanisms of the "N doublet due to CSA (*N) and dipole-dipole interaction

(ISN-IH).

Magnetization is then transferred back to the proton prior to detection under differential line
broadening of the proton doublet due to CSA ('H) and dipole-dipole interaction (**N-'H). In
TROSY experiments, decoupling is not used, and J-coupled peaks are resolved. When
monitoring the "N decoupled spectra, two peaks would be seen as there are two possible
orientations of the bound hydrogen (spin up or spin down states). When the hydrogen nucleus
is in the spin up state, the dipole-dipole coupling between the *N and 'H will lead to a local

'H field which always has the same directionality as the CSA contribution.

Conversely, when 'H is in the spin down state, the local 'H field always has directionality
opposite to that of CSA contribution. This means that in the spin down state, the DD coupling
of the system effectively reduces the chemical shift anisotropy. Since the chemical shift
anisotropy is directly proportional to the square of the external magnetic field, it is possible to
adjust the external field to a level at which the DD coupling and CSA exactly cancel each
other (which occurs at 1.1 Ghz).
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Figure 2.2 Representation of the "N-'H TROSY multiplet pattern. The slowest relaxing
component, the TROSY peak (marked with a T), the two semi-TROSY peaks in ®; (sT;) and
®, (sT,), anti-TROSY peak labeled as (aT) are shown in the figure. In a decoupled HSQC, the
central peak (labeled as HSQC) appears as a superposition of fast and slow relaxing
components, thus being prone to rather fast relaxation.
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The resulting cross peak is a multiplet of four peaks, each having different width and
relaxation rate in the ®; and ®, dimensions. In contrast, these four multiplets (arising from two
different line widths for each N and H) for each amide proton are superimposed in the HSQC

spectra due to decoupling in F, and F..

In TROSY spectra, among these four multiplets, only the one which is not affected by line
broadening due to DD and CSA is selected by application of appropriate phase cycling. These
four multiplets are shown in Fig 2.2. Several methodologies for obtaining TROSY spectra free
of errors and artifacts have been developed in recent years [Kojima et al., 2000; Herbriiggen
et al., 2000]. Use of TROSY elements in pulse programs for sequence specific assignment has

now become part of routine NMR.

2.14.4.3 Sequence specific assignments

Sequence specific assignments using three dimensional experiments [Ikura et al., 1990; Sattler
et al., 1999] is basically an extension of Kurt Wiithrich’s strategy which exclusively relies on
the homonuclear 'H NMR experiments and "C, N experiments for additional couplings
[Fesik et al., 1988]. Combination of TROSY with deuteration and standard 'H, "N triple
resonance experiments provided an avenue for successful backbone assignment of NusA-

RNA binding domain.

Table 2.3 Triple resonance experiments for the backbone assignments.

Experiment Nuclei observed

HNCO H(@), N(7), CO(@i - 1)

HNCA H(7), N(@), Cu(i), Ca(@ - 1)
HN(CO)CA H(7), N(@), Cu(i - 1)
HN(CA)CO H(7), N(), C'(i)

HN(CO)CACB H(7), N(@), Cu(i — 1), Cp(i — 1)
HNCACB H(7), N(7), Cu(i), Cp(i), Cu(i — 1), Cp(i — 1)

The nomenclature for these triple resonance experiments reflects the magnetization transfer
pathway of the experiments. Nuclei that are involved in magnetization transfers form the

name of an experiment. Spins, whose chemical shifts are not evolved are put in parentheses.
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For an out-and-back type experiment [Archer et al., 1991], where magnetization of a spin is
transfered to a remote spin and then brought back the same way, only the first half of the
magnetization transfer is used for its name. For example, the out-and-back experiment that
transfers magnetization from the amide proton (H") via the amide nitrogen (N) to the carbonyl
C’ (CO) of the previous residue is called HNCO. If another magnetization transfer step to the
C. (CA) of the previous residue is included and the corresponding C, chemical shift is
recorded, the experiment is referred to as H(N)COCA. The parentheses indicate that
magnetization is only transferred via the nitrogen spin, without chemical shift evolution
taking place. Table 2.3 and table 2.4 provides a summary of triple resonance experiments for

the backbone assignments and all the parameter sets for the recorded NMR experiments.

Further developments involved including the chemical shifts of side-chain carbon and proton
spins to achieve the sequential assignment. In these experiments chemical shifts of side chain
resonances are correlated to the amide proton by combinations of the 3D experiments
HNCACB and HN(CO)CACB [Wittekind et al., 1993]. Informations about the chemical shifts
of the C, and Cg carbons are especially valuable for the assignment process, since they are
characteristic of the different types of amino acids and can therefore help to position a
sequentially connected stretch of amino acids within the known primary sequence of the

protein [Grzesiek et al., 1993a].

However, for proteins > 15 kDa the HNCACB experiment become less sensitive. Then the
more sensitive experiments HNCA and HN(CO)CA can be used in addition to establish the
sequential connectivities. If C, and Cg chemical shifts obtained from these four experiments
still leave some ambiguities, the pair of HNCO and HN(CA)CO can be used to resolve the
overlap [Clubb et al., 1992; Engelke et al., 1995].

Since, the HN(CA)CO experiment is quite insensitive, this approach will be useful only in
combination with a deuterated protein. The set of six backbone resonance assignment
experiments shown in Table 2.3 allowed the unambiguous assignment for SKK. In case of
ambiguity, NOESY experiments were used additionally. Backbone assignments of SKK
domain was completed using a combination of 3D-15N-HSQC-NOESY and 3D-NNH-

NOESY spectra to trace the sequential connectivities between amide protons.
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Table 2.4 Summary and parameters of all NMR experiments recorded for the interaction

studies and for the backbone assignment of SKK domain.

Dimension Resonance NS SW (Hz) TD SFO (MHz)| Reference
"H”N-HSQC
F1 "N 1155.54 192
F2 'H 16/32 7788.16 1024 600 [1, 2]
"H"N-HSQC
F1 "N 1905.49 256
F2 'H 16/32 10416.67 1024 800 [1, 2]
TROSY
F1 "N 1864.98 256
F2 'H 8 11160.71 1024 800 [3]
HNCO
F1 BC 2817.19 80
F2 PN 1864.90 64
F3 'H 8 10416.67 1024 800 (4]
HNCA
F1 BC 6036.12 96
F2 PN 1864.98 64
F3 'H 16 10416.67 1024 800 (4]
HNCACB
F1 BC 13078.08 128
F2 PN 1864.98 64
F3 'H 16 11160.71 1024 800 [5]
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Dimension Resonance NS SW (Hz) TD SFO (MHz) | Reference
HN(CO)CACB

F1 BC 13078.08 128

F2 PN 1864.98 64

F3 'H 16 11160.71 1024 800 [4]
HN(CA)CO

F1 BC 2615.96 64

F2 PN 2108.24 64

F3 'H 16 10416.67 1024 800 [6]
HN(CO)CA

F1 BC 6036.12 72

F2 "N 1864.98 64

F3 'H 8 11160.71 1024 800 [7]

'H"N'H-NOESY

F1 'H 10401.74 256
F2 BN 1864.98 64
F3 'H 8 10416.67 1024 700 [8]

“N*N'H-NOESY

F1 PN 1864.98 64
F2 PN 1864.98 64
F3 'H 32 10416.67 1024 700 [9]

SW = spectral width (Hz) in the observe dimension; TD = total number of data points being
acquired; SFO = spectrometer frequency used; NS = number of scans. (1) [Mori et al., 1995];
(2) [Vuister et al., 1992]; (3) [Kojima et al., 2000]; (4) [Grzesiek et al., 1992b]; (5) [Wittekind
et al., 1993]; (6) [Clubb et al., 1992]; (7) [Bax et al., 1991]; (8) [Sekhar et al., 1996]; (9)
[Ikura et al., 1990].
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2.14.5 Protein-Protein, Protein-RNA interaction studies

NMR is very well suited to the study of protein-protein and protein-RNA interactions. To
study the interactions we carried out titrations, because this allows, in addition to the mapping
of the interface, a good estimation of the affinity, stoichiometry, and specificity of binding as

well as the kinetics of binding [Zuiderweg 2002].

In a nutshell, the "N-"H HSQC or "N-"H TROSY spectrum of one protein is monitored when
the unlabeled interaction partner is titrated in, and the perturbations of the chemical shifts are
recorded. The interaction causes environmental changes on the protein interfaces and, hence,

affect the chemical shifts of the nuclei in this area [Pellacchia et al., 2000; Steven et al., 2001].

The chemical shifts of the labeled protein change during the titration is determined by the
kinetics of the interaction. If the complex dissociation is very fast, then the resonances of the
nuclei at the interface move in a continuous fashion during the titration. This regime is
referred to as “fast chemical exchange” and is often observed for weaker interactions [Hall et
al., 2001]. The trajectories of the shifting resonances in fast exchange are informative. If all
two-dimensional trajectories are linear and occur at the same rate, a single binding event is
indicated. If the trajectories for different resonances occur at a different rate, and/or if they are

curved, more than one binding site is implicated.

If the complex dissociation is very slow, we observe one set of resonances for the free protein
and one set for the bound protein. During the titration, the “free set” will disappear and will be
replaced by the bound set. Most of the resonances of the two sets will overlap with each other,
but the differences will mark the interaction interface. This regime is referred to as “slow
chemical exchange”. In slow exchange one does not automatically know to which new
location the resonance has moved, unless one carries out an independent assignment
procedure for the bound state. Consequently, we cannot easily quantitate the degree of
change. One approach for this problem is to assume that the new resonance which appears
closest to the “free” resonance corresponds to its bound state [Williamson et al., 1997;
Muskett et al., 1998]. In the slow exchange case, the binding constant can still be quantitated
by measuring the intensities of the disappearing and/or appearing peaks as a function of the

titration progression [Van nuland et al., 1993].
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In the “intermediate chemical exchange” the frequencies of the changing resonances become
poorly defined, and extensive kinetic broadening sets in [Zuiderweg et al., 1981]. If the lines
become broad enough, the resonances may disappear from the NMR spectrum. Here, the

interaction interface become delineated by progressively disappearing resonances.

Depending on the nature of the exchange process, the different environments undergoing
exchange will be characterized by different values of the NMR parameters: chemical shift,
coupling constant and relaxation rates. If the measured variable is chemical shift, with
exchange occurring between two environments characterized by shifts 6, and 0g, then the

three exchange regimes are defined by [Jeremy 1995].

Slow exchange K << 0a- 38
Intermediate exchange K= |04- 0
Fast exchange K >>|04- 0|

Generally a rule of thumb is that the interaction with K4< 10 uM are in slow exchange and

intermediate/fast exchange otherwise. However, there are always many exceptions.

During this study "H-"’N labeled samples of Nun-full length, Nun N-terminal domain, Nun C-
terminal domain, NusA arl, NusG, NusB, and *H-""N labeled sample of SKK domain were
used to study the interaction with their respective interactive partners. The most common
experiment carried out with these labeled proteins was "H-"*N-heteronuclear single quantum

correlation experiment (2.14.4.1).

To investigate the interaction of Nun with other Nus factors, a series of ["°N, 'H]-HSQC
spectra was recorded upon gradual addition of the respective interacting partner to a 3 to 4
fold molar excess. The 'H-""N resonance shift, disappearing of signals and line width changes
were monitored by analyzing the spectra. The titrations were carried out until no further

changes could be observed in the spectra or in other words till the point of saturation.

On regard of SKK domain, to increase the spectral resolution and to decrease the relaxation
rates of many of the nuclei during triple resonance experiments, (*H, "*C, N) labeled SKK
domain samples were prepared. For the backbone assignment and to study the interaction with

RNA and other proteins for SKK domain, the methods were combined with TROSY.
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2.14.6 Chemical shift mapping

Chemical shift mapping is used to identify putative sites of interaction on a protein surface by
detecting chemical shift perturbations in simple 'H,”"N-HSQC NMR spectra of a uniformly
labeled protein as a function of added (unlabeled) target protein. Information on the backbone
resonance assignment and the protein structure (or a homology based model) for a protein is a
prerequisite for chemical shift mapping. The identity and location of resonances that undergo
binding-dependent chemical shift perturbations are mapped onto the three-dimensional
structure of the protein to yield the binding site for the partner protein [Jeremy 1995;
Rajagopal et al., 1997].

Ligand binding causes change in the electronic environment of the residues which are in the
vicinity of the ligand. This changed environment induces change in the chemical shift for
these residues in the 'H,”"N-HSQC or 'H,""N-TROSY experiments. When the assignments of
the free protein were available, they can be readily transferred to the complex by tracking the

changes that occur during the titration.

Normalized chemical-shift changes are expressed as the weighted geometric average of 'HY

and "N chemical shift changes for each residue.

A5, =A(A46,,)+0.1(46 5, ) [2.2]
AJ(X) represents the chemical shift difference of spin X between free and bound states. The
analysis of perturbation spectra is usually focused on the difference between the perturbed (X)
and the non-perturbed (Y) spectra. The cross peaks were picked from the Y spectra and used
to define the integration areas of the X spectra. For each X spectra, the integration of data
points from these areas are compared with the corresponding ones from the Y spectra to
calculate the similarity (correlation coefficient) between the X and the Y spectra. If the shift
changes are mapped on to the protein structure, a clear surface patch of affected residues is

generally observed, and this indicates the location of the binding site.

Due to the high sensitivity of 'H,”N-HSQC and 'H,””"N-TROSY experiment, these
investigations are frequently used in drug discovery-related ligand binding studies like for

example, Structure Activity Relationships (SAR) by NMR [Shuker et al., 1996].
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2.14.7 Dissociation constant

The dissociation constant Kp, in the simplest case of a protein with a single binding site is
defined as follows

Kp=[PJ[L]/[PL]  [2.3]

where [P], [L] and [PL] are the equilibrium concentrations of protein, ligand and complexed
state, respectively. A value of Kp in the mM range implies an approximately 1:1000 ratio of
free to bound states in an equimolar mixture of P and L and a K in the uM range implies an
approximately 1:10,00,000 ratio of these states, i.e., a much more stable complex with less of

the ‘free’ species present [Fielding et al., 2007].

To measure Kp by means of NMR experiments implies quantitative analysis of solutions that
are potentially uM in the observed nucleus. The significance of Ky, is that ligands of weaker
affinity have larger Kp and thus require the addition of more ligand to saturate the receptor

binding site [Christopher et al., 2004].

The dissociation constant Ky, is determined from the changes in chemical shifts of '*N-labeled
SKK domain in "H-""N TROSY after gradual addition of the corresponding unlabeled binding
partner. In the fast exchange region the observed chemical shift represents the population
average of the chemical shift of the free and bound state. Therefore, the observed chemical
shift is described by the equation 2.4 and can be used for Kp determination [Morton et al.,

1996].

2

(K ,+(1+r][P),) \/(KD+(1 +r)[P),] —4[Plor

P, 217, >

5obs :513 +(5PL o 51))

where O, Op, and Op are the chemical shifts for the actual mixture, the free protein, and the
completely bound protein, respectively. [P], is the total concentration of SKK domain, and r
describes the SKK/RNA or SKK/NusA ar2 ratio. The curves were fitted using the program
MATLAB (6.0.0.88 Release 12, The Math Works Inc., Natick, Massachusetts ,USA) by using
the script kd_fit_func2.m (Appendix 9.1) (in-house written script by Dr. Kristian Schweimer,
Department of Biopolymers, University of Bayreuth).
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3 Experiments and Results

3.1 Expression and purification of Nun constructs

3.1.1 Expression and purification of Nun (1-112)

The nucleotide sequence and the physical/chemical parameters of Nun encoding 1-112 amino
acids are represented in Appendix 9.2. The overexpression and purification of recombinant
Nun was performed as described in section 2.5.1/2.5.2. Overexpression of Nun full length was
analyzed by 19 % SDS-PAGE (Fig 3.1). From the gel we can observe that the expression rate

for Nun was efficient.

97,400 |
66,200

45,000

31,000

21,500
-«4— Nun (1-112)
14,400

Figure 3.1 Expression of HK022-Nun (1-112) in E. coli BL21 (DE3). The overexpression of
recombinant HK022-Nun protein was induced by 1 mM IPTG. The whole cell extract were
subjected to SDS-PAGE and stained with Coomassie Brilliant Blue. As molecular weight
standard, low range molecular weight marker from Biorad was laid on the gel. Lane 1, protein
marker; Lane 2, uninduced state; Lane 3, 1 hour after induction; Lane 4, 2 hours after
induction; Lane 5, 3 hours after induction; Lane 6, 4 hours after induction.



EXPERIMENTS AND RESULTS 57

Following the expression, the cell lysis and purification were performed as described in
section 2.5.2. Nun was purified by using cation exchange chromatography applying a step
gradient elution (Fig 3.2 (A)). Fractions containing Nun were identified on a 19 % SDS-
PAGE (Fig 3.2 (B)). We had observed that the Nun protein elute from 20 % till 60 % gradient
step. Among all the fractions, the eluate at 30 % gradient was more pure compared to the

other fractions.
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Figure 3.2 Purification of Nun (1-112) using cation exchange chromatography. (A)-
Chromatogram of the purification monitored at A,s. The numbers in the chromatogram
corresponds to the lane in the SDS-PAGE. (B)-Lane 1, protein marker; Lane 2, flow through;
Lane 3, wash; Lane 5-10 represents the eluates.
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The Nun fractions which were not pure after the cation exchange chromatography were
pooled and further subjected to HPLC for purification. The HPLC run was carried out as
mentioned in the section 2.5.2. The elution of Nun protein from the HPLC column was
performed by applying a slow linear gradient (Fig 3.3 (A)). The peak fractions eluted were
analyzed by 19 % SDS-PAGE (Fig 3.3 (B)). The eluted fractions from HPLC column was
sufficiently pure for further studies.
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31,000
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Figure 3.3 (A) Chromatogram of the HPLC monitored at A .

correspond to the bands assigned in SDS-polyacrylamide gel. (B) The alphabet (M) stands for protein
marker; Lane 1 and 2 shows the eluate from the HPLC run.

The numbers in the chromatogram
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3.1.2 Expression and purification of Nun (45-112)

The nucleotide sequence of the Nun C-terminal domain (CTD) is shown in Appendix 9.3. A
detailed protocol about the expression and purification of Nun CTD is mentioned in section
2.6.1/2.6.2. Nun CTD was cloned into the expression vector pET-GB1. The fusion protein
carried a hexa-histidine-tag at the N-terminus and with a TEV protease cleavage site between
GB1 and Nun CTD. The expression was achieved by inducing the cells with 1 mM IPTG. The
efficiency of the expression of Nun CTD was visualized on a 19 % SDS-PAGE (Fig 3.4)

97,400

66,200

45,000

Figure 3.4 Expression of Nun CTD. Lane 1,
Biorad marker; Lane 2, Uninduced Nun CTD;
Lane 3, 3.5 hours after induction.
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21,500

14,400

Expressed recombinant protein was purified by nickel affinity chromatography. In eluting the
protein, a step gradient ranging from 0-500 mM imidazole was used (Fig 3.5 (A)). The eluted
fractions were analyzed on a 19 % SDS-PAGE (Fig 3.5.(B)). The Nun CTD eluted at 10 %

gradient was about 90 to 95 % pure.
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(B)
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Figure 3.5 (A)-Chromatogram of the purification of Nun CTD monitored at Asg. The
numbers in the chromatogram corresponds to the lane in the SDS-PAGE. (B)-Lane 1, protein
marker; Lane 2-4 are the eluted fractions from the Histrap column.

The pure fractions containing Nun CTD were pooled and then subjected to TEV protease
cleavage. After the cleavage process, the sample was further loaded onto the Histrap column
to collect the pure Nun CTD in the flow through. The purity was observed by loading the flow
through on a Schagger-Jagow gel. (Fig 3.6)
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Figure 3.6 Final purification of Nun CTD after the TEV protease cleavage. The numbers in
the chromatogram corresponds to the lane in the SDS-PAGE. Lane 1, Fluka molecular weight
marker; Lane 2-4 are the eluted fractions from the Histrap column; Lane 5, Biorad marker.
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3.2 Expression and purification of NusA and its domains

3.2.1 Overexpression and purification of NusA

E. coli BL21 (DE3)/pTKK19 NusA (1-495) (Appendix 9.4) was expressed by growing the
cells in LB medium at 37 °C. The procedure for overexpression and purification is explained
in detail in section 2.7.1/2.7.2. The expression state was analyzed by applying the sample of
cell pellets after four hours of induction on a 10 % SDS gel (Fig 3.7). The NusA (1-495) has a
histidine affinity tag for the purification, hence, the sample was purified by using a Histrap
column. The eluted fractions were analyzed on 10 % SDS-PAGE (Fig 3.8). The protein eluted
from the Histrap column at 20 % gradient was absolutely pure for further studies. The peak
fractions were pooled and subjected for cleavage by PreScission protease. After the cleavage
the sample was applied onto a Histrap column and the NusA was obtained from the flow

through.

97,400
66,200

45,000

Figure 3.7 Expression of NusA (1-495). Lane
1, Biorad marker; Lane 2, before induction;
Lane 3, after induction.
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Figure 3.8 Peak fractions of NusA (1-495) after the Histrap column. The numbers in the
chromatogram represents the corresponding lane in the gel. Lane 3, is loaded with Biorad
marker; Lane 1, 2 and 4 are the eluted fractions.
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3.2.2 Expression and purification of NusA arl

The arl domain of NusA (339-426) was expressed in E. coli BL21 (DE3) using the pET19b
expression vector. The nucleotide sequence and the physical/chemical parameters is shown in
Appendix 9.5. The expression and purification was carried out as described before in the
section 2.8.1/2.8.2. The efficiency of the expression was monitored by Schagger-Jagow gel
(Fig 3.9). For "N labeling of the protein, cells were grown in M9 minimal medium with "N

NH.CI as the sole nitrogen source.

97,400

66,200

45,000

Figure 3.9 Expression of NusA arl in E. coli
BL21 (DE3). Lane 1, Biorad marker; Lane 2,
uninduced; Lane 3, after induction by 1 mM
IPTG.

31,000
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14,400

The resulting soluble recombinant protein contained a N-terminal deca-His tag. To purify
NusA (339-426), the supernatant after sonication was loaded onto a Ni-ion-affinity column
and eluted by applying an imidazole step gradient (Fig 3.10). All the eluted fractions were
analyzed by Schagger-Jagow gel and visualized by Coomassie staining. NusA arl was eluted

at 15 % gradient.

The eluted fractions containing NusA arl were pooled together and set to cleave the N-
terminal deca-His-tag using PreScission protease. The cleaved sample was dialyzed against
the required buffer and further purified to get rid of the cleaved tag via a QXL column by a
NaCl step gradient with up to 1 M NaCl (Fig 3.11). The eluted fractions containing NusA

(339-426) were pooled and concentrated with Vivaspin concentrators for NMR studies.
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Figure 3.10 NusA arl (339-426) after the Histrap column. The numbers in the chromatogram
represents the corresponding lane in the gel. Lane 1, Fluka marker; Lane 2-6, eluates.
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Figure 3.11 NusA arl (339-426) purified via QXL column after the cleavage. The numbers in
the chromatogram shows the corresponding lane in the gel. Lane 1, marker; Lane 2-6, eluates.
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3.2.3 Expression and purification of NusA ar2

The nucleotide sequence of acidic repeat 2 of NusA (424-495) is shown in Appendix 9.6.
Expression and purification of the protein was carried out as mentioned in the section
2.9.1/2.9.2. Purification was carried out by a step gradient using nickel ion chromatography.
The eluted fractions were analyzed by Schagger-Jagow gel (Fig 3.12). Subsequent cleavage
by PreScission protease and a further QXL step yielded a pure protein at 50 % gradient

elution (Fig 3.13).

16949

Figure 3.12 Purification of NusA ar2.
Lane 1, Fluka marker; Lane 2-10 are
- the various fractions eluted during the

nickel ion affinity chromatography step.
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Figure 3.13 Peak fractions containing pure NusA ar2 after the QXL run. The numbers in the
chromatogram corresponds to the lane in the Schagger-Jagow gel. Lane 1-2, eluted fractions
from the QXL column; Lane 3, Fluka marker.
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3.2.4 Expression and purification of SKK domain

The RNA binding domain of NusA consist of central S1 and two KH domains respectively.
This domain is referred in short as SKK domain. The nucleotide sequence and the
physical/chemical parameters of SKK domain is represented in Appendix 9.7. SKK was
expressed in E. coli BL21 (DE3) using the pET11a expression vector. The resulting protein
consisted of an amino-terminal hexa-histidine-tag followed by SKK (132-348). Unlabeled and
labeled SKK protein was obtained as described in the section 2.10.1.

In case of SKK domain, the expression efficiency was increased, when transformation was
carried out every time for the protein preparation and not inoculating by using a glycerol
stock. In this study, deuterium labeling of SKK domain has been used to improve the
resolution and sensitivity of NMR spectra in triple resonance experiments and as well as in

the interaction studies.

The labeling strategy results in deuterium incorporation throughout a protein in a roughly site-
independent manner (uniform or random labeling). The main problem to express a deuterated
protein is the incorporation of *H which reduces growth rate of organisms up to 50 % and
decreases protein production as a consequence of the isotopic effect. Hence, deuterium
labeling requires conditions different with respect to *C and "N enrichment and requires
bacteria adaptation. The expression was achieved by inducing the cells with 0.1 mM IPTG.
The expression was monitored by applying the sample to a 19 % SDS gel (Fig 3.14). The

expression rate was quite effective as seen from the gel.
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Figure 3.14 Overexpression of SKK domain
in E. coli BL21 (DE3). Lane 1, Biorad marker;

Lane 2, before induction; Lane 3, induction by
0.1 mM IPTG.
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Purification of the soluble his-tagged protein from the clarified crude cell extract was
performed by nickel ion affinity chromatography on an AKTA purifier 10-FPLC system as
described in section 2.10.2. The supernatant was loaded onto a 5 ml Histrap column and the
bound protein was eluted using a stepwise gradient of imidazole. The collected fractions were
analyzed for its purity on a 19 % SDS-PAGE (Fig 3.15). Pure protein was eluted at 20 %
gradient. Fractions containing the protein was combined and dialyzed against the required

buffer and concentrated using Vivaspin concentrators. (Fig 3.16).
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Figure 3.15 19 % SDS-PAGE analysis of the purification of SKK domain. The numbers in
the chromatogram corresponds to the lane in the gel. Lane 1, supernatant after sonication;
Lane 2, pellet after sonication; Lane 3, Biorad marker; Lane 4-10, eluted fractions from the
Histrap affinity column. Fractions 8-10 shows the pure SKK protein.
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Figure 3.16 Concentrated sample of SKK
protein. The purified fractions were pooled
together and concentrated to a concentration of
400-500 uM. Lane 1, Biorad marker; Lane 2,
concentrated sample.
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Effect of perdeuteration on SKK domain

Deuteration reduces the relaxation rates of NMR-active nuclei, in particular *C, because the
gyromagnetic ratio of *H (y[*H]) is 6.5 times smaller than "H (y['H]) and thereby it improves
the resolution and sensitivity of the NMR experiments. During deuteration, replacement of
protons with deuterons removes contributions to proton line widths from proton-proton
dipolar relaxation and 'H-'H scalar couplings. Perdeuteration of SKK was necessary to yield
spectra in a suitable quality for sequential resonance assignment. Significant improvements
have been noted in between non-deuterated and deuterated SKK protein sample as shown in

the following figure (Fig 3.17).
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Figure 3.17 Effect of perdeuteration on 'H-"N TROSY spectrum of the 24.4 kDa SKK
domain of NusA. Both proteins are uniformly "N labeled, while the deuterated protein is
approximately 80-90% uniformly deuterated. a) non-deuterated sample. b) deuterated sample.
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3.3 Expression and purification of NusG

Full length NusG was expressed in E. coli BL21 (DE3) cells in pET 11a/NusG vector. The
protein was constructed with no affinity tag. The expression, cell lysis and protein purification
were performed as described in the section 2.11.1/2.11.2. The nucleotide sequence and other
parameters concerning NusG construct is shown in Appendix 9.8. After cell lysis, most of the
protein was in the soluble fraction. The supernatant was subjected to ammonium sulfate
precipitation. The pellet obtained was resuspended and dialyzed against the respective buffer
and purified using anion exchange chromatography (QXL) with a linear gradient. The eluted
fractions were analyzed by 19 % SDS-PAGE for purity (Fig 3.18). The pure fractions

containing NusG were pooled for concentration by Vivaspin concentrators.

mAU
1600

100

1400

1200

A280 (mAU)
g

g
% Elution buffer

600

400

200

B F3 | F5 112134/5/6/7/8/91011 1314 hen7l 1920 p2 2405 p7os 5031 BaBA 3637 B0 4243 Wsdg psag 51
0 50 100 150 200 250 300 350 m
Volume (ml)

Figure 3.18 SDS-PAGE analysis of NusG purification. The numbers in the chromatogram
corresponds to the lane in the SDS-PAGE. Lane 1, marker; Lane 2, pellet after cell lysis; Lane
3, supernatant after cell lysis; Lane 4, flow through; Lane 5, wash; Lane 6-10, fractions eluted
from the QXL column.
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3.4 Expression and purification of NusB

To produce high yield of labeled protein and to have reproducible results, one promising
recent approach has been the development of auto-induction of recombinant protein
expression, a method introduced by Studier. This approach is based upon the preferences of
bacteria to selectively use different carbon sources during diauxic growth and upon the often-

observed negative regulation of gene expression by catabolite repression.

The auto-induction approach has many advantages over traditional induction methods
including avoidance of the strong induction and apparent toxicity associated with chemical
inducers such as IPTG, the ability to formulate medium compositions to obtain a desired level
of cell growth before expression and minimal requirements for handling of the expression

culture associated with growth-dependent induction of target protein expression.

Nucleotide sequence of NusB is shown in Appendix 9.9. The expression and purification is
explained in detail in section 2.12.1/2.12.2. Auto-induction of NusB was carried out as
mentioned by Studier et al., 2004. The protein was purified using a Histrap affinity column.
The bound protein was eluted with a step gradient using a buffer containing imidazole. The
fractions eluted were analyzed by 19 % SDS-PAGE (Fig 3.19). The eluted fractions were very

pure.

The peak fractions containing NusB were pooled together and set to cleave the N-terminal
histidine tag using the TEV protease. The cleaved sample was dialyzed against the required

buffer for further purification.

The NusB protein was further purified to high level of purity by applying the cleaved sample
to an anion exchange chromatography. The sample was loaded onto the QXL column and then
eluted with a step gradient ranging from 0 to 1 M NaCl. The fractions eluted from the QXL
column were analyzed by SDS-PAGE (Fig 3.20). The fractions corresponding to NusB were

pooled for further use.
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Figure 3.19 Purification analysis of NusB. The numbers in the chromatogram corresponds to
the lane in the SDS gel. Lane 1, marker; Lane 2, pellet after cell lysis; Lane 3, supernatant
after cell lysis; Lane 4, wash; Lane 5-9, the fractions collected from the Histrap column.
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Figure 3.20 Analysis of the fractions eluted from the QXL column as the final purification
step of NusB. Lane 1, marker; Lane 2-5, the fractions eluted from the QXL column.
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3.5 Interaction of Nun with E. coli host factors

3.5.1 Interaction of Nun with NusA arl domain

The Nun protein of bacteriophage HK022 is a member of the arginine-rich motif family of
RNA binding proteins, which also includes the phage A N transcription antitermination
protein. In contrast to A N, which suppresses transcriptional termination, Nun terminates

transcription just distal to BOXB (1.5.2)

The Nun C terminus interacts with RNA polymerase and contacts DNA template, which is 7-8
bp downstream to the RNA polymerase active center. It is likely, that Nun intercalates into

template via W108 and this intercalation physically blocks RNA polymerase translocation.

It has been already reported [Watnick et al., 1998] that NusA, a transcription elongation
protein binds to the C terminus of Nun and stimulates the Nun binding to BoxB. In doing so,
however, NusA inhibits the interaction between Nun and RNA polymerase, which requires the
C terminus of Nun. The mechanism by which NusA stimulates Nun binding appears to be

novel among RNA binding proteins.

The idea, that NusA interacts with the C-terminal region of Nun consisting of amino acids
VMHRVVNHAHQRNPNKKWS was supported based on the results from a binding assay
[Watnick et al., 1998]. By interaction with Nun C-terminus, NusA exposes the RNA binding
domain and allows Nun to bind BOXB.

In an other publication by Kim et al., 2006, it has been shown that Nun binding to NusA, like
that of A N, requires NusA arl region located between NusA residues 364 and 415. To
determine this, they had expressed N-terminal hexahistidine tagged derivatives of full length
NusA and four NusA C-terminal deletion mutants. Nun binding to these derivatives were
determined by Ni*" affinity chromatography. The results obtained indicated that NusA arl is

crucial for Nun binding as it is for N.

Based on the above two reported results, one could suggest that NusA arl interacts with the
C-terminal domain of Nun. On the context of this fact, interaction between Nun and NusA arl

was studied at atomic level by NMR.
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To observe the interaction between these two proteins, "N-labeled samples of NusA arl (2.8)
was used for the titration experiments by NMR. In order to identify which amino acid
residues of Nun are involved in the interaction with NusA arl, three constructs of Nun (Nun
C-terminal peptide (92-112); Nun CTD (45-112); Nun (1-112) have been used in this study
(Appendix 9.2 and 9.3).

Three separate titration experiments were performed in which "N HSQC spectra of NusA arl
were collected as a function of added Nun constructs: (1) NusA arl + Nun (92-112), (2) NusA
arl + Nun (45-112), (3) NusA arl + Nun (1-112). The NMR titrations were optimized by
adopting different buffers, pH and salt concentration. Amide ("HY, '"N) chemical shifts are
very sensitive to local structural changes. Therefore, observation of chemical shift changes on
titration of a binding partner to a N labeled protein provides a powerful method for the

identification of the interaction and the binding surface.

However, no detectable signal shifting is observed during titration, up to an fourfold molar
excess of Nun constructs. Consonant with the lack of chemical shift perturbations (2.14.5)
observed in all the three titration experiments, we could conclude that there is a lack of an

intermolecular interaction between NusA arl and Nun.

An overlay of 'H,"””"N-HSQC spectra of three NMR titrations were shown in Fig 3.21; Fig
3.22, and Fig 3.23 respectively. All the spectra shown here clearly depicts that there is no
interaction surface and no significant changes in the conformation of NusA arl upon titrating

with Nun protein.
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Figure 3.21 Overlay of the 'H,”"N-HSQC spectra of free NusA arl (black) upon titrating
with Nun peptide (92-112) (blue). No significant changes are observed in NusA arl upon
interacting with nun peptide. The appearance of the overlay did not change with other buffers
and in the presence and absence of salt in the buffer.
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Figure 3.22 Superimposed 'H,"””"N-HSQC spectra of free NusA arl in the absence (black)
and presence (red) of Nun CTD (45-112). During the titration the black colored peaks did not
shift indicating that there might be no interaction with Nun CTD.
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Figure 3.23 An overlay of the "H,""N-HSQC spectra of free NusA arl (black) upon titrating
with Nun (1-112) (magenta). No major changes in the chemical shift were observed for any
residues.
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3.5.2 Interaction of Nun with NusG

NusG was first identified in the phage lambda N-mediated transcription antitermination
reaction. NusG, along with other E. coli Nus factors is required for optimal lambda N activity

in an in vitro transcription system.

Burova et al., 1999 had demonstrated that the Escherichia coli NusG gene product is required
for transcription termination by phage HK022 Nun protein at the A nutR and A nutL site. It has
been proposed that NusG stimulates termination by serving as a bridge between RNA
polymerase and Rho, thus helping to recruit Rho into the termination complex [Li et al.,

1993].

The requirement of NusG has been shown by depleting NusG from cells and measuring the
activity of a ApR—nutR—galK operon fusion [Sullivan and Gottesman., 1992]. NusG depletion
prevented Nun-mediated termination but did not inhibit N antitermination. The efficiency of
Nun-mediated transcription arrest in vitro is strongly enhanced by NusG in combination with

the three other Nus factors [Hung and Gottesman., 1995].

Based on these observations, interaction studies in between Nun and NusG was performed.
N labeled NusG was used for the titration study. The titration of NusG with the Nun (1-112)
was carried out to monitor the changes in the "H,"”’N-HSQC spectrum during each step of the
titration. The titrations were carried out in a buffer containing 10 mM KPO,, 50 mM NaCl at
pH 6.4. The titration experiment was also performed in the absence of salt to observe, whether
is there any change in the interaction behavior due to the presence of salt or not. Titration was

carried out up to a molar ratio of 1:4.

An overlay of the titration spectra is shown in the Fig 3.24. No changes in the 'H,""N-HSQC
chemical shifts or the appearance of the resonances for NusG were observed in all the stages
of titration. This indicates, that no binding interaction between NusG and Nun exists.

Therefore, the proposed role of NusG in Nun mediated termination might be different.
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Figure 3.24 An overlay of the 'H,”"N-HSQC spectra of "N labeled NusG (black) upon
titrating with Nun (1-112) (magenta).
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3.5.3 Interaction of Nun with NusB

It has been reported by Washburn et al., 2006, that the Nun termination in a strain deleted for
nusB was reduced in its activity by two fold in vivo. Nun termination at nutR is ablated by
mutations in the host nusB genes Till today, the exact role of NusB in Nun termination is not
known. So far, it is also not known, is there any direct interaction between NusB and Nun
protein. To observe the same, a series of 'H,””"N-HSQC spectra of NusB was recorded by
adding gradually an increasing molar ratio of Nun (1-112). An overlay of the "H,”"N-HSQC
spectra is shown in the Fig 3.25. However, titration of NusB upon adding Nun, does not cause

any detectable changes, suggesting that there might be no direct interaction.
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Figure 3.25 An overlay of the 'H,””"N-HSQC spectra of "N labeled NusB (black) upon
titrating with Nun (1-112) (green).
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3.6 Backbone resonance assignment of SKK domain of NusA

There are various evidences showing the interaction of NusA directly with the nut site RNA
and mutations in the RNA-binding domains of NusA (S1+KH1+KH2) has an impact in the
mechanism of antitermination. In the present study, we characterized the binding interaction
of RNA-binding domains (SKK domain) of NusA with that of nut site RNA. In order to
investigate the interaction between SKK domain and nut site RNA, and to map the binding

surface, backbone resonance assignment of SKK domain is essential to proceed.

Because of the large size of the protein (24.4 kDa), chemical shift degeneracy, overlapping
signals, line broadening and poor spectral sensitivity poses a challenging problem (2.14.4.2).
To overcome this problem, TROSY in combination with deuterium labeling (2.10.1) has been
used. The gain in spectral resolution and sensitivity is readily apparent from comparison with

the corresponding conventional experiment (Fig 3.17 in section 3.2.4)

Relatively good degree of dispersion in both the "N and 'H dimensions indicated a well-folded
protein. 'H, N, and “C assignments have been made using TROSY based triple resonance

NMR experiments on “H, "*C, *N-labeled SKK domain (section 2.10).

The triple resonance experiments were recorded as shown in Tables 2.3 and 2.4 (section
2.14.4.3) to correlate the resonances of the peptide backbone [HN (i), N" (i), C* (i), C* (i-1), CP
(), CP (i-1), CO (i), and CO (i-1)]. 'H,”N-TROSY experiment contains the '"N- and H-
resonances, therefore allowing the use of this pair of spins as reference and starting point for

further assignment of other resonances.

The HNCA experiment, for example, correlates the HY and "N chemical shift of residue (i)
with the C*shifts of residue (i) (via 'Jxco» 7-12 Hz) and residue (i-1) (via *Jxcq < 8 Hz), thereby
providing sequential connectivity information. Hence, a HNCA experiment gives both the
inter- and intra-residue shifts for the matching atom i, and thus will show two cross peaks for

each amide group.

In order to unambiguously identify whether the peak originates from the inter- or intra-residue
spin, complementary experiment is needed which generates signals from only one of the two
matching atoms. For ex., the HN(CO)CA experiment complements the HNCA experiment by

providing only inter-residue a-carbon shifts.
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Other triple-resonance spectra would be very similar in appearance, with the significant
difference being the carbon frequency axis. In the HNCO and HN(CA)CO experiments
carbonyl shifts would be observed while in the HNCACB and HN(CO)CACB experiments

the B-carbon shifts would be observed.

To achieve the sequential assignment of SKK domain, the recommended set of six
experiments which follows are HNCO, HNCA, HN(CO)CA, HN(CA)CO, HNCACB and
HN(CO)CACB. C* and CP are of prime importance, because their chemical shifts show a
large spectral dispersion (C* » 25 ppm; CP » 60 ppm), and these shifts are characteristic for

the identification of the amino acids.

The most important experiment for the assignment of the backbone resonances is the
HNCACB. This experiment yields the C? shifts [in position (i) and (i-1)] in addition to those
coming from the HNCA. The C* and CP correlations have opposite signs and can thus be
distinguished. The resonances in the (i)-position can be discriminated from those in the (i-1)-

position on their different intensity as explained for the HNCA experiment.

The “domino pattern” obtained for SKK domain from amino acid S295 to D299 during the
sequential assignments with the triple resonance spectra is shown in Fig. 3.26. It shows the
superposition of HN(CO)CACB and HNCACB spectrum of the corresponding amino acid.
Pairs of consecutive residues can thus be identified using these two experiments, making it
possible to “walk along” the protein backbone. The HN(CO)CACB in addition to the HNCACB
makes it possible to distinguish between peaks belonging to the “in-residue” and to the

preceding residue respectively.

Two dimensional “strip plots” are generated from three dimensional spectra by extracting
tubes centered on each resonance in the "N-TROSY spectrum and extending across the full
BC spectral width. The tubes are reduced to two dimensional strips by taking cross sections

through the tubes, either in the 'H or the "N dimensions.

The C*and CP peaks in the HNCACB spectrum from the double strip plot can be distinguished
easily by the fact that they have opposite signs: the C* peaks are shown in black and C" peaks

in red.



EXPERIMENTS AND RESULTS 81

Extraction of "CO chemical shifts

Carbonyl carbon “CO” chemical shifts were extracted from HNCO spectrum of the SKK
domain. The HNCO experiment is the most sensitive heteronuclear experiment and correlates
the amide 'H and the "N chemical shifts of residue i with the carboxyl carbon chemical shift
of residue i-1, by using the large one-bond Jn.co coupling. Since, every amide group is
covalently bonded to a single “CO”, only a single cross peak per residue is observed in the
HNCO spectrum The HN(CA)CO can in principal give both inter- and intra-residue carbonyl
shifts. However, the inter-residue peak is generally of low intensity and often not observable.
A strip plot showing the superpositions of a HNCO spectrum (left) and a HN(CA)CO
spectrum (right) is shown in Fig 3.27. The picture contains strips from the two spectra which
correspond from the amino acid S295 to D299 of SKK domain. Several of these strips are
placed in a row to show the sequential connectivities from each amino acid to the preceding

one.

Assignment strategy

In order to link the sequentially assigned strips to stretches of the amino acid sequence, C,and
Cp shifts were compared with the shifts expected for particular amino acids. [Cavanagh et al.,
1996]. Using these chemical shifts as reference, alanine residues were identified because of
their high Cjy shifts, while threonine and serine residues were identified due to low chemical
shifts for both C, and C;. Glycine residues lack Cg’s and therefore has only one peak in the
HN(CO)CACB, corresponding to the C, making them very easily identifiable.

This information, taken together with the known amino acid sequence of the SKK domain,
allowed the backbone sequential assignment to be nearly complete. Assignment of the 'H-"N
TROSY spectrum of SKK domain is shown in Fig. 3.28. Few residues were unassigned owing

to strong overlap or missing resonances.

Leaving the tag part (7) and the proline (9) residues, 166 of the 206 residues (80.5 %) of the
SKK domain could be assigned using triple resonance experiments. Among the 40 unassigned
residues, no resonance signals are seen for 15 residues and for the rest of 25 residues it was
not possible to get the sequential connectivities (section 4.2). The results of the backbone

assignments are listed in Appendix 9.10.
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Figure 3.26 Strips of HN(CO)CACB and HNCACB spectra of *H,"C,""N uniformly labeled
SKK domain. Strips from two spectra are shown, corresponding to a single amino acid.
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amino acid to the preceding one. The coherence transfer in both of these experiments for a
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3.7 Interaction studies of NusA RNA binding domains (SKK)

3.7.1 Binding of SKK with nut RNA

As described earlier, the N protein, with a group of E. coli encoded proteins that, in addition
to NusA, include NusB, NusG, and NusE, act at nut RNA sites, to modify RNA polymerase to
a termination-resistant form. The nut RNA sequences are components of transcripts initiating
at the early A promoters P and P;. The respective nut site in the Pz and P, operons are nutL

and nutR which lies upstream of the first terminator (section 1.4).

Sequence analyses identified three regions in NusA having homologies with sequences
associated with RNA binding; one S1 and two KH domains, in the central portion of
ecoNusA. The crystal structure of Thermatoga maritima NusA [Worbs et al., 2001] suggests

that NusA creates an extended, mosaic RNA interaction surface by domain arraying.

Consistently, all portions of the molecule have been implicated by mutational analyses in
RNA binding: the R199A mutation in the interface of S1 and KH1, and point mutation in the
GXXG motifs of both KH elements, all impair binding to nut site RNA.

It has been shown by anisotropic fluorescence titrations [Prasch et al., 2008; in revision] that
titration of SKK domain with A nutR showed only weak protein-RNA interactions compared

with A nutL which showed slightly higher affinity towards SKK domain.

Based on these reports, the interaction of RNA binding domains of NusA with A nutL RNA
was investigated by NMR titration studies. To identify the interaction between SKK and A-
nutL, *H,""N labeled SKK protein was titrated with an increasing molar ratio of unlabeled A-
nutl. RNA. The chemical shift changes have been monitored in the 'H,"””"N-TROSY spectra
during each step of the titration upon gradual addition of the A nutL RNA. Table 3.1 shows the

details of the titration experiments.
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Table 3.1 Titration table for studying the interaction of SKK with A nutL RNA.

Experiment. No | SKK domain (mM) | A nutL RNA (mM) | Total volume Ratio
(nL)

1 0.1000 0.000 550 1:0
2 0.0965 0.025 570 1:0.25
3 0.0932 0.050 590 1:0.50
4 0.0902 0.075 610 1:0.75
5 0.0873 0.100 630 1:1.0
6 0.0821 0.150 670 1:1.5
7 0.0775 0.200 710 1:2.0
8 0.0733 0.250 750 1:2.5
9 0.0696 0.300 790 1:3.0

An overlay of the "H,""N-TROSY spectra at each NMR titration step is shown in Fig 3.29. For
SKK-A nutL RNA complex, many peaks had significant Ad (section 2.14.6) as compared to

the free SKK protein, indicating a binding interface.

Few resonances moved in a continuous fashion (ex., T240, K235, V238, T264, R270, D272,
S295, V297 etc.,) falling in the fast exchange regime on NMR time scale. Thus, the
resonances of the nuclei affected by RNA binding gradually shift their position from the
resonance of the free state towards the resonance of the bound state. Apart from the
differences in chemical shifts of certain residues, it was also noted that some of the
resonances disappear completely (For ex., V179, G192, A234, 1236, C251, G267, 1271, 1273,
M288, 1318 etc.,). Upon immediate titration of A nutl RNA (0.25 molar equivalence)
disappearance in the resonances of these residues were observed. Absence of signals in the
'H,"”"N-TROSY spectra for some of the residues, could be probably due to exchange processes
on the intermediate time scale, suggesting that these residues are involved in binding. This is

characteristic for affinities in the low-micromolar range.

It is important to recognize that “NMR timescale” is a relative one. For a given equilibrium,
different resonances will show slow, intermediate or fast exchange behavior, depending on
how much their chemical shifts differ between the free and bound states. The Fig 3.30 shows

a expanded region of the overlaid "H,”"N-TROSY spectra from SKK-A nutL RNA titration.
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Figure 3.29 Titration of SKK domain with A nutL RNA. Overlay of 'H,""N-TROSY spectra
recorded during the titration with different RNA/protein ratios. Key; black 0.0, magenta 0.25,
blue 0.50, cyan 0.75, magenta 1.0, yellow 1.5, blue 2.0, green 2.5, and red 3.0. Resonance

signals involved in binding are annotated.
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Figure 3.30 'H,""’N-TROSY spectra of SKK upon titrating with A nutL RNA. (A/B)-Residues
showing different chemical environment due to A nutL RNA binding
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3.7.2 Normalized chemical shift changes

Perturbations of "N and H" chemical shifts of a protein upon complexation with a ligand are a
qualitative tool for mapping of residues involved in binding sites and/or identifying
conformational rearrangements (section 2.14.6). Hence, chemical shift mapping was used in
order to identify the putative sites of interaction on SKK domain, by detecting the chemical

shift perturbation in the 'H,""N-TROSY of SKK upon titrating with A nutL RNA.

In Fig 3.31 (A), changes in chemical shifts are displayed through the use of the normalized
weighted chemical shift average between the free SKK and its complex with A nutL RNA
(equation 2.2). Normalized chemical shift changes larger than 0.04 ppm are considered to be

significant [Hajduk et al., 1997] as indicated by dashed line in Fig 3.31 (A).

Nearly all "HY and "N resonances in the KH domains are affected upon binding to A nutL
RNA, whereas, the more prominent changes occurring in the region R210-W276 which
encodes for KH1 domain. Previously, it has been implicated that the KH domains are the
important contributors to NusA binding to RNA [Worbs et al., 2001]. From our experimental
results, it could be deduced that the KH1 domain plays a significant role in nut RNA binding.

The observed chemical shift changes were mapped onto the surface of the crystal structure of
Thermotoga maritima NusA (S1+KHI1+KH2) to get further insight into the binding interface.
The Figure 3.31 (B) shows the surface representation of SKK domain highlighting the binding

interface and the residues whose resonances are affected upon binding to A nutL RNA.
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Figure 3.31 (A) Chemical shift changes of SKK upon binding to A nutL. RNA as a function
of primary sequence; Dotted line represents the significance level of 0.04 ppm; X = residues
not assigned. The colored bars represent the three RNA binding domains. (B) Surface
representation of SKK highlighting the binding interface. Few of the residues with resonances
showing significant chemical shift changes (0.04 < Ad < 0.1) are shown in green, those with
Ad > 0.1 are in red. Disappearing resonances are presented in orange.
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3.7.3 Dissociation constant for SKK-A nutL complex

The dissociation constant Kp is determined from the changes in chemical shifts of *H,"’N-
labeled SKK in a 'H,”"N-TROSY after gradual addition of A nutL RNA (section 2.14.7).
Signals showing a behaviour in the limit of fast exchange on the NMR time scale were fitted
to equation (2.4) for a two state model. K235, V297 and R270 of SKK domain which show
fast exchange regime during the titration was chosen to determine the Kp value (Fig 3.32). It
has been observed by fluorescence titration that A nuzL binds to SKK with an affinity of 71
uM [Prasch et al., 2008, in revision]. The difference between the Kp values obtained from
NMR and fluorescence experiment could be supported by the fact that an accurate
measurement of Ky requires the use of protein concentrations < Kp and the low sensitivity of
NMR in terms of concentrations required obviously sets a practical limit to the range of
dissociation constants which can be measured. For the analysis of Kp, ligand concentrations
greater than the protein concentration are used, which gives an error up to a factor of ten

[Feeney et al., 1979].
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Figure 3.32 Dissociation constants for SKK- A nutL complex. Fitting the curves yielded the
calculated Kp values shown in the inset.
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3.7.4 Interaction with A nutL spacer

By anisotropic fluorescence titration experiments, it has been validated that nutL spacer is
important for specific binding to SKK domain [Prasch et al., 2008, in revision]. The seven
nucleotide long nutL spacer region separates BoxA and BoxB. Based on the reported results,
the interactions of the SKK domain with the nutL spacer have been analysed by NMR. The
sample conditions and the titration steps were maintained the same as for the SKK+ A nutL
RNA titration. *H,"N labeled SKK protein was titrated with nutL spacer with gradual increase
in the concentration of nutL spacer. An overlay of the 'H,”"N-TROSY spectra of SKK domain
upon interacting with nutL spacer is shown in Fig 3.33. Most of the resonances which
disappeared (intermediate exchange) during the titration of SKK with A nutL (3.7.1) were
affected in the same manner as compared to the titration of nutL spacer alone. Few resonances
which showed significant chemical shift changes during SKK+ A nutl RNA titration were not
seen with nutL spacer alone. This probably gives us a clue that nutL spacer plays an important
role in binding to SKK, while some more nucleotides from Box4 and BoxB are also involved

in specific binding to SKK.
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Figure 3.33 Titration of SKK domain with nutL Spacer. Overlay of 'H,"”’N-TROSY spectra
recorded during the titration with different RNA/protein ratios. Key; black 0.0, cyan 0.25,
green 0.50, yellow 0.75, blue 1.0, magenta 1.5, and red 2.0. Resonances in the intermediate
exchange are indicated.
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3.8 Autoinhibition effect of NusA ar2

3.8.1 Interaction of NusAar2 with SKK domain

Autoinhibition by NusA ar2 is explained in detail in section 1.6. As described earlier, none of
the NusA fragments except NusA (1-416) can bind to nut site RNA directly in the absence of
N. Recently, it was shown that the 79 carboxy-terminal amino acids of NusA hinders RNA
interaction in isolation but is sequestered in transcription complexes by the C-terminal domain
(CTD) of RNA polymerase subunit o (a-CTD) [Mah et al., 1999; Mah et al., 2000]. The C-
terminal NusA repeats constitute a versatile protein—protein interaction region because they
can form a complex with the a-CTD, A N, and presumably, the remainder of NusA during

inhibition of RNA binding.

Based on these results of autoinhibition by NusA ar2, we have performed a titration between
NusA ar2 and SKK domain by NMR to characterize the interaction between these two
proteins. A series of 'H,”"N-TROSY of *H,”N labeled SKK domain was recorded upon
titrating with unlabeled NusA ar2 (Table 3.2).

Table 3.2 An overview of the titration steps for SKK with NusA ar2 titration.

Experiment. No | SKK domain (mM)| NusA ar2 (mM) |Total volume (uL.)| Ratio
1 0.2300 0.000 550 1:0
2 0.2219 0.057 570 1:0.25
3 0.2144 0.115 590 1:0.50
4 0.2074 0.172 610 1:0.75
5 0.2008 0.230 630 1:1.0
6 0.1888 0.345 670 1:1.5
7 0.1782 0.460 710 1:2.0
8 0.1686 0.575 750 1:2.5
9 0.1601 0.690 790 1:3.0
10 0.1524 0.805 830 1:3.5
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An overlay of the 'H,”"N-TROSY spectra at each NMR titration is shown in Fig 3.34.
Addition of NusA ar2 to SKK domain showed significant chemical shift changes in the
'H,"”"N-TROSY spectrum. The residues which were located in the KH1 domain (A234, V252,
(G249, Q260, A261, T264, S263, R270 and 1271) showed remarkable chemical shift changes
upon addition of NusA ar2.

The residues which were affected by binding to NusA ar2, were also affected when titrating
the SKK domain with A nutL RNA (3.7.1), indicating that NusA ar2 in the full-length protein
may occlude the RNA binding domains.

Normalized chemical shift changes (section 2.14.6) for SKK upon binding to NusA ar2 as a
function of primary sequence is shown in Fig 3.35-A. Based on the chemical shift
perturbation results, the amino acids which showed significant changes were plotted on the
surface of SKK domain. Fig 3.35-B shows the surface representation of SKK domain
highlighting the binding surface and the residues that exhibit chemical shift changes upon
binding to NusA ar2.

The dissociation constant Kp was determined from the changes of chemical shifts of *H,"°N-
labeled SKK observed in 'H,””"N-TROSY after gradual addition of the corresponding
unlabeled partner (NusA ar2). Changes of chemical shifts of signals in the fast exchange limit
(section 2.14.7) were fitted to the equation 2.4. Fitting the curves yielded the calculated values
as shown in Fig 3.36.
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Figure 3.34 Titration of SKK domain with NusA ar2. Overlay of 'H,""N-TROSY spectra
recorded during the titration of SKK domain with increasing concentrations of NusA ar2.
Increasing molar ratios; black 0.0, magenta 0.25, blue 0.50, cyan 0.75, magenta 1.0, yellow
1.5, blue 2.0, yellow 2.5, green 3.0, and red 3.5. Resonances showing significant chemical
shift changes are indicated with labeling.
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Figure 3.35 (A) Chemical shift changes of SKK upon binding to NusA ar2 as a function of
primary sequence; Dotted line represents the significance level of 0.04 ppm; X (red color) =
residues not assigned; X (black color) = residues for which Ad = 0. (B) Surface representation
of SKK highlighting the binding interface. Residues with resonances showing significant
chemical shift changes (0.04 <Ad < 0.1) are shown in green, those with A3 > 0.1 are in red.
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3.8.2 Displacement by a-CTD subunit of RNA polymerase

Based on the observation that NusA could bind nut-site RNA in the presence of a, but not in
the absence, Mah and co-workers had suggested, that there might be a direct interaction
between NusA and a subunit of RNA polymerase. The gel mobility shift experiments [Mah et
al., 2000] had shown that the binding of NusA to nut site RNA is indeed inhibited by the 70
carboxy-terminal amino acids of NusA and suggests that this inhibition could be relieved by

an interaction of this portion of NusA with the CTD of the RNA polymerase a subunit.

To characterize the a-dependent RNA binding by SKK domain, we titrated the complex
containing SKK + NusA ar2 with a-subunit of RNA polymerase. A series of 'H,””’N-TROSY
spectra of the complex (SKK + NusA ar2) was recorded by gradually adding an increased

molar ratio of unlabeled a-CTD.

Our main idea through this experiment is to observe whether a-CTD displaces NusA ar2 from
SKK domain and releases the autoinhibition effect of NusA ar2 or not. Overlay of the titration

spectra are shown in Fig 3.37-A.

The same set of amide resonances which showed chemical shift changes during the titration
of SKK with NusA ar2, were also affected on titrating the complex (SKK + NusA ar2) with o-

CTD. But the direction in which the resonances have shifted could be reversed.

Fig 3.37-B, shows one such example of the residue G249 exhibiting such kind of shift. When
titrating the SKK domain with NusA ar2 the residue G249 showed significant chemical shift
change and thereby falling in the fast exchange regime. Upon titrating with NusA ar2, the
resonances of (G249 gradually shifted its position from downwards (free state) towards
upwards (bound state). During the titration of the complex (SKK + NusA ar2) with a-CTD,
the resonances of G249 shifted from upwards towards downwards direction, indicating that
a-CTD is displacing NusA ar2 from its bound state, thereby opening the SKK domain for
RNA binding.
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4 Discussions

4.1 Effect of Nus factors on HK(022 Nun

The Nun protein of bacteriophage HK022 is a member of the arginine-rich motif family of
RNA binding proteins which includes the phage A N transcription antitermination protein and
the HIV Tat and Rev proteins. In contrast to A N, which suppresses transcription termination,
Nun terminates transcription just distal to BoxB (1.5.2). Like A N, action of Nun also requires
the host Nus proteins. As described earlier, the E. coli NusA protein interacts with the C-
terminal region of Nun and stimulates the binding of Nun to BoxB. In particular, it has been
reported that NusA arl which is responsible for binding to phage A N protein as well as to the
C terminus of the RNA polymerase a subunit is also required for the Nun binding [Watnick et

al., 1998].

In the context of the reported results, studies have been carried out to determine the
interaction between Nun and NusA by NMR titration experiments. To monitor this interaction,
three constructs of Nun containing 1-112, 45-112, and 92-112 were used (3.5.1). Upon
titrating the Nun constructs with NusA arl, no detectable changes in chemical shifts as well as
no new signals have been observed. Based on these experimental results from NMR, it

supports the idea that there might not be any direct interaction between NusA arl and Nun.

To optimize the experimental conditions we had used two buffer conditions with different pH
(10 mM KPOs, pH 6.4, 50 mM NaCl / 50 mM NaPO,, pH 7.0, 50 mM NaCl). The results
obtained with these different buffers remained the same. As the binding free energies
associated with the formation of macromolecular complexes are generally extremely sensitive
to ionic strength, we had performed the titration with three different salt conditions (0, 50, and
100 mM NacCl respectively) in the above mentioned buffer, to see whether is there any
observable changes due to the different salt concentration or not. However, we have not

observed any significant perturbations in the chemical shift during the titration.
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As the C terminus of Nun includes three histidine residues that form a potential zinc binding
motif [Watnick et al., 2000], all the NMR experiments have been repeated in the presence of
zinc, with an aim that it might facilitate the binding of Nun with NusA. Again, no observable

changes occurred in the titration even in the presence of zinc.

With the observed results, now the question arises, whether NusA arl is critical for Nun
binding or not, whether other domains of NusA is also required for binding. With a quest to

answer these questions, full length NusA (1-495) have been used for the binding studies.

As the entire complex is prohibitively large for studying by NMR spectroscopy, we replaced
the Nun full length with Nun C-terminal domain containing 45-112 amino acids (3.1.2) which
corresponds to the interacting region. It has been already shown that NusA binds directly to
Nun C-terminal domain by affinity chromatography experiments [Watnick et al., 1998]. "N
labeled Nun C-terminal domain was titrated with gradually adding unlabeled NusA to a molar
ratio of 1:3. On using the full length NusA as well, no significant chemical shift perturbations

have been observed.

It has been already reported that A N forms a complex with NusA arl [Prasch et al., 2006]. So,
in our case to have a positive control, the titration of A N with NusA (1-495) have been
performed to observe the changes. Even with the full length NusA, one supposed to see few of
those changes corresponding to the changes that was observed when the A N forms a complex
with NusA arl. Same sample conditions were used to avoid the artifacts resulting from the
non-similar sample conditions. As expected, distinct resonance changes were seen on A N

upon titrating with NusA full length, indicating clearly the interaction between A N and NusA.

Based on our experimental results from NMR and in accordance to the lack of chemical shift
perturbations from all of the performed titration experiments, it is obvious that there is
probably a lack of intermolecular interaction between Nun and NusA. It might be that the
interaction between Nun and NusA is also in need of other factors which could facilitate Nun

binding to NusA.

Like A N protein, apart from NusA, Nun also requires additional host factors (NusB, NusE
and NusG) for efficient termination, whereas the presence of NusA alone inhibits the
termination activity. With the continuing interest to know more about the interaction of

HKO022 Nun with Nus factors, has provided us a potent driving force to study the interaction
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of Nun with various Nus factors (NusG and NusB) by NMR titration studies.

For the interaction studies of Nun with other Nus factors, N labeled NusG and NusB have
been prepared (3.3 and 3.4). The sample conditions were maintained the same as used to study

the interaction of HK022 Nun with NusA.

It has been reported previously, that E. coli NusG gene product is required for transcription
termination by phage HK022 Nun protein in vivo [Burova et al., 1999]. But so far, there are
no experiments showing a direct interaction between Nun and NusG. With this as a subject,
we proceeded to study the interaction of NusG with Nun. From the overlay of 'H,”"N-HSQC
experiments (Fig 3.24), no dynamic changes were observed in all stages of titration. This
indicates that no direct binding between NusG and Nun exist. Therefore, the role of NusG
action in HK022 Nun mediated termination might be not directly interacting with Nun but

could be in presence of other Nus factors, NusG might stimulate Nun termination.

Mutational studies had described that mutation in nusB genes blocks both Nun and N action
in vivo [Friedman et al., 1976]. But up to now, it has not been shown, whether there is any
direct binding of Nun to NusB. Hence, we wanted to observe the interaction between NusB
and HK022 Nun by NMR. However, titration of NusB upon adding increased molar ratio of
Nun, does not cause any significant detectable changes (Fig 3.25). The interaction studies was
carried out with the full length and as well as with C-terminal domain of Nun alone, but the
results remained the same, leading to the conclusion that there is no direct interaction between

HKO022 Nun and NusB.

In the termination pathway, HK022 Nun uses the host factors NusA, NusB, NusG and NusE.
Nevertheless, the involvement of E. coli host factors in Nun termination is still not clearly
explained. Based on our NMR experimental results, we were unable to observe a direct

binding of any of these Nus factors to HK022 Nun.

Based on the published results it is clear that, Nun termination is facilitated by Nus host
factors, but from our results we deduce that the facilitation is not by a direct binding to
HKO022 Nun. Therefore, the proposed role of NusA in Nun mediated termination might be

different and the role of NusG and NusB still remains to be solved.
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4.2 Backbone assignment of RNA binding domains of NusA (SKK)

The central S1 and KH domain regions of NusA (SKK) are involved in interactions with nut
site RNA and are required for both transcription termination and antitermination. In order to
explore the details of the binding surface on SKK domain upon nut RNA binding, we

primarily proceeded to obtain sequence specific backbone resonance assignment.

Deuterium labeling strategy (2.10) was used for the SKK domain to increase the sensitivity
and the resolution in triple resonance experiments. The labeling strategy results in deuterium
incorporation throughout a protein in a roughly site-independent manner (uniform or random
labeling). One of the significant advantage of deuteration is that many cross-relaxation
pathways are removed, thereby reducing the overall resonance line widths and spin diffusion

effects in the system.

To achieve high rate of deuteration for the interaction studies, media containing > 99.9 % D,O
was used. The main problem to express a deuterated protein is the incorporation of “H which
reduces growth rate of organisms up to 50 %. Since, expression of highly deuterated protein
also requires stepwise adaptation of the bacteria to the high deuteration level, the SKK protein
production with deuterated media usually resulted in significantly lower yield than that with

nondeuterated media.

For the backbone resonance assignment of SKK domain, TROSY-based triple resonance
experiments with *H,"’N,"C-labeled SKK was carried out which was superior than the
conventional triple-resonance experiments. Line broadening at higher magnetic fields which is
a manifestation of increased transverse relaxation rates and deterioration of the sensitivity in
triple-resonance experiments, has been largely suppressed by using TROSY technique. During
the course of study, TROSY combined with deuterated SKK domain was used for the

backbone resonance assignments.

TROSY based triple-resonance experiments were recorded to allow sequential assignment of
the backbone of SKK domain. Typically these experiments include tr-HNCO, tr-HNCA, tr-
HN(CA)CO, tr-HN(CO)CA, tr-HNCACB and tr-HN(CO)CACB which are predominantly run

as 3D experiments, recording the chemical shifts of "HY, *C and "N.
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During the course of finding sequential connectivities of the backbone resonances, we had
built chemical shift “clusters” by comparing and correlating several heteronuclear 3D
experiments, so that each cluster is composed of the correlated backbone chemical shifts of
one amino acid residue and of its preceding or following residue. We then link these clusters
to obtain sequential stretches of chemical shift sets of amino acid residues, starting from the
residue 1 and looking for i-1 and so on. Sequential connectivities were also confirmed by the
identification of NOE cross-peaks between sequential HY groups, using a 3D-15N-HSQC-
NOESY and 3D-NNH-NOESY.

For a variety of reasons, even modest increase in protein size greatly complicate the
assignment process and the same was observed with the SKK domain as well. The SKK
domain consist of 222 residues, 9 of which were proline residues and 7 residues in the N-
terminal part belongs to the tag region, a maximum of 206 backbone amide 'H™-"N
correlation peaks would be predicted in the TROSY spectra of SKK domain (3.6). Sequence

specific resonance assignments were made for 166 out of 206 residues (80.5%).

The problems encountered during the assignment procedure is depicted in Fig 4.1, showing

the strip plots from amino acid T198-K201 derived from HN(CO)CACB and HNCACB.

In the strip plot we could observe that its possible to walk along the protein backbone only by
using the C® connectivities because C? [in position (i) and (i-1)] are missing for these residues.
But in this case, its not possible to unambiguously assign these residues based on C*
resonances, since the chemical shift of C*resonances could match to various other residues in

the amino acid sequence as well.

In the process of sequential assignment, always two chemical shifts were matched, and in case
of multiple possibilities, we carry out parallel searches for each possible connection until one

path leads to the nearest check point.
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Figure 4.1 Strip plot showing the difficulties faced during resonance assignments. Strips of
HN(CO)CACB and HNCACB spectra of *H,"C,"”N uniformly labeled SKK domain (T198-
K201). Strips from two spectra are shown, corresponding to a single amino acid. Several of
these strips are placed in a row to show the sequential connectivities from each amino acid to
the preceding one. The coherence transfer in both of these experiments for a pair of
consecutive residues are shown below. The arrows indicate the magnetization transfer
pathway. The dotted line represents break of further connectivities. (x) indicates the peaks
which are near to noise level.
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Because of the large size of the protein, chemical shift degeneracy (for ex., missing of CP
chemical shift) poses a challenging problem. To overcome this problem, we utilized the
3D-15N-HSQC-NOESY and 3D-NNH-NOESY spectra to assign those residues where the
chemical shifts of C* or C? are missing by observing the NOE cross peaks. In a NOESY spectra,
the cross peaks indicate which protons are close in space and also correlates protons which are
distant in the amino acid sequence but close in space due to the tertiary structure. The
intensity of the NOE is in first approximation proportional to 1/r® with r being the distance
between the protons. The presence of a NOE peak is direct evidence that 2 protons are within
5 Angstroms (5 A) through space. Assignment of resonances is achieved by detecting the
sequential connectivities between amide protons in the bonding network between nuclei.
Supporting information for the sequential connectivities which was obtained from the NOESY

spectra is represented as a strip plot in Fig 4.2.

By using the NOESY spectra, we were able to obtain the sequential connection of spin
systems by observing the cross peaks from the amide protons of one residue to the amide,
alpha, or beta protons of the next residue. However, to be sure whether the NOEs which were
observed are of sequential connectivity or not, we refer back to HNCACB and observe the C*
chemical shift, combining both of these allow strong peak association for T198-R199-S200-
K201. Though using TROSY triple-resonance experiments combined with 3D-NOESY
experiments, we still were not able to assign all the resonances. The main difficulty was the
missing resonances for some of the residues and degenerate resonances for some other, for
which there was no NOESY cross peaks as well. The big stretch which was not assigned in
SKK domain lied in the region of S1 domain from residue L183-V197 which constitutes the
4 and B5 sheet of S1 motif.

The possible reasons for the missing resonances could be cross-peak overlap, incomplete
deuteron amide exchange or exchange peak broadening or with protein dynamics, where
changes in mobility of protein occurs over a wide time scale. It might be possible that the
residues are not locked in a more rigid conformation leading to the broadening of the
resonance. It could also be possible that during the course of measurements, protein
degradation occurs which leads to a reduction in the signal due to sample instability which
will then affect the line shape. In some experiments, low signal to noise ratio also hindered us

to assign those peaks, which were near to the noise level.
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Figure 4.2 NOESY Strip plots of *H,"”C,”N uniformly labeled SKK domain to trace the
sequential connectivities. The cross peaks are indicated by connecting lines. The strips show
that residues T198-K201 make a series of backward and forward NOEs, indicating that this
region could be sequentially connected; (x) indicates the peaks of long range NOE:s.
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4.3 RNA binding studies on SKK domain

The E. coli NusA protein has been the subject of considerable study. NusA modulates the
ability of transcription to stop at RNA hairpins which cause RNA polymerase to first pause
and then, sometimes, terminate. It also forms part of a complex of proteins associated with

RNA polymerase during transcription extension.

Biochemical studies [Mabh et al., 1999] on the E. coli NusA protein have shown that NusA has
RNA-binding properties consistent with the presence of a ribosomal S1 protein-like module
and two KH RNA-binding motifs identified from sequence comparisons, which is referred as
SKK domain during this study. Electrophoretic mobility-shift assays (EMSA) showed that the
truncated E. coli NusA protein binds various nut-like RNA species with high affinity [Arnvig
et al., 2004]. By anisotropic fluorescence titration experiments [Prasch et al., 2008, in
revision] it has been proposed that RNA binding domain of NusA shows higher affinity
towards A nutL RNA when compared with A nutR RNA. Though various studies imply direct

NusA-RNA interaction, till now the exact binding region on SKK domain is not known.

On these basis, we drived our focus to understand the RNA recognition by SKK domain. In
order to elucidate the sites of SKK domain that bind nut-site RNA, *H,"’N-uniformly labeled
SKK domain was used for the titration studies. The labeled SKK domain was titrated with
increasing molar ratio of unlabeled A nutL RNA. A series of 'H,""N-TROSY spectra of the
sample were taken after each titration. Upon titration with A nutL RNA, nearly all "HY and "N

resonances of KH1 domain were affected (3.7.1).

There is a continuous stretch of perturbed residues between R210-W276 was seen. These
residues constitute mainly on three stranded 3 sheets on KH1 domain and partly some of the
perturbed residues are also seen on four helices on one side of the KH domain. Few residues
such as 1211, E215, E218, K235, V238, R132, T258, R270, D272, S295, V297 showed
significant perturbation upon binding to A nutL RNA, suggesting that the dissociation of the
protein/RNA complex is fast on the NMR time scale. On the other hand, some of the
resonances like G192, 1236, C251, G267, M288, 1318 etc., disappears immediately upon
titration with 0.25 molar equivalence of A nutl RNA indicating a intermediate exchange

regime.



DISCUSSIONS 109

All together, the resonances showing comparatively large chemical shifts and from the
resonances which were disappearing, we could say that all the perturbed residues mainly falls

in the KH1 region of RNA binding domain of NusA.

Based on the results of chemical shift changes, we suggest the involvement of residues in
KHI1 domain in complex formation with A nutL RNA. This result is in agreement with the
evidence that the KH1 domain, possibly through its RNA binding activity, makes a significant
contribution to the biological activity of NusA [Worbs et al., 2001].

The fast exchange regime is by far the most useful for the measurement of dissociation
constants from changes in chemical shift. In this regime, the shift of resonances can be easily
traced from the resonance of the free state towards the resonance of the bound state (2.14.5).
Hence, the resonances which are in the fast exchange region upon titrating SKK domain with
A nutL RNA was used for Kp determination The estimated Kp was around 10 uM with an error
up to a factor of 10 (3.7.3). Unless the titration measurements are performed with the lowest
concentration as possible, it is difficult to obtain an accurate and precise values of Kp by
NMR. On the other hand, during our titration studies (SKK + A nutL) it was hard to find peaks
which show a real fast exchange, as most of the peaks are in between intermediate and fast
exchange limit. But our estimated value, gave us a hint that the A nutL RNA has relatively
weak binding to SKK domain with a Kp of ~ 10 uM, which is in agreement with the previous

studies.

Following the results of anisotropic fluorescence experiments from our group [Prasch et al.,
2008, in revision], it has been proposed that A nutL spacer region is specific for binding to
SKK domain. So, we characterized the interaction of A nutL spacer with SKK domain by
recording a series of NMR titrations. On addition of A nutL spacer on SKK domain, changes
in chemical shifts were observed which could be comparable with the SKK-A nutL RNA
titration experiments (3.7.4). Though, not all the resonance shifts which were observed during
SKK-A nutl, RNA titration is seen with A nutL spacer, the ratio of similarity lies on the upper
level. This leads us to a conclusion, that A nutL spacer plays a major role in binding to SKK.
But, based on the results from the titration of SKK-A nutL RNA, it implies that though A nutL
spacer makes a major contribution in binding to SKK, some other nucleotide residues either

from BoxA or from BoxB are required for specific binding to SKK domain.



110 DISCUSSIONS

4.4 Mapping of RNA binding interface

To map the SKK surface residues which were affected by A nuzL RNA, 'H, "N-TROSY
spectra of *H,"”N labeled SKK domain were acquired when A nuflL RNA was titrated.
Significant chemical shift changes and disappearance of most of the signals in the 'H,"’N-
TROSY spectrum provided the first NMR evidence for an actual interaction event occurring

between SKK and A nutl RNA.

As mentioned previously, in cases of fast exchange associated with weak binding or a small
change in chemical shift, a single peak at the weighted average chemical shift is observed. As
a first step towards mapping the binding surface on SKK protein, normalized chemical shift
changes were determined (2.14.6/3.7.2). It was clear from the chemical shift perturbation that
a cluster of amino acids in the region of KH1 domain is affected, and the chemical shift
changes for some of the residues could not be determined as the corresponding signals
disappeared during the titration, indicating that these residues show intermediate exchange in

contrast to all other residues whose exchange behavior is fast on the NMR time scale.

The Fig 4.3 (a) shows the ribbon representation of S1+KH1+KH2 domain and all the residues
which were affected on interacting with A nutL is represented in red color. This clearly shows
us that KH domains plays a role in complex formation with A nutL RNA and the S1 domain
remains unaffected. A schematic representation is shown in Fig 4.3 (b) highlighting all the
amino acids which were affected on titrating with A nutL. The shift mapping indicates two
sites with significant shifts, which constitutes KH1 and KH2 domain, and among the two sites
the more extensive was in KHI1 domain which is consistent with the argument saying that
KHI domain is a prime candidate for specific RNA binding [Worbs et al., 2001]. Mutational
analyses [Mah et al., 2000] had shown that R199A mutation in ecoNusA abrogate the N-
mediated antitermination and reduce interaction with N-nut site complex. It has been also
suggested that R199 is completely buried in the S1-KH1 interface, a direct RNA contact
through this residue can be excluded, which is consistent with our experimental results, as no
significant chemical shift changes were observed with the R199 residue on interacting with A-

nutL RNA.
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Figure 4.3 (a) Ribbon representation of SKK domain, where the binding region on SKK
upon interacting with A nutL RNA is shown in red color. (b) Mapping of SKK residues
showing significant chemical shifts when A nutL RNA binds. The S1 domain is unaffected and
are not displayed for clarity. Residues with Ad in between 0.4 and 0.1 ppm are colored red,
and residues whose Ad > 0.1 are colored orange, while those which disappear upon interacting
are colored in yellow. Some significant perturbed residues are numbered in black. The shift
mapping indicates KH1 site with significant shifts.
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4.5 Regulation of NusA-RNA interaction by autoinhibition

Reported results [Mah et al., 2000] show that the o subunit of E. coli RNA polymerase and the
A N protein binds to the carboxy-terminal regions of NusA, suggesting that a-CTD and A N
may act in similar ways to control the binding of NusA to RNA, and that interaction of a-CTD
with NusA promotes the association of NusA with RNA. It has also been suggested that an
interaction of NusA with a-CTD in a transcription complex would allow NusA to bind the

nascent transcript and stimulate pausing and termination by RNA polymerase.

Recently it was shown that the 79 carboxy-terminal residues of NusA (NusA ar2) hinders
RNA interaction in isolation but is sequestered in transcription complexes by the C-terminal
domain (CTD) of RNAP subunit a (a-CTD) [Mah et al., 2000]. So, with the reported results,
we wanted to evaluate the potential autoinhibition effect of NusA ar2, on RNA binding

domains of NusA.

As a primary step, the interaction between SKK domain and NusA ar2 have been studied. To
observe the autoinhibition effect, NusA construct lacking the N-terminal domain and the two
acidic-repeat domains was used, since these regions are not directly involved in RNA binding.
Addition of unlabeled NusA ar2 to *H,""N-labeled SKK domain led to significant chemical
shift changes in the "H,""N-TROSY spectra for the residues located in the a-helix and B-sheet
of KH1 domain (3.8.1). The significant changes are seen for the residues A234, G249, V252,
Q260, A261, S263, T264, R270 and 1271. Most of the resonances change lies in the a4-helix
of KH1 domain. Apart from the a4-helix, the significant changes observed for the residue
A234 lies in f2-sheet, G249 in a3-helix, V252 in al-helix and R270/1271 in B1-sheet.

All the resonances change which were observed are in the fast-exchange regime on the NMR
time scale and thus could be traced easily during titration. Relatively small number of shifted
peaks indicates a comparatively small binding surface, which is consistent with the weak
interaction (Fig 3.35). The various resonances change which were observed with SKK + NusA
ar2 was also seen in the SKK + A nutL RNA titration. But compared with the long stretch of
residues which were affected on SKK domain upon interacting with A nutl. RNA, the changes
seen in SKK domain upon interacting with NusA ar2 is relatively small. Though the binding
surface of NusA ar2 on SKK domain is small, it could still cause an interference of RNA

binding by NusA. It has been already suggested that one or more of the RNA binding domains
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of NusA may be occluded by the second HhH motif or other determinants within the 79
carboxy-terminal amino acids of NusA [Mah et al., 2000]. So, based on our results, the
significant resonance changes are seen only in KH1 domain, indicating that this domain could

be occluded by NusA ar2 and thereby inhibiting RNA binding by NusA.

By plotting the chemical shift changes as a function of ligand concentration and fitting the
equation 2.4 in a two state model yielded a Kp ~ 150-250 uM, which corresponds to a weak
affinity interaction (Fig 3.36). The stability of protein-protein complex or protein-RNA
complex is strongly influenced by entropic contributions. During the study of autoinhibition
effect of NusA ar2, entropy changes (AS) between the two states of opening a complex (SKK
+ A nutL RNA) and forming a new complex (SKK + NusA ar2) can be different. Hence, the

calculated Ky, values for SKK + NusA ar2 complex may not be exact.

By affinity chromatography experiments [Mabh et al., 2000], it has been illustrated that there is
a direct interaction of a-CTD and NusA, and thereby stimulating RNA binding by NusA. To
explore the effect of a-CTD on NusA, interaction of the complex (SKK + NusA ar2) with a-
CTD subunit of RNA polymerase have been studied. The expected output from this
experiment should be, that on titrating the complex with a-CTD subunit of RNA polymerase,
the NusA ar2 has to be displaced from its bound state, thereby facilitating the RNA binding by
NusA.

Hence, to observe this output, a series of 'H,""N-TROSY experiments on the complex (SKK +
NusA ar2) were measured by gradually adding increased molar ratio of unlabeled a-CTD
subunit of RNA polymerase. From the overlay of 'H,"”"N-TROSY spectra, we could observe
clearly the displacement of NusA ar2 from the SKK domain and thereby allowing SKK

domain to interact with RNA.

To summarize the autoinhibition effect of NusAar2, our experimental results by NMR shows
that NusA ar2 has an effect on SKK domain by affecting those resonances which are also
involved in the RNA binding, directly indicating that NusA ar2 inhibits RNA binding by
NusA. This autoinhibition effect of NusA ar2 is relieved when a-CTD subunit of RNA
polymerase is available in the system, there by NusA ar2 primarily focuses on a-CTD subunit
of RNA polymerase by binding to it. In this manner, NusA ar2 releases its autoinhibitory

effect on SKK domain and facilitates RNA binding.
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S Summary

In phage A, antitermination is initiated by the A-encoded N protein which recruits a number of
host proteins called Nus factors. Several of these host proteins which are essential for
effective transcription termination and antitermination have been identified, these includes
NusA, NusB, NusE and NusG. The subject of this work is mainly focused on characterization
of interactions between various Nus host factors in the termination and antitermination system

by NMR spectroscopy.

Like N protein, Nun also requires additional host factors for efficient termination. It has been
reported already that NusA interacts with C-terminal region of Nun and also that Nun binding
to NusA requires NusA arl region. On the basis of these results, 'H,"”’N-HSQC spectra were
recorded to monitor the interaction between HKO022-Nun and NusA arl. NMR titration
experiments between Nun and NusA clearly showed a lack of chemical shift perturbations.
Therefore, it can be concluded that there is no intermolecular interaction between Nun and
NusA arl. Up to date, no information about the interaction between Nun and NusG as well as
Nun and NusB are known. Titration experiments between Nun and both Nus factors, have also
revealed no direct interaction. Altogether, it can be deduced that there might be no direct

interaction between Nun and NusA arl, and NusG, and NusB.

The NusA transcription elongation protein, which binds nut site RNA, contains sequences
corresponding to the S1 and KH classes of identified RNA binding domains. To gain
comprehensive insights into binding surface on SKK domain upon nut RNA binding,
backbone resonances of SKK domain was assigned using sequential C*, C? and CO chemical
shift information derived from an array of TROSY based triple-resonance experiments. With
virtually complete backbone assignment (80.5 %) of the SKK domain it was possible to
characterize the interaction between SKK domain and A nutL RNA by NMR titration
experiments. Significant chemical shift changes observed on SKK domain upon addition of
unlabeled A nutl. RNA, had reflected a direct interaction. Mapping of chemical shift
perturbations on SKK domain revealed that the RNA binding interface is mainly located in the
KH domains. The results implied a sequence-specific RNA binding.
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In the free state, NusA cannot bind to RNA. Once a-CTD of RNA polymerase is bound to
NusA the RNA binding inhibition is released. A direct interaction between a-CTD and NusA
ar2 have been reported and therefore NusA ar2 could be a prime candidate for inhibiting the
RNA binding of NusA. To further evaluate the autoinhibition effect of NusA ar2 on SKK
domain, titrations between NusA ar2 and SKK domain have been performed. Upon NusA ar2
binding, notable chemical shift changes were observed in the KH1 region of SKK domain.
The residues which were affected on binding to NusA ar2 were also affected during the SKK
and A nutL titration experiments. The results are in good agreement with the proposed idea

that NusA ar2 possibly occludes the RNA binding domains of NusA.

To investigate the effect of a-CTD on RNA binding by NusA, titration of the complex
containing SKK domain and NusA ar2 by gradually adding an increased molar ratio of a-CTD
have been carried out. On addition of a-CTD, it was clearly observed that a-CTD displaced
NusA ar2 from the complex suggesting that the inhibition of RNA binding by NusA ar2 could
be released by a-CTD.
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6 Zusammenfassung

Im Phagen A wird die Antitermination durch das A-codierte N Protein initiiert, das eine
Vielzahl von Wirtsproteinen, die sogenannten Nus Faktoren, rekrutiert. Bisher sind nur einige
von diesen Wirtsproteinen, die fiir eine effiziente Termination und Antitermination der
Transkription wichtig sind, identifiziert. Dazu gehoren NusA, NusB, NusE und NusG.
Gegenstand dieser Arbeit war die Charakterisierung von moglichen Wechselwirkungen
zwischen den verschiedenen Nus Wirtsfaktoren im Terminations- und Antiterminations

system mit Hilfe von NMR Spektroskopie.

Ebenso wie das N Protein bendtigt auch Nun zusitzliche Wirtsfaktoren fiir eine
funktionierende Termination. Bisher wurde nur gefunden, dass NusA mit der C-terminalen
Region von Nun interagiert, wobei fiir die Bindung von Nun an NusA die NusA arl Region
bendtigt wird. Darauf aufbauend wurde mit Hilfe von 'H,”"N-HSQC Spektren die
Wechselwirkung zwischen HK022-Nun und NusA arl untersucht. Dabei konnten keinerlei
Verdanderungen der chemischen Verschiebung wéhrend der Titration beobachtet werden.
Folglich findet keine Interaktion zwischen NusA arl und Nun statt. Uber die Wechselwirkung
zwischen Nun und NusG oder NusB gibt es bis jetzt noch keine Informationen. Die in dieser
Arbeit durchgefiihrten Titrationsstudien mit Nun und diesen beiden Nus Faktoren zeigten
ebenso keine direkten Interaktionen. Basierend auf den durchgefiihrten Experimente kann
gefolgert werden, dass keine direkten Wechselwirkungen zwischen Nun und NusA arl, NusG

oder NusB vorhanden sind.

Der Transkriptions-Elongationsfaktor NusA, der die nut RNA bindet, enthélt Bereiche, die zu
der Klasse der S1 und KH homologen Dominen gehdren und als RNA Bindungsdoménen
identifiziert wurden. Um einen detaillierten Einblick in die Bindungsfliche der SKK
Domaénen bei der Bindung an die nut RNA zu bekommen, erfolgte eine sequenzspezifische
Zuordnung der Amidresonanzen des Proteinriickgrats. Die fast vollstindige Zuordnung
(80,5%) ermdglichte nun die Untersuchung der Wechselwirkung zwischen der SKK Doméne

und der nut RNA mit Hilfe von NMR Spektroskopie.
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Bei der Titration der SKK Doméne mit der unmarkierten A nutL RNA konnten deutliche
Verdnderungen der chemischen Verschiebung beobachtet werden, die auf eine direkte
Interaktion schlieBen lassen. Eine Visualisierung der Verdnderungen der chemischen
Verschiebung auf der Oberfliche von NusA SKK zeigt, dass die RNA Bindungsfliche
hauptsdchlich im Bereich der beiden KH Doménen zu finden ist. Dies deutet somit auf eine

sequenzspezifische RNA Bindung hin.

NusA kann im freien zustand keine RNA binden. Erst durch die Bindung an die a-CTD der
RNA polymerase wird diese Selbstblockade aufgehoben. Da Experimente auf eine Interaktion
zwischen der a-CTD und NusA ar2 hindeuteten, konnte moglicherweise NusA ar2 die RNA
Bindungsstelle blockieren. Um diesen autoinhibitorischen Effekt zu untersuchen, wurde NusA
ar2 zu der SKK Domine titriert. Dabei konnte flir diejenigen Aminosduren eine Verdnderung
der chemischen Verschiebung beobachtet werden, die auch an der Bindung der RNA beteiligt
sind, so dass hierdurch die Hypothese der Selbstblockade durch NusA ar2 bestdtigt werden
konnte. Eine Titration des Komplexes aus NusA ar2 und der SKK Doméne mit a-CTD zeigte,
dass durch die Zugabe von a-CTD NusA ar2 von der RNA Bindungsstelle verdringt wird und

bestétigt damit ebenso die autoinhibitorische Rolle von NusA ar2.
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7 Abbreviations
€ molar extinction coefficient
1D one dimensional
2D two dimensional
3D three dimensional
aa amino acid
Asso absorption at 280 nm
APS ammonium peroxy disulfate
ARM arginine rich motif
arl acidic repeat 1
ar2 acidic repeat 2
ATP adenosine-5'-triphosphate
bp base pair
CSA chemical shift anisotropy
CTD carboxy terminal domain
Cv column volume
Da dalton
DSS 2,2-dimethyl-2-silapentane-5-sulfonic acid
DD dipole-dipole
DNA deoxyribonucleic acid
DNase [ deoxyribonuclease I
DTT dithiothreitol
EMSA electrophoretic mobility-shift assay
E. coli Escherichia coli
EDTA ethylenediaminetetraacetic acid
FPLC fast protein liquid chromatography
Fig figure
h hour
HKO022 HongKong 022
HPLC high performance liquid chromatography
HSQC heteronuclear single quantum coherence
INEPT Insensitive Nuclei Enhancement by Polarization Transfer
IPTG 1sopropyl-pB-D-thiogalactopyranoside
kDa kilo Dalton
Kp dissociation constant
L liter
LB Luria Bertani medium
mRNA messenger RNA
i micro (10°)
pm micromolar (umol/L)
m milli (107)
mAU milli-Absorption Unit
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mL
mM
M9

min

M
MWCO
nm
NMR
NOE
NOESY
nt

NTD
NTPs
NS

Nus

nut
OD6OO
PAGE
PEG
PCR
PDB
PMSF
ppm
put
RNase
RNA
rut

rpm

RT

SDS
SDS-PAGE
sec
SKK
SW
SFO
SAR
TEMED
TEV
TD
TFA
TPPI
Tris
TROSY
tsp

TS2

u

v/v

w/v

milliliter

millimolar (mmol/L)

minimal medium

minute

molar (mol/L)

molecular weight cutoff

nanometer

nuclear magnetic resonance

nuclear Overhauser effect

nuclear Overhauser effect spectroscopy
nucleotide

amino terminal domain

nucleoside triphosphates

number of scans

N-utilization substance

N-utilization

optical density at 600 nm
polyacrylamide gel electrophoresis
polyethylene glycol

polymerase chain reaction

protein data bank
phenylmethylsulfonylflouride

parts per million

polymerase utilization

ribonuclease

ribonucleic acid

rho-utilization

rotations per minute

room temperature

sodium dodecyl sulfate

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
second

S1+KH1+KH2

spectral width

spectrometer frequency used

Structure Activity Relationships
N-,N-,N’-,N’-Tetramethyleneethyldiamine
tobacco etch virus

total number of data points
trifluoroacetic acid

time proportional phase incrementation
tris(hydroxymethyl)aminomethane
Transverse Relaxation Optimized Spectroscopy
transcription stop points

trace element solution 2

unit

volume by volume

weight by volume
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APPENDIX

9.1 Secript for K, fitting

clear;
global Data;

fqz 1H=700.13;
fqz 15N =70.5;

%fqz_1H = 1.0;
%fqz 15N =1.0;

filename SHIFT = sprintf('../text.data’)
fp = fopen(filename SHIFT)

shiftdata = fscanf(fp,'%g %g',[2 inf])
fclose(fp)

filename CONC = sprintf('../ratio.dat")
fp = fopen(filename CONC)
conc_data = fscanf(fp,'%g %g',[2 inf])
fclose(fp)

shiftdata = shiftdata'
conc_data = conc_data'
ratio = conc_data(:,1)
conc = conc_data(:,2)
conc = conc .* 1000.0

proton = shiftdata(:,1)
proton = proton - proton(1);
proton = proton * fqz_1H;

nitrogen = shiftdata(:,2)

nitrogen = nitrogen(1) - nitrogen
nitrogen = nitrogen * fqz_15N;
norm_shift = sqrt(proton .* proton + nitrogen .* nitrogen)
% plot(ratio, norm_shift, 'ro")
Data = zeros(length(conc), 3);
Data(:,1) = conc

Data(:,2) = ratio

Data(:,3) =norm_shift

a = Data(:,2)

b = Data(:,3)

plot(a, b, 'ro")

hold on

global Plothandle
Plothandle = plot(a, b, 'EraseMode','xor");
k=[101];

9 Appendix

trace = 0; % If this is nonzero, intermediate steps in the solution are displayed.

tol =.00001; % This is the termination tolerance.
k = fminsearch('kd_fit func'k,[trace tol]);
k
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9.2 Nucleotide sequence of HK(022 Nun

atgctgatggtgaaaaaaaccatttatgtgaacccggatagcggccagaaccgcaaagtyg
M L. M V K K T I Y vV N P D S G Q N R K V

agcgatcgcggcctgaccagccgcgatcgecgecgecattgecgecgectgggaaaaacgeatt
S DR G L T S R DURIRIRTIAIRWEI KR RTI

gcgtatgcgctgaaaaacggcgtgaccccgggctttaacgcgattgatgatggcccggaa
A Y A L K NGV T P G F N A I DD G P E

tataaaattaacgaagatccgatggataaagtggataaagcgctggcgaccccgtttcecg
Y K I N E D P M D K V D K A L AT P F P

cgcgatgtggaaaaaattgaagatgaaaaatatgaagatgtgatgcatcgcgtggtgaac
R DV E K I E D E K Y E D V M HUR V V N

catgcgcatcagcgcaacccgaacaaaaaatggagc

H A H Q R N P N K K W S

Physical/Chemical parameters of HK022 Nun

Number of amino acids 112
Molecular weight 13107.8
Theoretical pl 9.52
Extinction coefficient 16960
Instability index 41.05

9.3 Nucleotide sequence of Nun CTD

ggcgcgatgggcgtgaccccgggctttaacgcgattgatgatggecccggaatataaaatt
G A MGV T P G F NA I DD G P E Y K I

aacgaagatccgatggataaagtggataaagcgctggcgaccccgtttccgecgegatgtg
N E D P M D K V D K AL ATUPF P R D V

gaaaaaattgaagatgaaaaatatgaagatgtgatgcatcgcgtggtgaaccatgcgcecat
E K I E D E K Y E D V M H R V V N H A H

cagcgcaacccgaacaaaaaatggagce

Q R N P N K K W S

Physical/Chemical parameters of Nun CTD

Number of amino acids 69
Molecular weight 7892.7
Theoretical pl 5.21
Extinction coefficient 8480

Instability index 30.50
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9.4 Nucleotide sequence of NusA (1-495)

atgaacaaagaaattctggcggtggtggaagcggtgagcaacgaaaaagcgctgccgcecgce
M N K E I L. AV V EA YV S N EI KA AUL P R
gaaaaaatttttgaagcgctggaaagcgcgctggcgaccgcgaccaaaaaaaaatatgaa
E K T F E A L E S A L A T A T K K K Y E
caggaaattgatgtgcgcgtgcagattgatcgcaaaagcggcgattttgatacctttege
Q E I D V R V Q I D R K S G D F D T F R
cgctggctggtggtggatgaagtgacccagccgaccaaagaaattaccctggaagcggcg
R W L VvV VvV D E V T Q P T K E I T L E A A
cgctatgaagatgaaagcctgaacctgggcgattatgtggaagatcagattgaaagcgtyg
R Y E D E S L N L G DY V EDOQTI E S V
acctttgatcgcattaccacccagaccgcgaaacaggtgattgtgcagaaagtgcgcgaa
T F D R I T T Q T A K Q vV I V Q K V R E
gcggaacgcgcgatggtggtggatcagtttcgcgaacatgaaggcgaaattattaccggce
A E R A MV V D Q F R EHE G E I I T G
gtggtgaaaaaagtgaaccgcgataacattagcctggatctgggcaacaacgcggaagcg
V vV K. K V N R D N I S L DL G N NAUZE A
gtgattctgcgcgaagatatgctgccgcgcgaaaactttcgeccgggegatcgegtgege
v I L. R E D ML P R E NVF R P G D R V R
ggcgtgctgtatagcgtgcgcccggaagcgcgcecggcgecgcagectgtttgtgaccecgecagce
G v L ¥ S V R P E A R G A QL F V T R S
aaaccggaaatgctgattgaactgtttcgcattgaagtgccggaaattggcgaagaagtyg
K p EM L I E L F R I E V P E I G E E V
attgaaattaaagcggcggcgcgcgatccgggcagccgcgcgaaaattgecggtgaaaacc
I E I K A A A R D P G S R A K I A V K T
aacgataaacgcattgatccggtgggcgcgtgecgtgggcatgcgecggecgegecgegtgcecag
N D K R I D P V G A C V GMURGA ARV Q
gcggtgagcaccgaactgggcggcgaacgcattgatattgtgctgtgggatgataaccecg
A VvV S T E L G GG E R I DI V L W D D N P
gcgcagtttgtgattaacgcgatggcgccggcggatgtggcgagcattgtggtggatgaa
A Q F v I N A M A P A DV A S I V V D E
gataaacataccatggatattgcggtggaagcgggcaacctggcgcaggcgattggeccgce
D K H T MDD I A V EAGDNILAUOQATI G R
aacggccagaacgtgcgcctggcgagccagctgagcggectgggaactgaacgtgatgacc
N G Q NV R L A S Q L S GW E LNV MT
gtggatgatctgcaggcgaaacatcaggcggaagcgcatgcggcgattgatacctttacc
v D DL Q A K H QA EA AHA A AT DTV F T
aaatatctggatattgatgaagattttgcgaccgtgctggtggaagaaggctttagcacc
K Yy L. bp T b EDVF ATV L V EE G F S T
ctggaagaactggcgtatgtgccgatgaaagaactgctggaaattgaaggcctggatgaa
L E E L A Y V. PM K E L L E I E G L D E
ccgaccgtggaagcgctgcgcgaacgcgcgaaaaacgcgctggcgaccattgcgcaggeg
P T VvV E A L R E R AIKNWATLATTI A Q A
caggaagaaagcctgggcgataacaaaccggcggatgatctgctgaacctggaaggcecgtg
Q E E S L G D NKPADIDULULNULE G V
gatcgcgatctggcgtttaaactggcggcgcgecggcgtgtgcaccctggaagatctggeg
D R DL A F KL A ARGV CT L E D L A
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gaacagggcattgatgatctggcggatattgaaggcctgaccgatgaaaaagcgggcgcg
E Q G I D bD L A DI E G L T D E K A G A
ctgattatggcggcgcgcaacatttgctggtttggcgatgaagcg
L I M A A R NTIT CWVF G D E A

Physical/Chemical parameters of NusA (1-495)

Number of amino acids 495
Molecular weight 54870.9
Theoretical pl 4.53
Extinction coefficient 31065
Instability index 35.15

9.5 Nucleotide sequence of NusA arl

atgaccgtggatgatctgcaggcgaaacatcaggcggaagcgcatgcggecgattgatacc
M T VvV D DL Q A K HOQW AU EW AU HA AW ATITDT
tttaccaaatatctggatattgatgaagattttgcgaccgtgctggtggaagaaggcttt
F T K ¥ L D I D E D F A T V L V E E G F
agcaccctggaagaactggcgtatgtgccgatgaaagaactgctggaaattgaaggcecctg
s T L £E E L A Y vV P M K E L L E I E G L
gatgaaccgaccgtggaagcgctgcgcgaacgcgcgaaaaacgcgctggcgaccattgeg
D E P T V E A L R E R A KNAUL AT I A
caggcgcaggaagaaagcctgggce

Q A Q E E S L G

Physical/Chemical parameters of NusA arl

Number of amino acids 88
Molecular weight 9751.8
Theoretical pl 4.11
Extinction coefficient 2980

Instability index 40.00
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9.6 Nucleotide sequence of NusA ar2

agcctgggcgataacaaaccggcggatgatctgctgaacctggaaggcgtggatcgecgat
S L. G D N K P A DDULULNTUILUEGV D R D
ctggcgtttaaactggcggcgcgcggcgtgtgcaccctggaagatctggecggaacagggce
L A F K L A ARGV CT UL ED L A E Q G
attgatgatctggcggatattgaaggcctgaccgatgaaaaagcgggcgcgattatggeg
I p bp L A DTIE GULTDEI KA AUGA ATIMNA
gcgcgcaacatttgctggtttggcgatgaagcg

A R N I C W F G D E A

Physical/Chemical parameters of NusA ar2

Number of amino acids 72
Molecular weight 7663.5
Theoretical pl 3.95
Extinction coefficient 5625
Instability index 31.28

9.7 Nucleotide sequence of SKK domain

atgcataaccatcatcatcatgaaggcgaaattattaccggcgtggtgaaaaaagtgaac
M H N H H HHE G E I I T G V V K K V N
cgcgataacattagcctggatctgggcaacaacgcggaagcggtgattctgcgcgaagat
R D NI S L DL G NNAEA AV I L R E D
atgctgccgcgcgaaaactttcecgeccecgggcgatcgegtgecgeggegtgetgtatagegtyg
M L P R E NUVF R P G D R V R GV L Y SV
cgcccggaagcgcgcggcecgcgcagctgtttgtgacccgcagcaaaccggaaatgetgatt
R P E A R G A Q L F VvV T R S K P E M L I
gaactgtttcgcattgaagtgccggaaattggcgaagaagtgattgaaattaaagcggeg
E L F R I E V P E I G E E V I E I K A A
gcgcgcgatccgggcagccgcgcgaaaattgecggtgaaaaccaacgataaacgcattgat
A R D P G S R A K I AV KTNIDI KR I D
ccggtgggcgcgtgcgtgggcatgcgcggcgecgecgecgtgcaggecggtgagcaccgaactyg
P V G A C V GM R G A RV Q A V S T E L
ggcggcgaacgcattgatattgtgctgtgggatgataacccggecgcagtttgtgattaac
G G E R I DTI VL WDDNUZPAQVF V I N
gcgatggcgccggcggatgtggcgagcattgtggtggatgaagataaacataccatggat
A M A P A DV A S I VVDEDI KHTMD
attgcggtggaagcgggcaacctggcgcaggcgattggccgcaacggccagaacgtgegce
I A VvV E A G NL A Q A I G R NGIOQN V R
ctggcgagccagctgagcggctgggaactgaacgtgatgaccgtggatgatctgcaggcg
L A S Q L. S GWEULNUVMTV DD L Q A
aaacat

K H
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Physical/Chemical parameters of SKK domain

Number of amino acids 222
Molecular weight 24416.7
Theoretical pl 5.54
Extinction coefficient 12490
Instability index 36.19

9.8 Nucleotide sequence of NusG

atgagcgaagcgccgaaaaaacgctggtatgtggtgcaggcgtttagcggctttgaaggce
M S E A P K K R W Y VV Q A F S G F E G
cgcgtggcgaccagcctgcgcgaacatattaaactgcataacatggaagatctgtttggce
R v A T S L R E H I K L H N M E D L F G
gaagtgatggtgccgaccgaagaagtggtggaaattcgcggcggccagcgccgcaaaagc
E v M V P T E E V V E I R G G Q R R K S
gaacgcaaattttttccgggctatgtgctggtgcagatggtgatgaacgatgcgagctgg
E R K F F P G Y VL V. Q M V M N D A S W
catctggtgcgcagcgtgccgcgegtgatgggctttattggcggcaccagcgatcgeccg
H L v R S V. P R V M G F I G G T S D R P
gcgccgattagcgataaagaagtggatgcgattatgaaccgecctgcagcaggtgggecgat
A P I S D K E V D ATIMNDNURILIGQQV G D
aaaccgcgcccgaaaaccctgtttgaaccgggcgaaatggtgcgegtgaacgatggeccg
K P R P K T L F E P G E MV R V N D G P
tttgcggattttaacggcgtggtggaagaagtggattatgaaaaaagccgcctgaaagtg
F A D F N G V vV E E vV DY E K S R L K V
agcgtgagcatttttggccgcecgcgaccccggtggaactggattttageccaggtggaaaaa
s v s I F G R A T P V E L D F S Q V E K

gcg

A

Physical/Chemical parameters of NusG

Number of amino acids 181
Molecular weight 20531.5
Theoretical pl 6.34
Extinction coefficient 15470

Instability index 43.37
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9.9 Nucleotide sequence of NusB

ggcgcgatggaaccggcggcgcgccgceccgcgegecgcgaatgecgeggtgcaggegetgtat
G A M E P A A RRURWARETCW AV Q A L Y
agctggcagctgagccagaacgatattgcggatgtggaatatcagtttctggcggaacag
S W Q L S Q N D I A DV E Y Q F L A E Q
gatgtgaaagatgtggatgtgctgtattttcgcgaactgctggcgggecgtggcgaccaac
D v K D VvD VL Y FRELUL AGV A T N
accgcgtatctggatggcctgatgaaaccgtatctgageccgectgctggaagaactgggce
T A Y L D G L M K P Y L S R L L E E L G
caggtggaaaaagcggtgctgcgcattgcgctgtatgaactgagcaaacgcagcgatgtg
Q VvV E K A VvV L R I A L Y E L S K R S D V
ccgtataaagtggcgattaacgaagcgattgaactggcgaaaagctttggcgcggaagat
P ¥ K v A I N E A I E L A K S F G A E D
agccataaatttgtgaacggcgtgctggataaagcggcgccggtgattcgecccgaacaaa
S H K F V N G V L. D K A A P V I R P N K
aaa

K

Physical/Chemical parameters of NusB

Number of amino acids 141
Molecular weight 15818.1
Theoretical pl 5.51
Extinction coefficient 15930

Instability index 43.99
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9.10 Backbone resonance assignment for SKK domain

aA HN N ca CA(i-1) CB CB(i-1) co Co (i-1)

* -100.000 -100.000 =-100.000 -100.000 =-100.000 -100.000 =-100.000 -100.000

* -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000

* -100.000 -100.000 =-100.000 =-100.000 =-100.000 =-100.000 =-100.000 =-100.000

* -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000

* -100.000 =-100.000 =-100.000 =-100.000 =-100.000 =-100.000 =-100.000 =-100.000

* -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
133 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
134 8.515  121.037 57.800 54.254 29.000 30.550 177.640 174.043
135 9.373  112.948 44.700 57.860 -100.000 29.026 173.360 177.635
136 7.615 118.152 54.671 44.769 30.943 -100.000 176.389 173.360
137 8.733  121.442 60.983 54.933 36.899 30.964 175.806 176.344
138 9.108 124.526 57.821 60.646 41.100 37.020 174.658 175.816
139 8.065 115.440 60.869 57.772 69.539 41.214 173.824 174.653
140 8.843  111.420 43.639 61.020 -100.000 69.653 170.732 173.871
141 8.027 118.498 59.700 43.400 33.500 -100.000 177.000 170.700
142 9.247 127.266 64.346 59.643 30.435 33.345 176.379 177.028
143 9.317 130.657 56.556 64.238 32.975 30.500 175.444 176.361
144 7.420 117.473 55.180 56.428 35.514 33.089 173.535 175.429
145 8.844  124.441 61.894 55.247 31.793 35.383 174.767 173.582
146 8.319  124.859 51.400 61.771 40.100 32.073 174.578  174.837
147 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
148 8.449  124.072 53.600 60.500 41.000 38.335 175.856 175.700
149 7.475  113.927 53.000 53.607 40.512 41.400 172.270 175.939
150 8.487 115.673 59.529 53.050 40.137 40.087 174.635 172.275
151 8.812 118.244 56.281 59.433 64.968 40.199 174.147 174.671
152 9.307 123.370 52.408 56.133 45.000 65.083 175.259 174.221
153 9.521 121.121 52.706 52.290 41.608 45.000 177.051 175.264
154 8.574 126.734 54.152 52.793 41.100 41.722 177.542 177.313
155 8.610 109.680 43.654 53.897 =-100.000 41.112 174.100 177.641
156 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
157 9.019 110.873 54.257 53.978 37.100 37.300 173.827 174.904
158 7.723  122.695 51.299 54.418 19.770 37.037 176.272  173.933
159 8.463 122.504 54.192 51.151 32.975 19.885 174.576 176.285
160 8.533  122.854 49.319 54.091 24.014 32.979 175.047 174.622
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161 Vv 8.360 117.351 59.375 49.155 35.006 24.232 174.585 175.114
162 I 8.617 120.627 59.623 59.273 38.561 35.120 176.477 174.598
163 L 10.075 128.278 54.524 59.625 41.708 38.570 179.437 176.478
164 R 7.994 122.178 59.571 54.530 28.404 41.722 179.530 179.437
165 E 9.309 116.022 57.800 59.485 28.400 28.500 176.352 179.648
166 D -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
167 M 7.511 120.574 55.100 55.455 34.000 44.261 175.981 175.835
168 L 9.242 120.505 53.059 55.100 37.200 34.100 175.981 175.996
169 P -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
170 R 8.692 114.541 56.400 64.405 28.000 31.118 176.000 177.514
171 E 7.353 119.684 55.900 56.500 29.700 28.000 174.800 176.000
172 N 8.112 120.124 51.800 56.000 41.000 29.500 -100.000 174.800
173 F 8.146 118.893 56.499 51.897 43.000 41.200 174.060 173.044
174 R 9.083 120.407 52.360 56.400 29.928 43.246 173.342 174.084
175 p -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
176 G 9.107 113.392 44.474 63.518 -100.000 30.428 174.571 177.259
177 D 8.130 122.006 54.767 44 .261 40.346 -100.000 175.277 174.613
178 R 8.597 121.477 55.000 54.893 30.083 40.700 175.993 175.231
179 v 8.823 124.198 60.213 55.100 34.874 30.200 173.320 176.006
180 R 8.418 124.079 53.700 60.147 32.400 34.600 175.800 173.300
181 G 8.171 127.451 45.500 53.600 -100.000 32.700 -100.000 176.020
182 v 8.674 120.064 60.000 45.350 33.482 -100.000 176.200 171.065
183 L -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
184 Y -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
185 s -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
186 Vv -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
187 R -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
188 P -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
189 E -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
190 A -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
191 R -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
192 G 7.783 127.304 45.500 -100.000 -100.000 -100.000 -100.000 175.638
193 a -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
194 Q -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
195 L -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
196 F -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000

197 v -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
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198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

-100.

10.

-100.

10.

.358

.167

.345

.123

000

425

.200

.518

.734

.254

.983

.958

.178

.230

.618

.086

.000

.966

.020

.158

.944

.960

.086

.170

.746

.953

.653

.523

.713

. 949

.114

.393

000

651

.438

.628

.358

118.

122.

116.

123.

-100.

116.

115.

117.

116.

115.

119.

118.

118.

113.

118.

117.

-100.

115.

119.

112.

116.

112.

119.

115.

122.

123.

126.

117.

121.

122.

117.

123.

-100.

114.

112.

122.

125.

076

761

431

127

000

673

708

300

851

591

020

158

246

416

450

866

000

387

800

201

366

515

560

056

270

116

924

319

133

192

631

855

000

734

515

907

779

59.

55.

59.

55.

-100.

60.

57.

57.

65.

57.

57.

63.

59.

63.

56.

58.

-100.

60.

63.

47.

56.

57.

64.

58.

53.

60.

54

51.

51.

51.

55.

51.

-100.

44.

58.

54.

50.

911

928

172

950

000

422

643

627

514

858

313

952

343

045

698

000

000

768

800

100

001

611

200

296

288

694

.194

761

400

456

719

188

000

600

600

980

286

59.

59.

55.

59.

-100.

66.

60.

57.

57.

65.

57.

57.

63.

59.

63.

56.

-100.

64.

60.

63.

47.

55.

57.

64.

58.

53.

60.

54.

51.

51.

51.

55.

-100.

-100.

44.

58.

54.

496

940

954

042

000

171

267

627

508

445

858

200

932

327

162

700

000

534

650

777

100

980

580

377

200

540

609

106

737

406

263

667

000

000

769

600

838

69.

31.

-100.

29.

-100.

28.

31.

42.

37.

27.

41.

38.

28.

38.

30.

30.

-100.

29.

36.

-100.

29.

25.

32.

39.

32.

36.

31.

21.

21.

22.

35.

39.

-100.

-100.

63.

34.

24.

539

550

000

928

000

550

451

623

545

896

608

053

912

053

300

900

000

089

300

000

600

357

104

576

675

529

959

802

935

518

006

576

000

000

300

498

341

33.

-100.

-100.

64.

-100.

23.

28.

31.

42.

37.

28.

41.

37.

29.

38.

30.

-100.

30.

29.

36.

-100.

29.

25.

32.

39.

33.

36.

32.

22.

21.

22.

35.

-100.

-100.

-100.

63.

34.

551

000

000

067

000

400

400

221

588

640

011

722

994

026

085

360

000

894

000

356

000

534

500

253

700

089

644

073

148

917

932

120

000

000

000

500

105

172.

-100.

174.

177.

-100.

-100.

175.

177.

177.

179.

180.

177.

177.

177.

176.

179.

-100.

179.

180.

175.

175.

175.

175.

173.

175.

176.

176.

174.

174.

175.

174.

174.

-100.

-100.

174.

171.

176.

016

000

800

099

000

000

861

300

651

905

029

379

000

862

380

976

000

522

700

851

798

470

600

703

566

339

212

577

589

399

475

459

000

000

890

208

299

175.

172.

177.

174.

-100.

176.

178.

175.

177.

177.

179.

180.

177.

177.

177.

176.

-100.

178.

179.

180.

175.

175.

175.

175.

173.

175.

176.

176.

174.

174.

175.

174.

-100.

177.

173.

174.

171.

302

034

070

798

000

839

123

961

300

693

937

123

405

000

900

396

000

401

500

701

890

796

500

670

745

537

330

099

595

638

373

543

000

489

300

882

242
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235 K 9.050 115.709 54.618 50.179 38.053 24.456 174.504 176.323
236 1 8.632 116.958 58.739 54.525 41.100 38.167 172.250 174.559
237 A 8.787 126.082 48.656 58.648 22.518 41.214 177.170 172.288
238 v 8.928 114.204 58.422 48.523 35.514 22.524 173.837 177.185
239 K 8.463 119.763 53.926 58.390 36.700 35.628 174.782 173.800
240 T 9.050 116.984 58.302 53.900 70.554 37.152 172.429 174.754
241 N -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
242 D -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
243 K 8.525 118.113 57.000 57.700 29.700 31.300 176.496 176.989
244 R 8.034 119.835 58.200 56.900 32.100 29.800 174.600 176.300
245 1 8.281 126.485 61.570 58.228 38.000 32.100 176.050 174.684
246 D -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
247 P -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
248 V 7.330 120.178 65.974 64.000 30.600 30.550 178.200 177.240
249 G 7.859 128.565 46.991 65.940 -100.000 30.700 172.000 178.280
250 A 7.904 121.980 54.145 46.911 17.240 -100.000 178.468 172.000
251 C 7.074 113.131 61.933 54.188 -100.000 -100.000 174.000 178.472
252 v 7.980 116.400 65.200 61.800 -100.000 -100.000 180.000 174.100
253 G 7.981 127.337 42.623 65.314 -100.000 -100.000 -100.000 180.034
254 M 7.654 122.137 56.264 -100.000 29.031 -100.000 -100.000 175.303
255 R 7.913 121.345 54.922 56.200 41.100 29.000 178.554 178.029
256 G 8.413 131.504 45.114 54.907 -100.000 41.210 177.472 178.291
257 A -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
258 R 7.984 116.392 58.874 55.300 28.400 19.224 177.300 181.108
259 v 7.529 118.263 64.776 58.900 30.435 28.600 177.188 177.300
260 Q 8.259 119.648 58.214 64.646 27.896 30.500 178.518 177.199
261 A 7.451 123.083 54.961 58.200 17.232 27.900 181.103 178.560
262 Vv 7.270 119.988 66.333 54.837 30.435 17.594 176.856 181.112
263 s 8.475 112.235 61.779 66.291 63.445 30.600 178.278 176.913
264 T 8.668 115.195 66.355 61.722 68.523 63.394 177.161 178.200
265 E 7.236 122.178 57.942 66.251 28.404 68.280 176.499 177.153
266 L 7.247 117.695 52.146 57.899 39.000 28.011 176.482 176.497
267 G 7.278 127.304 46.700 52.380 -100.000 39.183 -100.000 176.472
268 G 8.601 129.330 43.969 46.713 -100.000 -100.000 -100.000 175.549
269 E 6.774 123.374 58.215 44.059 31.451 -100.000 175.399 174.311
270 R 7.718 130.227 55.720 58.087 29.420 31.565 175.400 175.431

271 1 8.633 125.526 60.280 55.650 39.100 29.534 174.848 175.400
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309 v -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
310 E -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
311 A -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
312 G 7.895 128.948 45.739 56.771 -100.000 -100.000 -100.000 176.548
313 N 8.133 117.137 52.272 45.785 40.084 -100.000 175.544 174.474
314 L -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
315 a -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
316 Q -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
317 A 7.999 120.735 54.400 57.100 18.500 28.300 178.479 176.271
318 I 8.154 113.893 63.673 54.436 38.053 18.521 179.213 178.552
319 6 7.783 129.848 43.969 63.449 -100.000 38.428 179.242 179.248
320 R -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
321 N -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
322 G 8.317 128.710 42.038 -100.000 -100.000 -100.000 -100.000 173.800
323 Q -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
324 N -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
325 v 7.258 116.494 64.525 57.426 31.000 38.200 -100.000 176.729
326 R 8.180 122.674 55.200 64.524 40.800 31.256 179.497 177.340
327 L 8.117 117.610 57.200 55.200 41.600 -100.000 -100.000 179.500
328 A 8.345 121.045 55.245 57.210 17.740 41.600 180.494 179.320
329 s 8.691 118.128 60.600 -100.000 63.064 -100.000 -100.000 180.446
330 Q 8.476 121.739 58.278 60.500 28.500 -100.000 178.940 177.310
331 L 8.569 118.116 56.777 58.110 42.623 28.518 177.024 178.896
332 s 7.682 129.900 59.257 56.720 -100.000 -100.000 -100.000 177.027
333 G 8.614 113.376 45.700 59.201 -100.000 65.835 174.150 176.248
334 W 7.944 121.027 56.929 45.760 29.600 -100.000 175.260 174.200
335 E -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
336 L -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
337 N -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
338 v -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
339 M -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
340 T -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000 -100.000
341 Vv 7.831 118.531 64.825 60.442 -100.000 70.900 -100.000 176.630
342 D 8.044 119.121 56.000 64.800 40.240 -100.000 -100.000 176.158
343 D 7.832 120.382 55.550 56.000 40.200 40.200 177.945 177.803
344 L 7.879 121.118 56.800 55.300 41.000 40.400 178.500 177.681

345 Q 7.992 117.839 56.300 56.800 28.000 41.000 176.600 178.602
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346 A 7.675 121.336 52.300 56.400 18.247 28.011 177.792 176.601
347 K 7.762 119.608 56.349 52.249 32.467 18.302 175.626 177.808
348 H 7.719 124.828 56.999 56.202 30.435 32.581 179.724 175.646

AA — Amino acid; CA — C® chemical shift; CB — CP chemical shift; -100.000 represents the unassigned
chemical shifts; (*) indicates the amino acid residues in the tag region; the numbering starts from
133-348 of NusA representing S1+KH1+KH?2 domain.
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