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Foreword

Agrobacterium is mainly known amongst scientists because cestaiuient strains of this
bacterium, which harbour large plasmids, are ableainsfer particular plasmid genes into the
genome of a wide variety of plants. This charastiriis very important in plant molecular
biology, where it is widely used to produce tramsgeplants for basic research and
agriculture. Therefore, the main focus Adrobacterium research was and still is this gene
transfer or transformation as it is usually call&tiere are a large number of publications
which deal with issues regardinggrobacterium-mediated transformation of plants, for
example which proteins and DNA structures are weolin the transformation process; how
this process is regulated; how the transferred g@me expressed once integrated into the
plant genome and how transgenic plants are produsied the transformation method.

In nature, the transformed plants cells provideawironment where the bacteria can survive
on unique substances, collectively called opindschvare produced by the transformed plant
cells and can be utilised as a sole carbon andgaitr source by the colonising bacteria.
Genes encoding the catabolic proteins for thes@egpiare encoded on the same large
plasmids, a particular portion of which is transéerinto the plant genome causing tumour
formation and opine synthesis.

| applied for and received a research position ewNealand in 1989, to study the molecular
biology of opine catabolism. Although the “opinencept” describing the role of opines in
the tumourAgrobacterium interaction, was described a long time ago, nothmuas known
about opine catabolism at the molecular level at time. In the laboratory, which I joined in
1989, Dr Derek White had previously mapped the hopaatabolism genes of the virulent
Agrobacterium tumefaciens Ti plasmid pTiT37 by transposon mutagenesis, andntinued
his work to study gene regulation in the nopaliatabolism operon. The goals of my work
were to find and characterise those elements wdnietinvolved in the regulation of nopaline
catabolism of the Ti plasmid pTiT37 and to leara thay in which these elements regulate
gene expression. This thesis describes my workedaout between 1989 and 1995 and based
on four first-authorship papers published betwe@9B3land 1996.

Where appropriate, | have used recent publicationgdate information about the topic.

Abbreviations throughout the text are explainethatfirst occurrence.
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1. Introduction

1.1. Regulation of gene expression in bacteria

1.1.1. General issues

In every organism, including bacteria, transcriptie the first step of processes that provide
gene products for cellular biochemistry. In orderehsure coordinated spatial and temporal
presence of these products, transcription mustapefuly regulated. Fidelity of control is
achieved by employing regulatory proteins, whicteiiact with specific binding sites called
operator sequences (or in short: operators) imaura the promoter region of the regulated
genes, and either prevent or promote the RNA palgsemediated transcription of the
genes. Regulatory proteins can be categoriseddiogaio their regulatory function. They can
be either repressors, which inhibit, or activatevkjch facilitate transcription by binding to
their operator sites. There are also regulatoryepie with dual nature whose repressor or
activator function depends on the conditionsEscherichia coli, amongst 314 characterised
DNA-binding regulatory proteins, 43% were repressad5% activators and 22% dual
regulators (Pérez-Rueda and Collado-Vides 2000).
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Figure 1. Repression (A and B) and activation (C amh D) by regulatory proteins and
small mediator molecules (Lewin 1990). Blue boxegellow and green circles represent
operators, regulatory proteins and small mediator nolecules, respectively. The size of

the arrowheads indicates the level of gene expressi

Both repression and activation can be mediatedralisnolecules (inducers, co-repressors or

co-activators). Repressors and activators areseterom or attached to their operators in the



presence or absence of these small mediator mekaulorder to accomplish their function
(Figure 1).

Small effector molecules have their effect on ratprly proteins by influencing either the
protein’s affinity for the operator or its confortian or both (Weickert and Adhya 1992), and
consequently, the function of the regulatory pmotsiaffected. In dual regulators, binding of
the effector molecule causes a conformational ohangthe protein, but usually does not
influence its DNA-binding affinity. That conformatial change acts as a switch between the

protein’s repressing and activating functions (Wanhgl. 1992).

1.1.2. Regulatory proteins

In general, bacterial regulatory proteins contairegen number of the same subunits. Two or
four subunits are the most common (Weickert andyAdh992), but there are examples for
regulatory proteins containing six subunits (Hotth&t al. 1999). Subunits of regulatory
proteins have different functional domains; abouée-quarters of them have been identified
as two-domain proteins (Babu and Teichmann 2003. DNA-binding domain, as indicated
by its name, is responsible for the interactiowieen the regulatory protein and the operator,
while other domains contain sequences for subatetaction and binding effector molecules.
These functional domains can be positioned anywhaong the subunit, although
DNA-binding domains are usually located in the Nytmal while other domains are found in
the C-terminal of regulatory proteins (Pérez-Ruaadld Collado-Vides 2000). A domain either
displays an independent function or contributesht function of a multidomain protein in
interaction with other domains (Vogel et al. 200@himeric proteins constructed from
domains of related proteins often demonstrate dornmalependency (Ladant and Karimova
2000).

The DNA-binding domain contains a sequence mofthfictv forms a special tertiary structure
that binds to the operator sequence. The most comsthe helix-turn-helix (HTH) motif
(Harrison 1991; Pérez-Rueda and Collado-Vides 2@001), which is approximately 20
residues long and characterised by two alpha-letoanected by a short turn (Brennan and
Matthews 1989). While the first helix stabilise® tbtructure, the second helix of the HTH
motif binds to DNA (Figure 2) via hydrogen-bondsldrydrophobic interactions which occur
between side chains of the helix and groups imtapr groove of the DNA.



Figure 2: Structure of the HTH-DNA complex. One heik (blue cylinder) of each motif
binds in the major groove of the DNA.

The position of the motif is characteristic forfdient type of regulatory proteins. Repressor
proteins tend to have the HTH motif in their N-témas, while activators are the opposite: the
majority of them have the HTH motif in the C-termn Dual function regulatory proteins
predominantly have the HTH motif in their N-termingPérez-Rueda and Collado-Vides
2000).

In a minor proportion of bacterial regulatory ptiate other DNA-binding motifs, such as
zinc-finger, helix-loop-helix (HLH) and ribbon-hgthelix (RHH) domains have been
identified (Pérez-Rueda and Collado-Vides 2000).

1.1.3. Binding sites of regulatory proteins

In the sequences to which regulatory proteins hinelre are short (usually less than 20 bp),
highly symmetrical DNA sequences, called operattwswhich regulatory proteins bind in
order to mediate their regulatory functions. Thesyetrical part of the operator sequence can
be a palindrome or an inverted or tandem repeatommbination of these (Figure 3).

The position of an operator relative to the regdapromoter is important in terms of the
mechanism of the regulation. In most promotersagherator site is located between the -60
and +20 positions, i.e. their position is termedxmnal. This type of operators is quite
common and can be found in a large number of preraotn almost half of the repressible
promoters, the operator is positioned around theasition, while in 60 % of the activable
promoters the operator overlaps the -40 positianilé@o-Vides et al. 1991). The number of
proximal operators can vary between one and fitberregulated promoters.
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Figure 3: Some possible arrangements of operator geences. Dark blue arrows indicate

the same sequences

Operators positioned outside of the -60 and +2Qtipas are termed remote operators
(Collado-Vides et al. 1991). A survey of a largenier of promoters indicated that remote
operators can be found in a number of promotens.ekample in theara, deo, gal, lac
operons ofE. coli. These operators, however, have one or more remotproximal
counterparts, and interaction of a regulatory pmotsith these multiple sites modulates
expression of the regulated promoter (Matthews L9®2contrast, in those operons, where
only a single operator is involved in the regulafithe position of the operator is proximal or
just slightly remote, as has been shown for promsategulated by the Fur, LexA, MetJ and
PurR proteins (Collado-Vides et al. 1991).

1.1.4. Mechanisms of regulation of gene expression

Without going into too many details, in this sentid describe the different type of
mechanisms involved in regulation of gene expressio

In promoters where only operators with proximakbghtly remote positions are present the
mechanism of gene regulation is quite simple, iedéeent of the type of the DNA-binding
motif of the regulatory protein (Figure 4).
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Figure 4: Repression (A) and activation (B) by reglatory proteins with a proximal
operator. In repression, the repressor protein (meim blue) binds to the operator
(yellow) positioned between the -35 and -10 boxelght and dark green, respectively)
and therefore RNA polymerase cannot initiate transgption. In activation, the activator
protein (medium blue) binds to the operator and enhnces transcription by RNA

polymerase (brown).

In the case of repressors, binding of the protitné operator site inhibits either formation of
the RNA polymerase (RNAP)-promoter complex or theppr functioning of the RNAP, thus
preventing expression of the regulated gene (Ishéha993; Rojo 1999). On the other hand,
activator proteins either contact RNAP or altempoter conformation to enhance initiation of
transcription (Rhodius and Busby 1998).

The mode of regulation is less obvious in promotarsvhich the operator has a remote,
especially extreme, position, and therefore noctlieéfect on the RNA polymerase is possible

to regulate transcription.
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Figure 5: Loop formation in the DNA by a repressorprotein bound to a proximal and a
remote operator represses gene expression. Upon peace of an inducer molecule, the
repressor is released from the operators and transiption is initiated by RNA

polymerase. Labelling is the same as in Figure 1.
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To date, three basic mechanistic models have beesemed describing the mode of
regulation when remote operators are involved.hm first model (Figure 5), a regulatory
protein binds cooperatively to both remote and pnak operators causing loop formation and
thus repression of the regulated promoter (Schil@é2; Ptashne 2005; Semsey et al. 2005).
Under activating conditions, the loop resolves @radscription occurs by RNA polymerase.
This type of regulation is known in many bactesgstems; examples include thea, deo,

gal andlac operons oE. coli (Matthews 1992).

In the second model (Figure 6), a regulatory probends to a remote operator and interacts
with the RNA polymerase bound to the distant pranotvhich interaction causes loop
formation in the intervening DNA, and results intiaation of the promoter (Gralla 1991,
Matthews 1992). For example the NtrC and XylR prsteappear to activate transcription by
this mechanism (Su et al. 1990; Pérez-Martin and_@renzo 1995). In both models, other
proteins such as DNA-specific architectural pragemay promote loop formation (Xu and
Hoover 2001).

ﬁ

Figure 6: Activation of gene expression occurs bybp formation between an activator
protein bound to a remote operator site and RNA pgimerase bound to the promoter

region. Labelling is the same as in Figure 1.

In the third model described, it is visualised thategulatory protein bound to a remote
operator mediates expression of the distant pranimtenodulating the conformation of the
DNA between the operator and the promoter (Adhyé @arges 1990). However attractive,

there were no examples described in the literdturthis model.
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1.2 The biology ofAgrobacterium-plant interaction

1.2.1.Agrobacterium tumefaciens is a plant pathogen bacterium

A. tumefaciens is a member of thBhizobiacea family. Virulent strains of the species, which
harbour a large, tumour-inducible (Ti) plasmid (Maarebeke et al. 1974; Figure 7), induce
the formation of tumours, otherwise known as cr@als, on a wide range of dicotyledonous

plants (Figure 8).

Tumour production ops

T-DNA <

transfer Ti plasmid opc

ori

Figure 7. Schematic structure of a generalised Tilpsmid: ops, opine synthesis;opc,

opine catabolism;ori, origin of replication.

Figure 8. Crown gall formation on tobacco stem by airulent strain of A. tumefaciens.

(The author’s experiment.)

A. tumefaciens lives in the rhizosphere of plants where spedmednolic compounds secreted
by wounded plant tissues serve as chemo-attractanttie bacteria (Brencic et al. 2005).
After colonising the wound site, the bacterial {ence (ir) genes located in the T-DNA

transfer region of the Ti plasmid are induced by shme plant phenols. The products of these
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genes are involved in the transfer of a discret@igpoof the Ti plasmid (the T-DNA) to the
plant cell nuclei where the T-DNA is integratedoirihe genome (Zupan et al. 2000; Gelvin
2003; Tzfira et al. 2004). Several genes of thegrdated T-DNA are involved in formation of
tumours on the infected plant. These genes difeetoverproduction of the plant growth
hormones auxin and zeatin and also increase tiné gatls’ sensitivity to these phytohormons
(Zhu et al. 2000), thus leading to uncontrolled vgto of tumours, which are able to
proliferatein vitro without the addition of hormones. Sindgrobacterium is able to transfer
its T-DNA into numerous plants (Gelvin 2003), tblsaracter has become the basis of one of
the most important techniques in plant moleculaoldgy, leading to thein vitro
transformation of a number of plant species foeaesh and commercial purposes (Valentine
2003).

1.2.2. Opines inAgrobacterium biology

Beside genes which encode proteins involved in turfmrmation, other T-DNA genes direct
the synthesis of unusual low molecular weight males, collectively called opines (Dessaux
et al. 1993). Although opines can be found elsewliernature, their main incidence is in
plant tumours induced bygrobacteria. Diverse types of opines can be isolated from
naturally occurring tumours found on several plspecies (Moore et al. 1997). So far, more
than 20 different opines have been described, wtachbe divided into distinct groups based
on their chemical composition. Usually they arejagates of organic acids and amino acids,
sugars and amino acids, or different sugars. O@negxcreted from the tumour cells (Zhu et
al. 2000) and can be utilised as carbon and sorastas nitrogen source by the colonising
bacteria (Brencic and Winans 2005). Opines ardtimutally specific, i.e. opine catabolism of
the inciting Agrobacterium strain is specific to the opine or opines produbgdhe incited
tumour, and this fact evolved in the “opine contémtg time ago (Tempé and Petit 1982). In
addition to their role as nutrients, opines havepfunctions irAgrobacterium biology. First,
opines serve as chemoattractants for the tumouwreing Agrobacterium strains (Kim and
Farrand 1998). Second, certain so called conjugales were demonstrated to increase Ti
plasmid copy number and to enhance their conjugakfer (Oger and Farrand 2002; Pappas
and Winans 2003; Brencic and Winans 2005). Thindhes opines stimulate expression of the
vir genes (Veluthambi et al. 1989). Whether thesetioime have a “rank” irAgrobacterium
biology or just simply co-exist is not known. Opsn@ere also thought to have an important
role in both Agrobacterium and rhizosphere ecology. Their role in Ti-plasmahjugative

transfer indicates that they might enhance sprgadih Ti-plasmids from virulent to
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non-virulent bacteria in nature. One part of thigioal “opine concept”, however, stating that
Agrobacteria benefit from opine synthesis, becammehow controversial. Opines were
proven to provide a selective advance for utilisiagteria over other rhizosphere microbes
(Guyon et al. 1993; Oger et al. 1997; Savka andaRdr1997). On the other hand it was also
shown that opines can be utilised by other rhizespimicroorganisms (Tremblay at al. 1987;
Beauchamp et al. 1990; Bergeron et al. 1990; Nautagnd Dion 1990). Moreover,
Agrobacterium can initiate T-DNA transfer and opine productiofthout inciting tumour
formation (Brencic et al. 2005). It was also shahat certain opines inhibit the growth of
Agrobacteria transiently, although it is not knotinat such sensitive strains exist in nature
(Kim et al. 2001). | note here that a more gengsudistance produced by a tumour, indolacetic
acid, also can inhibit the growth of Agrobacterradanany other plant-associated bacteria
(Liu and Nester 2006). Whether this inhibition bgyatumour-produced substance is a
defence mechanism of the plant against the invadaageria is not clear. In this respect, the
suggestion that opine catabolism is only a preventheasure by the bacteria against the
plant’s defence (Kim et al. 2001) is a bit speduéatheory.

A. tumefaciens genes required for opine uptake and catabolisnboaeged on the Ti plasmid,
but they are not part of the T-DNA (therefore nansferred into the plant genome), and are
specifically induced by the cognate substrate sssed in the tumour (Bomhoff et al. 1976;
Klapwijk et al. 1977; Valdivia et al. 1991). It vgorth to note that, although opine synthesis
and catabolism are very similar biochemical reasjosome enzymes catalysing these
reaction are not related (Zanker et al. 1994) wbileer biosynthetic and catabolic genes are
homologous and very likely have a common evolutigraigin (Kim and Farrand 1996).

H,N

7

HN NH

CNH(CH,),CHCOOH arginine

HOOC(CH,),CHCOOH a-ketoglutaric acid

Figure 9. The structure of nopaline.
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Nopaline (Figure 9) is one such opine which is Bgaised in tumours by the product of the
nopaline synthasengs) gene (Depicker et al. 1982), and utilised Aytumefaciens strains
containing nopaline-type Ti plasmids, such as p8i@H pTiT37 (Holsters et al. 1980;
Schardl and Kado 1983; Krishnan et al. 1991).

Prior knowledge about the molecular biology of Homauptake and catabolism was very
limited before | started my work. Genetic and fumacal analysis of the nopaline catabolism
(noc) region of the Ti plasmids pTiC58 and pTiT37 irated that several genes are involved
in nopaline uptake and catabolism (Holsters ei@80). Experiments in our laboratory and
elsewhere suggested that the nopaline-induciblegyefithese plasmids are divided into two
operons separated by a portion of DNA of unknowmcfion and that these inducible genes
might be regulated by a single gene expresseditgnatly and transcribed divergently from
the regulated genes (von Linting et al. personahraanication; White et al., unpublished
results).

Based on these preliminary results, the aims ofuosk were: (i) to study the structure of the
putative regulator gene of nopaline catabolismhaf Ti plasmid pTiT37; (ii) to learn the
function of the regulatory protein; and (iii) toudy regulatory elements and mechanisms

involved in the regulation of nopaline catabolismAi tumefaciens.
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2. Materials and methods

Particular strains and plasmids, and growth ofirstraare described in the following
publications: Marincs and White 1993; Marincs antiit@/ 1994; Marincs and White 1995;
Marincs and White 1996.

Molecular techniques, such as isolation of DNAtrieBon digestion, DNA electrophoresis,
cloning, sequencing and transformation were donstagdard methodologies (Sambrook et

al. 1989). DNA topoisomer analysis was performedesribed (Marincs and White 1995).

Expression, isolation and gel electrophoresis ofgins and measurement of enzyme activity
are described in details in the following publicas: Marincs and White 1993; Marincs and
White 1994; Marincs and White 1995.

Protein-DNA interactions were studied by gel-ressi@h and DNasel footprinting (Marincs
and White 1993).

Introduction of mutations into DNAs were done bteddirected mutagenesis (Marincs and
White 1994).



16

3. Results and discussion

3.1. Characterisation of thenocR-nocP region

Genetic and functional analysis of the nopalinalsalism (oc) region ofA. tumefaciens Ti
plasmids indicated that several genes are involvedopaline uptake and catabolism
(Holsters et al. 1980). It was postulated thatribegenes of plasmids pTiC58 and pTiT37 are
regulated by a single gene. Previously, severatgdad been localised in thec region of
pTiT37 using dac fusion transposon (Stachel et al. 1985) and it esablished that two of
these genesjocR andnocP (formerly also calledhocB) are divergently transcribed and that
nocR is involved in the nopaline-induced expressionno€P (White et al. unpublished
results).

To characterise thaocR-nocP region of pTiT37, a 2.3 kbp Pstl fragment containithe
region was sequenced. A 900 bp open reading fr@Rd)] and a putative promoter and a
ribosome binding site (RBS) for this ORF were idiged by analysing the sequence (Figure
10 and Appendix 1: Figure 1). It was predicted tiet identified ORF corresponds to the
nocR gene. Comparison of the deduced protein sequeitbepmatein databases revealed that
the putative NocR protein is related to the memlmdrdéhe LysR family of prokaryotic
transcriptional activators (Henikoff et al. 1988he LysR family is thought to be the largest
family of prokaryotic DNA-binding proteins. Among3ii4 DNA-binding proteins oE. coli
alone, there are 18 verified and 27 predicted mesnbethe LysR family (Zaim and Kierzek
2003), but LysR-type proteins are exist in divdraeterial genera (includinghizobiaceae),
Archaea and even algal chloroplast (Schell 1998 fighest sequence homology between
LysR-type proteins can be found at their N-termigd@iains where the HTH DNA-binding
motives are located (Henikoff et al. 1988). LsyRI &fpcR share an overall 32% homology
(Marincs and White 1993), while th®cR gene of pTiT37 is identical to of that of pTiC58
(von Linting et al. 1991). The predicted NocR photef pTiT37 has a HTH DNA-binding
motif (Harrison 1991) near the N-terminal end (Feg@0 and Appendix 1: Figure 1).

The nocR gene was cloned into thac promoter expression vector pKK223-3. Using
denaturing protein gel electrophoresis, expressibra 31.5 kDa protein was revealed
(Appendix 1: Figure 2), and this molecular mass igery good correlation with the 31.2 kDa

molecular mass calculated from the deduced amiitbsegjuence.
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CATTCGCGTTCCCTTGTATATCAT TCCCAATCTCTTGCGATGCAG
CGCAAAACCGT GAGACGGEEACAGCCGAAAAT GACGCCGCTGECAA
TCTGOCCAGCATTCATTCTCAACGGT GCAGCACGT GTTGACGT GA
COGCCGCAGT GCATTCTTCGAGAGTAGGACCCAGT TTTCTATTGT
TACTAAAAGCTTGOCT TCCATAT CGCAAGGGOAGTAATAGGCATG
CGCCCATGTGTATTTGT TAT GEAGAAAGCARTGAT TCAATCGCGT
M1l QS R
CAGTTAGAAGCGT TCCGGCCAGT CATGCT GACAGGAGGTATGACG
QLEAFRAVMLTGGMT
TCAGCAGCGAAT CTGGT GAGGAT CACGCAGCCCGOGAT CAGCCGG
S AANLVRI TQPAI SR
CTGATCAGGGAT CTCGAAGAGGAAAT TGGGATCAGCCTCTTCGAA
LI RDLETETETILI GI SL FE
AGAACGGGCAACCGGT TACGT CCTACGCGGGAGGCCGGTATTCTG
RTGNRTLI RPTREAGI L
TTCAAGGAAGT GTCGOGACAT TTCAACGGGAT TCAGCACATCGAC
F KEVSRHEFNGI QHI D
AAAGT CGOGGCT GAACT GAAGAAGT CTCATATGGGGTCCCTAAGG
K VAAETLTZKTZ KT SHMGS STLR
GTCGCCTGTTATACAGCGCCGGCT CTGAGT TTTATGTCCGRCGTC
VACYTAPALSTFMSGV
ATTCAGACGT TCATCGCCGAT CGGCCCGACGT GTCGGTCTACCTC
Il QT FI1 ADRPUDVSV Y.L
GATACAGT TCCTTCCCAGACGGT CCTCGAAT TGGTCTCGCTCCAG
D TVPSQTVLTETLVSTLQOQ
CACTACGATCTCGGAATATCGATATTGGCT GGCGACTATCCTGGT
HYDLTGI SI L AGUDY P G
CTCACCACCGAACCTGTCCCTTCCTTTCGTGOGGTCTGCCTGCTG
L TTEPVFPSTFRAVTCTLL
COGCCGGGRCAT CGT CTCGAAGACAAGGAAACT GTTCATGCGACG
PPGHRLTETDTEKTETVHAT
GACCTTGAAGGAGAGTCATTGATTTGCCTCTCTCCAGTGAGCCTT
DLEGET STLTICLSZPVS.L
CTACGGAT GCAAACGGACGCCGCACT GGACAGCT GCGGCGT CCAC
L RMQTUDAALTUDTSTCTG GV H
TGTAATCGCAGGATAGAAAGT AGT CTGGOGCT GAATCTCTGOGAT
CNRRI ESSLALTNTLTCD
CTGGTAAGCAGGGGAAT GGGGGT TGGTATCGTCGACCCCTTCACT
LVSRGMGVGI VDPFT
GCCGACTACTACAGT GCAAAT CCGGT TATTCAGCGCTCCTTTGAT
A DY Y SANPVI QRSFD
CCGGTTGTCCCCTACCAT TTTGCTATAGT TCTTCCGACCGACAGC
PV VPYHTFAI VLZPTTDS
CCACCGCCGCGCT TGGT TAGCGAGT TCCGGGCAGCGT TGCTTGAT
PPPRLVSETFRAATLTLTD
GCTTTGAAAGCCTTGOCCTATGAAACCAT TIBBT CGTCAGGATCG
AL KALPYTET] *
CAGCAAGT TGTCAAAGATAT CGGGCCCAGCCGGT GTCGTGGTCGA
AACTCTGGOGAACT CGGCT TATCCCGT TCTAGAGGCCACTAGGECG

Figure 10. Nucleotide and amino acid sequence ofdmocR gene and its 5 and 3’
regions. Start and stop elements of th@ocR gene are highlighted in green and red,
respectively. Start elements of the divergently tnascribed nocP gene are highlighted in
blue. Repeats of thenoc operator are underlined. In the deduced amino acigequence of
NocR, the putative helix-turn-helix motif is highlighted in yellow. (Adapted from

Marincs and White 1993)
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In addition, the first ten amino acids of the essed protein, determined by
micro-sequencing, were identical to the predictedha acids (Marincs and White 1993).
Database search with another, partial ORF that feaed in the sequenced region and
corresponds to the regulatedcP gene indicated that it encodes a putative ABCsjparter
protein, which is very likely involved in the uptkof nopaline (Marincs and White,
unpublished result).

3.2. Regulatory functions of the NocR protein

Sequence analysis revealed that tieeR and nocP genes of thenoc operon of plasmid
pTIT37 are divergently transcribed (Marincs and WHi993). Similar gene arrangements
have been found in a large number of prokaryotierops (Beck and Warren 1988), where
one of the divergently transcribed genes regulaxgsession of the other gene(s). In addition,
many members of the LysR family are known to agfgutate their own synthesis (Schell
1993). Since the NocR protein displays homologyhwiembers of the LysR family and has a
putative DNA-binding HTH motif (see above), it wabvious to investigate whether it
regulates expression abcP and auto-regulates its own synthesis. To studyettaspects, a
number of clones of theocR-nocP region were constructed, in which the coding regiof
either nocP or nocR or both were replaced with reporter genes. Theflfirluciferase Iuc,
Greer and Szalay 2002) and tBecoli B-glucoronidasedusA, Jefferson et al. 1987) genes
were used to replace timecP andnocR coding sequences, respectively (Appendix 2: Figure
1B). Hence, transcriptional activity of tlnecP andnocR promoters could be extrapolated by
measuring activities of the reporter enzymes. Uslrege constructs, expression of both the
nocP andnocR genes was investigated A tumefaciens strains either harbouring or lacking
plasmid pTiT37, which provides the NocR proteirrigms (Marincs and White 1994).

In the absence of nopaline and the presence dfitle® protein, very low level of luciferase
activity was detected indicating transcriptiongbression of thexocP promoter driving the
luc reporter gene. In contrast, luciferase activitys\@aout 100-fold higher in the presence of
both nopaline and NocR, indicating either de-regicgsor activation of th@ocP promoter.
The results also indicated, however, that the NpiaRein is not needed for the expression of
nocP since in a clone containing the putativacP promoter fused to thkic reporter gene
high constitutive luciferase activity was detec(@dble 1 and Appendix 2: Table 1). It was
also revealed that NocR auto-represses its owrhagist since activity of the GusA protein

was 9 to 39-fold higher (depending on the substuatxl for measurements) in the absence
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than in the presence of NocR. This auto-represfiostion of NocR was independent of

nopaline (Table 1 and Appendix 2: Table 2).

Table 1. Summary of the expression data for theocR and nocP genes

Pl asmi d NocR nocR’ nocP®
genot ype pr ot ei n? -nop?  +nop¢ - nop® +nop¢
1. LPpRpOG + 1 1 1 128
2. LPpRpG + 1 1 15 12
3. LPpRpOG - 9 9 10 11
4. LPpRpG - 1 1 13 12
5.  LPpRpO + ; - 47 140
6. LPpRpO - - - 47 54
7. LPpRp + ; ; 162 172
8. LPpRp - - - 167 175
9. LPp + - - 40 39
10. LPp - - - 36 38
11. RpOG + 1 1 - -
12. RpOG - 35 39

In the plasmid genotype column: L =luc; Pp = nocPp (promoter), Rp = nocRp
(promoter); O = nocPo (operator); G = gusA.

& = the presence and absence of the NocR protein inans are labelled + and -,
respectively.

® = normalised expression of thgusA and luc genes replacing thenocR and nocP coding
regions.

94 = the absence and presence of nopaline are labelley —nop and +nop, respectively.

In the experiments shown in lanes 11 and 12, a diffent substrate was used to measure
B-galactosidase activity causing a different relatie expression level in lane 12 compared
to lane 3 (Adapted from Marincs and White 1994, 199)

From these results it was concluded that NocR dsffasible trans-acting factor with two
regulatory functions. Firstly, NocR negatively auégulates its own synthesis, which is quite
a common character amongst LysR-type proteins.ekample, AsnC, CysB, NahR, OccR
and OxyR regulate the expression of their own gemékis way (Koélling and Lother 1985;
Schell and Faris 1987; Christman et al. 1989; Halsteal. 1991; Kredich 1992). Secondly,

NocR both represses and activates expressinocbt
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In the absence of a repressor gene the regulatedoper is expressed constitutively (Lewin
1990), and it was shown that in the absence ohdoB genenocP is constitutively expressed
(Marincs and White 1994); thus NocR complies with triteria that defines a repressor. On
the other hand, induction oibcP in the presence of both NocR and nopaline (Maranos
White 1994) indicates the activator-like characd&NocR. Although 22% of all regulatory
proteins are dual regulatorshincoli (Pérez-Rueda and Collado-Vides 2000), such a cteara
is very rare amongst LsyR-type proteins whose fansthave been confirmed based on the
criteria for repressors and activators (Lewin 199he TfdS protein has been shown to
regulate expression ¢fidB both negatively and positively and, similarly todR, TfdS needs

a co-inducer molecule for the activator functioraiammer and Olsen 1990). However, the
level of repression by TfdS is only about 40% ad thll expression, in contrast to the 98%

repression observed with NocR.

3.3. NocR-DNA interaction in thenoc operon

Sequencing of theocR-nocB region of plasmid pTiT37 revealed that the two egmre
divergently transcribed and are separated by abp3degion (Marincs and White 1993h
silico analysis of the intervening sequence revealegal#ion of putative promoters for both
nocR andnocP, and functional analysis confirmed the positionh&nocP promoter (Marincs
and White 1993, 1994). Since NocR was shown tola¢gexpression of botiiocP andnocR
and it has a HTH DNA-binding motif it was obviowsdonclude that the NocR protein might

interact with thenocR-nocP promoter region in order to facilitate its regolgtfunctions.

1 23 45 6 7 89
W W w

SOLUONLUEUE

Figure 11. Competition analysis of the interactiorbetween the NocR protein and theoc
promoter region. Only those fragments of the regiorcompete with the binding which
contain one particular 76 bp sub-fragment (lanes 47 and 9). (From Marincs and White
1993)
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| have investigated this possibility using gel rd&dion and DNasel footprinting techniques
(Marincs and White 1993).

These experiments revealed that NocR binds ex@lyste a 76 bp sub-fragment of the 261
bp longnocR-nocP promoter region (Figure 11 and Appendix 1: Figute® and 8A). This
sub-fragment covers the sequence between the 5’oértle -35 hexamer of theocR
promoter and the ATG start codon of tieeR gene (Marincs and White 1993).

Nopaline had no effect on the formation of the Nd2RA complex since NocR binds both in
the absence and in the presence of nopaline targggt DNA. Nopaline, however, affected
the migration of the protein-DNA complex; increagiconcentration of nopaline resulted in
increased migration of the NocR bound DNA (AppentlixFigure 6). Octopine, a related
opine, and precursors of nopaline had only tinynoreffect on migration of the complex,

respectively (Appendix 1: Figure 7).
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Figure 12. DNasel footprinting of the nocR promoter region in the absence (repression)
and presence (activation) of nopaline and charactestic sequences in the fragment.
Black lines and arrows label the NocR-protected sespnces against DNasel and
hypersensitive sites, respectively. Green arrowsbeal the CATG palindromes of thenoc

operator; small case g and z letters label the gyse consensus and the alternating

purine-pyrimidine sequences, respectively. (Adaptettom Marincs and White 1993)
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DNasel footprinting also indicated that the NocRtpmn protects th@ocR promoter but no
other sequences in the 261 bgpc promoter region and that nopaline causes charstoter
changes in the DNasel hypersensitivity patternhaf protected fragment (Figure 12 and
Appendix 1: Figure 8). Closer examination of tieeR promoter region to which the NocR
protein binds revealed the presence of a twelve-pags long putative operator with the
sequence of CATGICATG (Figure 10). The first basepair of this higklymmetric tandem
palindrome is positioned 3 bp downstream of therelflon of thenocR promoter. Deletion of
this sequence from theocR promoter resulted in no binding of NocR to itsgitr DNA
regionin vitro (Appendix 2: Figure 2), indicating the importarafehis particular sequence in
binding of NocR to th@oc promoter region.

In comparison with NocR, the interaction of closedyated proteins with their target DNA
shows both differences and similarities. For examphile nopaline influenced the migration
of the DNA-protein complex in pTiT37 (Marincs andhié 1993), it had no effect in another
nopaline-type plasmid, pTiC58 (von Lintig et al.949. Octopine, a related opine, affected
migration of the DNA-protein complex in the octogpitype plasmids, pTiB6S3 and pTiA6
(Wang et al. 1992; von Lintig et al.1995) and eirethe heterelogous nopaline-type plasmid,
pTiC58 (von Lintig et al. 1995), but its effect wasarginal in pTiT37 (Marincs and White
1993). The footprint of NocR of pTiT37 was alsofelient compared to of that of the other
plasmids mentioned (Wang et al. 1992; von Lintigled.994).

3.4. Specific structural elements of th@oc operon

There are two structural features in thee operon of pTiT37, which make it quite unique
compared to other opine catabolism and LysR-typeeprs-regulated operons.

First, in contrast to other opine catabolism opsraevhere the promoters of the regulatory and
regulated genes overlap (Wang et al. 1992; Vonid.iet al. 1994), in theoc operon of
pTiT37 there is a relatively large distance betwdss regulatechocP promoter and the
binding site of the NocR protein (Figure 10). TH® -and -35 regions of all known opine
catabolism promoters are highly homologous toEheoli ¢ -10 and -35 hexamers (Lisser
and Margalit 1993), thus it was predicted that theP promoter should also display such a
homology. Despite this, no such homologies weredoaverlapping thewocR promoter of
pTiT37 (Marincs and White, 1994n silico and functional analyses, however, indicated the
presence of a promoter foocP 131 bps upstream of thec operator. This promoter is

highly homologous to thé&. coli ¢’° consensus promoter in the critical first and sixth
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positions, although the distance between the -1D-86 hexamers is 19 bp instead of the
optimal 17 (Figure 10).

Second, the highly symmetrical CATG@BATG 12 bp tandem palindrome sequence
(Figure 10), which was proven to serve as an opefat regulating expression of tmecP
gene, is quite unigue amongst operons regulatetlyBRR-type proteins. A single ThHA
sequence was predicted to function as an operatogdnes regulated by members of the
LysR family (Goethals et al. 1992), including otlogrine catabolism operons (Von Lintig et
al. 1994). Similar sequences were also locatethemac operon of pTiT37, but because of
their relatively large number, it was concluded tités type of sequence is not an operator in
pTiT37, in particular that the operator functiontbkE CATGNCATG tandem palindrome

was proven botm vitro andin vivo.

3.5. Molecular interactions in thenocR-nocP region

In vitro andin vivo studies described above revealed the functiohefNocR protein and its
interaction with its target sequence, but the meigma by which NocR regulates gene
expression in thaoc region still needed an explanation.

To study this mechanism, | have investigated tifecebf the putative operator sequence on
expression of thaocR andnocP genes. A series of plasmids with the reporter gémeand
gusA that replaced the coding portionraicP andnocR genes, respectively, were constructed.
From some of these constructs the coding sequemgendoy thenocR promoter and/or the
putative operator were also deleted (Marincs andt&ViR95). These plasmids were then
introduced intoA. tumefaciens strains having or lacking th@ocR gene. From these
experiments it became clear once again that napaloes not affect expression of theR
gene and its expression is auto-regulated by theRkNwotein (Table 1).

The picture in the case abcP was more complicated. Summarising expression ehdcP
gene (Table 1 and Appendix 3: Table 1), four datievels were observed depending on the
presence/absence of NocRtfans factor) and the operator and divergent transcmp{cis
factors):

1. Full repression in the presence ofcadlandtrans factors, which is fully de-repressed in the
presence of nopaline.

2. Low level expression in the absence of eithecRor the operator or both, which is not
influenced by nopaline.

3. Medium level expression in the absence of demergtranscription, which is fully

de-repressed in the presence of nopaline and NocR.
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4. Full de-repression in the absence of both treraipr and divergent transcription either in
the presence or absence of NocR.

From these results two major conclusions could t@avd. First, the results indicated that
transcription from the divergembcR gene itself can repress expressiomadP to a certain
extent, even in the absence of NocR. One posskptamation for this phenomenon is that
closely spaced promoters suchhasRp andnocPp compete for the RNA polymerase and that
competition influences their expression (Goodriad &cClure 1991). Expression abcP,
however, was about the same in those strains véxgmession ohocR was different, making
the competition theory quite unlikely. Another pbggy is that transcription from theocR
promoter influences expression from the divergetmtigscribechocP promoter. According to
the twin-domain model, transcription generates tiegaupercoils behind the transcription
complex in a topologically closed domain (Liu andavg 1987; Figueroa and Bossi 1988;
Tsao et al. 1989; Deng et al. 2005). It was susplettiat the generated torsional stress may
affect functions of nearby sequences (Tsao et @91Wang and Giaever 1988; Travers
1989, Deng et al. 2005). In addition, it is knowratt the supercoil-generating effect of
transcription depends on the transcript’s lengthll(Bnd Sternglanz 1988). In the absence of
the coding sequence downstream ofibeR promoter, expression olbcP was elevated by
about 5-fold independent of the presence of theRNmotein (Table 1 and Appendix 3: Table
1), indicating that divergent transcription hagducing effect on the expressionnotP.

The second conclusion was that the CATLGNTG sequence is the operator for the NocR
protein. The results, however, also indicated that operator has different effects on the
expression ofnocP, depending on other factors. In the absence of NbeR protein,
expression level afiocP, although quite low, is the same in either thespnee or absence of
the operator when the divergent transcriptionmadR is intact. In contrast, when transcription
of nocR is abortive, expression abcP is much higher in the absence then in the presehce
the operator sequence. The question is that whgpbkeator sequence has such an interesting
effect.

There are two features which might cause the obsegifects of the operator. Firgt,silico
analysis of the operator and its immediate neightmad indicated the presence of an 18 bp
long alternating purine-pyrimidine sequence witle dp out of alternation (Figure 12 and
Marincs and White 1993). Such sequences are alitertoZ-DNA under various conditions
(Herbert and Rich 1999). Alternating purine-pyriimil putative Z-DNA forming sequences
are relatively common in eukaryotes (Herbert anthRi999). Although Z-DNA studies were

almost exclusively performed using artificial sexqees in prokaryotes (Herbert and Rich
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1999), natural sequences capable of forming Z-DNAadso present in bacteria (Ansari et al.
1992). It is possible, that such a sequence ovarighenoc operator might exist in both B
and Z-forms. An indication that th@c operator or its close vicinity might form Z-DNA is
that DNasel footprinting experiments revealed thatalternating purine-pyrimidine sequence
in the noc operator is bordered one particularly strong hgpesitive site, and this site
migrates about ten base-pairs upstream under inducdnditions, indicating the expansion
of a possible Z-DNA stretch (Figure 12 and Appentii¥igure 8). A recent study has shown
that at B-Z junctions a single base-pair is bro&ed flipped out of the double helix (Ha et al.
2005) which can result in such nuclease hyperseitgithat was found in theoc operator.

The second feature is a sequence highly homologahsthe E. coli gyrase recognition site
(Lockshon and Morris 1985) overlapping thac operator (Figure 12 and Marincs and White
1993). Gyrase is known to introduce and also rensoygercoils to or from DNA (Champoux
2001). When thenoc operator sequence was cloned into a high copy eurplasmid
(Marincs and White 1993, 1994), the topoisomergpatt(i.e. the distribution of plasmid
molecules with different supercoil level) of theagpinid became altered if activity of gyrase

was inhibited (Figure 13 and Appendix 3: Figure 3).

CCcC C
Ao wt Ao wt

Figure 13. Topoisomer pattern of plasmids lacking Ao) and carrying (wt) the noc
operator under less (ccc) and more (c) relaxed coitebns. (From Marincs and White
1995)

Different explanations can be behind the above riest observations. For example, as

mentioned earlier, supercoils generated by thestrgstion of thenocR gene can result in B-Z
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transition of thenoc operator, since it is well know that B-or Z-DNArcaxist under different
conditionsin vivo, for example depending on the level of supercgil(Rich and Zhang
2003). And vice versa, transition of a DNA sequeificen B- to Z-form can remove
supercoils (Rich and Zhang 2003).

Altogether, the different levels of expressiomo€P depending on the absence or presence of
the different structuratis elements might indicate the involvement of DNA ewgoiling,

Z-DNA formation and complex molecular interactionghe regulation of theocP gene.

3.6. Local structures involved in the regulation othe noc operon

The first local property, which might be involvad the expression of th@cP gene is DNA
supercoiling. Alteration in superhelicity is a pi$s mechanism that was proposed to
regulate gene expression at a distance a longagag€Smith 1981; Pruss and Drlica 1989). It
is well know that expression of a number of baategenes is sensitive to the level of
supercoiling, and it was shown that about 7% of Eheoli transcriptome is affected by
changes in the level of supercoiling (Peter et28l04). Negative supercoiling can be
perturbed by environmental factors, mutations inegeencoding DNA topoisomerases and
certain antibiotics, and it was shown to modulatngcription from particular promoters
(Deng et al. 2005). It was thought therefore, thaffects gene expression in a global manner.
However, as suggested recently, RNA polymeraseesetie local superhelical parameters
and not the global supercoiling level (Travers &gskhelishvili 2005), thus transcription is
more likely influenced by local and not global stipicity.

In this respect, those pieces of evidences whiditate that local supercoiling might have a
role in expression of theocP gene are quite significant and listed below.

1. ThenocP promoter has a 19 bp long spacer between itsr@i03b hexamers, and the -10
hexamer is GC rich (Marincs and White 1994), whattaracters have been reported for
supercoiling-sensitive promoters (Rosenberg andtd®r9; Condee and Summers 1992).

2. Thenoc operator overlaps a putative gyrase recognitittn(Marincs and White 1993).

3. Thenoc operator influences plasmid supercoiling/iivo under certain conditions and has a
repressing effect on the expressiomadP (Marincs and White 1995).

4. Divergent transcription, known to generate nggasupercoils behind the transcription
complex, represses tinecP gene (Marincs and White 1995).

5. Carbon starvation which relaxes DNA (Balke andll@ 1987) and high osmolarity which
increases supercoiling (Hsieh et al. 1991) enhamees reduces expression of thecP

promoter, respectively (Marincs, unpublished result
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The second local feature which might be involvedtha expression of theocP gene is
Z-DNA and the evidences supporting this possibditg listed below.

1. Thenoc operator overlaps with a putative Z-DNA formingygence (Marincs and White
1993).

2. Thenoc operator displays strong nuclease hypersensitwitich can be the indicator of
B-Z junctions (Marincs and White 1993).

3. Under high salt concentration thec operator DNA displays some changes in its circular
dichroism spectrum (Marincs, unpublished resulthjolv is characteristic for B to Z-DNA
transition (Herbert and Rich 1999).

3.7. Model for the regulation of gene expression ithe noc operon

As it is described above in section 3.2, the NooRgin has two regulatory functions. First, it
auto-regulates its own synthesis, and second, gtlages expression of theocP gene
(Marincs and White 1994).

The possible mechanism of auto-regulation is quiwar. Similar to many LysR-type
regulatory proteins, NocR binds to an operator eege just downstream of thaocR
promoter under either repressive or inductive doma$, physically preventing the
transcription from th&ocR promoter by RNA polymerase, thus repressing ita eynthesis.

In the absence of NocR, expression fromribeR promoter is de-repressed.

Expression ofiocP is more intriguing, and it is possible that a nembf factors are involved
in its regulation and a different mode of regulatis also possible for its repression and
activation.

By definition, the position of thaoc operator can be termed remote, and no other aperat
was found in either proximal or a closer remoteitpws relative to thenocP promoter.
Consequently those regulatory models, describeddre details in the Introduction section,
in which interaction between a regulatory proteimd dhe RNA polymerase is required to
regulate gene expression, are not applicable femtic operon, in particular because the
NocR protein binds to its operator in both absemu# presence of the inducer molecule and
there is no evidence for DNA bending in tieeR-nocP promoter region.

The relative orientation of the -10 and -35 hexanrs’® promoters is very important for
their interaction with the RNA polymerase (Wang &@wlanen 1992). TheocP promoter
has a 19 bp spacer between its -10 and -35 hexaarsconsequently the spatial
conformation of the hexamers is suboptimal forscauption (Figure 14). It is very likely that

under repressive condition this suboptimal spat@iformation of thenocP promoter is
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maintained by two factors: (i) binding of NocR teethoc operator 131 bp upstream of the
nocP promoter, and (ii) transcription of th®cR gene, which generates negative supercoils
toward thenocP promoter.

Under activating conditions, i.e. in the presenteapaline, expression of th@cP promoter
was much stronger than in the absence of nopdfimrethat enhanced expression, its promoter
must be in the correct spatial conformation (Figl4g, and the question is that how this can

be achieved.

Repression Activation

N

Figure 14. Relative spatial orientation of the -3%nd -10 hexamers of thenocP promoter
under repressive and activating conditions. Numbergdicate the relative angle between
the first 5" basepair of the hexamers.

It has been described above, that certain conditisdich can decrease the level of DNA
supercoiling, enhance expression of tbeP promoter. It is possible therefore, that activatio
of the nocP promoter, i.e. bringing its hexamers into the eotrspatial conformation, may
occur by a mechanism which decreases the levaloal supercoiling. It is known that B- to
Z-DNA transition leads to supercoil relaxation (Ri&nd Zhang 2003), and it was found that
the noc operator, which overlaps with an 18 bp alternapogne-pyrimidine sequence, was
able to reduce superhelicity of a plasmid dependimghe overall level of DNA supercoiling,
thus it was proposed that timec operator might be to form Z-DNA in vitro (Marin@d
White 1995).

To activate thewocP promoter, i.e. to bring the -10 and -35 hexamets the optimal spatial

conformation for transcription, a -68.fotation between the first residues of the hexanser
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needed (Figure 14). As it was described in moraildefMarincs and White 1996), this can be
achieved by removing about 1.4 helical turns frévartoc promoter region. How can these
1.4 helical turns be removed? When certain numbérdsase-pairs undergo B- to Z-DNA
transition, removal of helical turns occurs (Sind®94a). In theory, to remove the 1.4 helical
turns, flipping of eight base-pairs from B- to Z+fo would be sufficient. Since theoc
operator overlaps with an 18 bp long putative Z-DféAning sequence, even partial Z-DNA
formation in this sequence would be able to remibnenumber of helical turns needed to
activate thenocP promoter (Marincs and White 1996). However, beeaud their
base-composition, natural purine-pyrimidine segesnmight not be so efficient in Z-DNA
formation as synthetic CG stretches. Thus the entic operator or even the whole 18 bp
purine-pyrimidine sequence might be part of thedii@on. Another strong possibility is that
the noc operator is already in Z-DNA form under represstogditions. This is indicated by
the strong DNasel hypersensitive site at the 5’ @nithe alternating 18 bp in the absence of
nopaline. Under activating conditions, i.e. in firesence of nopaline, this hypersensitive site
moves 11 bp toward theocP promoter. This can indicate an expansion of thgusece
which is in Z-DNA form when th@ocP promoter is activated. That expansion also woeld b
sufficient to remove the 1.4 helical turns requifed activation ofnocP. Clearly, nopaline
causes some conformational changes in the NocReipamic operator complex, which
changes might indicate either a B- to Z-DNA transitor an expansion of a Z-stretch.

It is not known, however, whether the NocR proteould bind to any DNA which is in
Z-conformation. There are a number of proteins aothlprokaryotes and eukaryotes which
were demonstrated to bind Z-DNA (Rich and Zhang 30@nd therefore it cannot be
excluded that NocR has the same character.

It is also not clear whether DNA gyrase has ang inlthe regulation. There is a sequence
very highly homologous to th&. coli gyrase recognition site overlapping with thec
operator, and theoretically this sequence mightehawole in adjusting the local level of
supercoiling by interacting with a gyrase.
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Figure 15. Model for the activation of thenocP promoter. The NocR protein and RNA
polymerase are labelled by green and brown ellipseRed B and Z letters label thenoc
operator in B and Z-DNA forms. Open ellipses represnt DNA supercoils. Small black
circles represent nopaline. In repression, the NocRrotein binds to the operator and
maintains it in either a B or a shorter Z-DNA confamation. Thus the given number of
local negative supercoils in the region fixes theexamers of thenocP promoter in the
wrong spatial conformation for transcription. In the presence of nopaline, the NocR
protein causes a conformational change of the opdm sequence, which results in
removal of both supercoils and helical turns in theegion bringing the hexamers of the
nocP promoter into that correct spatial conformation which can be transcribed by the

RNA polymerase. (Adapted from Marincs and White 199)

| have described above that activation of tleeP promoter is possible by removing some
helical turns in the region by forming Z-DNA upstre ofnocP. It was also described earlier
that thenocP promoter is more efficiently transcribed when Di¢Anore relaxed, i.e. has less
supercoils. Furthermore, formation of Z-DNA is knowo remove not only helical turns but
supercoils too. One might ask, therefore, how #maval of helical turns and supercoils are
connected. The linking number, the sum of the hetierns and the (negative) supercoils in a
closed DNA domain, must be constant. Thereforethé number of the helical turns
decreases, the number of supercoils (in absolutebar) must decrease too to keep the
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linking number constant (Marincs and White 199@)isTmeans that in theoc operon the
numbers of negative supercoils are higher in thpessed than in the activated state, i.e.
during activation thaoc promoter region becomes less supercoiled or nedesed in other
words. Thus, removal of helical turns and supescodcur simultaneously during activation
of nocP.

The mechanistic model described for the regulatbgene expression in th®c operon of
pTiT37 (Figure 15 and Marincs and White 1996) higood agreement with those theoretical
conceptions that modulation of DNA supercoiling iove distance and B- to Z-DNA
transitions might be able to turn genes on andSifiden 1994b).

It is worth to note that, according to my knowledg® similar complex regulation was
described in the literature to date. However, comepts similar to of those of theoc
regulatory mechanism can be found or were modeledther prokaryotic systems. For
example, in the mercury resistanc@er) operon a putative Z-DNA forming sequence
overlaps with an operator for the MerR regulatomgt@in and this operator is very similar to
the noc operator (Ansari et al. 1992). Some years agag also demonstrated in a bacterial
plasmid model system that sequence-specific DNAlibop proteins affect
transcription-coupled supercoiling in the presentdheir operator (Leng and McMacken
2002).

3.8. The biological sense of the described regulayomodel

One might ask, that why a simple-looking biochernioachanism, like nopaline uptake, is
regulated in such a relatively complicated mansdrtaave described above.

| have to acknowledge that although my results weiige unique at the time when they were
published, there are more and more knowledge abwmitinvolvement of the different
components of the above described mechanism iratemu of gene expression, and | see
these new results as evidences for the validitpyptoncept.

For example, a vast number of results have beefispeld about the involvement of DNA
superhelicity and Z-DNA formation in regulation géne expression, since the regulatory
model for thenoc operon was published, and below | highlight sorfrda@se results.

Now we know that quite a large number of bactegales are regulated by the level of DNA
superhelicity and that particular promoters cantireed on and off at a certain level of
superhelical density (Lim et al. 2003; Peter e2@D4; Travers and Muskhelishvili 2005).
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Sequences in the upstream region of promoterskargotes, are in Z-DNA form when the
promoter is transcribed; however it is not know yeat the Z-DNA formation is the
prerequisite or consequence of transcription (Ritth Zhang 2003).

It was also demonstrated that transcriptional o0& and activation are effected by
superhelicity induced B- to Z-DNA transition in thgstream region of the regulated
promoter (Sheridan et al. 2001). Moreover, trapsiomal coupling was demonstrated in
divergently transcribed promoters where negative ADBlupercoiling is dependent on
transcription-generated superhelicity and is propoal to promoter strength and transcript
length (Opel and Hatfield 2001).

Both Z-DNA binding and sequence-specific DNA-bingliproteins were demonstrated to be
involved in supercoiling-mediated gene expressioeng and McMacken 2002; Oh et al.
2002).

Divergently transcribed genes, such as mbeR-nocP arrangement, are very common in
bacteria. About 40% of all transcription units &anscribed from divergent promoters and a
large proportion of such operons contain a regyagene (Opel et al. 2001). In tmec
region, one gen&ocR is encoding a regulator gene, while the other geéeeregulatedocP
encodes a putative ABC-transporter protein, whiglvary likely involved in the uptake of
nopaline (Marincs and White, unpublished result).

Based on a number of pieces of experimental eveendt is clear now that
transcription-mediated DNA supercoiling is involvéd the regulation of expression of
divergently transcribed genes. One enzyme involvead¢hanging and maintaining DNA
superhelicity is gyrase whose activity dependseadlular [ATP/ADP] ratio (Opel et al. 2001).
Cellular [ATP/ADPI] ratio is correlated with growtlonditions, and consequently the level of
DNA supercoiling also depends on those factors. Wdedlular [ATP/ADP] ratio is high then
negative supercoil level is also high, and when PAADP] ratio is low then negative
supercoil level is also low. For example, in noowging cells the [ATP/ADP] ratio is low and
superhelical density decreases as a consequeneedCy. 2001).

How does this apply to the nopaline uptakéafumefaciens?

The bacterium is living in a relatively nutriene& environment, where the cellular level of
the [ATP/ADP] ratio and consequently the cellulaparhelical level should be low, and it
was described above that at decreased local suigéghthe nocP promoter which controls
genes involved in nopaline uptake is expresseagiothan the basal level.

Invitro, | have found that in a minimal medium lacking alipe and any other carbon source

and in which bacterial ATP level decreased, expoassf the nocP promoter was about
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2.5-fold higher than the basal level. Under simdanditions in nature, when nopaline is
absent and cells are starving (i.e. the cellulafRAADP] ratio is low), the nopaline uptake
proteins are expressed at a low but definite l&yeh mechanism in which superhelicity is
reduced and consequently no extra energy is corsgstmnenaintaining local supercoils. This
makes biological sense in that way that in thevsigr bacteria the uptake proteins are
available even before nopaline is actually syndesbin the incited tumour. The presence of
the uptake proteins ensures that when nopalinenbes@vailable due to its synthesis in the

tumour, bacteria are ready to take it up immedyaaeld use it as carbon, nitrogen and energy

sources.
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4. Conclusions

In this thesis and the supplemental publicatioms,structural and functional characterisation
of the nopaline catabolism operon of thetumefaciens Ti plasmid pTiT37 and a possible
mechanism for regulation of gene expression indpaton are described.

The results are summarised below:

* The predicted regulatory genm@cR, and part of the divergently transcribeotP gene of
pTiT37 were sequenced.

* An ORF, a promoter and a SD sequencentmR were identified and it was demonstrated
that the deduced protein sequence of that ORF rnisologous to members of the LysR
family of prokaryotic activator proteins, and habeadix-turn-helix DNA-binding motif near
its N-terminal. The NocR protein was expresse#.inoli and it was demonstrated that the
molecular mass and the first ten amino acids ofetkgressed protein are identical to of
those of the deduced protein sequence.

It was demonstrated that the NocR protein hasndistegulatory functionsg vivo. It is a
repressor for its own synthesis and a dual funatepmessor/activator for the expression of
thenocP gene.

* The regulatedocP promoter was located by functional and sequenadysis. Its structural
characters make it probable that tloeP promoter is supercoiling responsive.

* The binding site of NocR was identified in thecR-nocP intervening region. NocR binds
to its own promoter under both repressive and idgeconditions. Nopaline, the inducer of
nocP expression has no effect on binding, but inducassfarmational changes in the
NocR-DNA complex.

* In the region protected by NocR, three overlappseguences with putative regulatory
functions were identified. These are: a CAT@RTG tandem repeat, an 18 bp alternating
purine-pyrimidine putative Z-DNA forming sequenc®la putative gyrase recognition site.

» The CATGN,CATG sequence was proven to serve as an operattddoR bothin vitro
and in vivo. It was established that this is thdyamperator in thenocR-nocP promoter
region, occupying a remote position relative torégulatechocP promoter.

« Thenoc operator was demonstrated to modulate DNA supé@rgaon vivo.

« It was demonstrated that in addition to the NocB@n, thenoc operator and divergent

transcription also play an independent role ingkression of thaocP gene in vivo.
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» Based on the experimental evidences it was sughésat local DNA supercoiling might
have a role in the NocR-mediated expression ointo® gene. It was also suggested that
the noc operator kept in or converts into Z-DNA by the [Roprotein might be the driving
force behind activation of th@cP promoter.

« A mechanistic model describing gene regulation he moc operon of pTiT37 was
presented. According to this model, theP gene is repressed in the absence of nopaline
because its sub-optimally spaced -10 and -35 hersaane kept in that position by a certain
level of local supercoiling maintained by transtiap of the divergenhocR gene, binding
of NocR to thenoc operator and possibly by a gyrase. In the presefceopaline, a
structural change occurs in the NocR prot@o-operator complex, which can be either a
B- to Z-DNA transition or an extension of a Z-DN&etch This structural change results in
removals of both helical turns and local superaoilthenoc domain bringing the hexamers
of the nocP promoter into the optimal spatial conformationatigde to each other, thus
activating expression a@iocP.

e This model, based on experimental findings in aum@tsystem supports theoretical
conceptions suggesting that regulation of geneesgion is possible through modulating
the structure of DNA over a distance by a reguijafmotein bound to a single operator and

that B- to Z-DNA transitions might turn genes o aarn off.
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6. Osszefoglalo

a
»,Regulation of nopaline catabolism inAgrobacterium tumefaciens’
cimii PhD disszertaciohoz

Szer#: Dr Marincs Ferenc

Baktériumokban a gének megnyilvanulasa kilodb&zinteken szabalyozddik, amelyek
koziul a legels a DNS kob fehérjek altal szabalyozott atiras vagy mas néxamszkripcio.
Ezek a fehérjék a szabalyozott promoterek korngdmst |€% operator szekvenciakhoz
kotédve, kis molekulak hatasara vagy megakadalyozzékrésszaljak) vagy @egitik
(aktivaljak) az adott gének megnyilvanulasat édtalzhiztositjak a géntermekek jelenlétét a
sejtek biokémiai folyamataihoz.

A génmegnyilvanulas szabalyozasanak kuloghidzechanizmusai vannak, amelyek soran a
szabalyozott promoter régidkban DNS-fehérje ésrfeHéhérje kdlcsonhatasok és bizonyos

DNS valamint fehérjeszifitszerkezeti valtozasok egyarant részt vesznek.

Az Agrobacterium tumefaciens egy ndévénypatogéen baktérium, amely tumort hozelétr
magasabb reridndévényeken azéltal, hogy nagyméretigy nevezett tumor-indukald (Ti)
plazmidjanak egy bizonyos szegmentjét (T-DNS) atwasnovenyi sejtekbe, ahol az beépil a
hormonok tulterméldését eredményezi, ami a bakteridlis génekkel 2famsalt novényi
sejtek kontrolalhatatlan osztédasahoz, és igy atkmalakulasahoz vezet. Ezen tulnien, a
novenyi genomba integralddott bakterialis génelcistlis vegyuletek, un. opinok termelését
is iranyitjak a tumor sejtjeiben. Az opinokat a trnindukalé baktérium képes lebontani és

kizar6lagos szén-, nitrogén- és energia-forraskésznositani. Az opinok lebontasat olyan a
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Ti plazmidon talalhaté gének vezérlik, amelyek neszei a ndévényi genomba integralédo
T-DNS régionak. Ezzel a tumor indukalé6 mechanizrauashaktérium egy olyan kilonleges

kornyezetet Iétesit ahol a faj tulélése és szapgmabiztositott.

Jelen disszertacioban egy, Agrobacterium tumefaciens pTiT37-es Ti plazmidjara jellensz
opin, a nopaline lebontd operonjanak molekularksgalatat és az abban megfigyelt 4j tipusua

szabalyozé mechanizmust irom le.

Munkamat megeékoen, laboratériumunkban a nopaline lebontasban geejatszé géneket
transzpozon mutagenezissel azonositottak. Ezek | kketib, a nocP és nocR gének,
egymassal ellentétes iranyban irédnak ahoéP transzkripcidja nopalinnal indukalhat6, mig
a nocR transzkripcidja konstitutiv. MeghataroztamnecP-nocR régié DNS szekvencigjat,
amelynek analizisével arra a kovetkeztetésre angthogy anocR gén feltehdten egy DNS-
koto, a bakterialis LysR tipusu aktivator fehérjék ad@ba tartozé fehérjét,ramcP pedig egy
valbszirileg ABC-tipusu, a nopaline felvételében nagy valds®ggel szerepet jatszo
transzport fehérjét kddol.

Jel®d génekin vivo hasznalataval kimutattam, hogy a NocR fehérje legfybs funkcioju
szabalyoz6 fehérje, amely represszalja a sajatjézhé@dolonocR gén atirédasat és aktivalja
az ellentétes irAnyban atirédécP gén megnyilvanulasat. AocP ésnocR gének promotereit
szekvencia és funkciondlis analizissel hataroztayg, mmilél kidertlt, hogy a két promoter
nem éatfed és egy 131 bp hosszu, ismeretlen funkcidju rékxsgfa el a két promoter -35-0s
elemeit. Mindkét promoter nagymértékben homolégEacherichia colic™ promoterek
konszenzus szekvencigjaval. Ezen tulésmanocP promoter olyan sajatossagokat is mutat,
amelyek a DNS szuperspiral szintre érzékeny prorekte jellemBek. A NocR fehérjét

Escherichia coliban termeltettem és kimutattam,yhagfehérje alegység molekulatdmege



48

31.5 kDa. A termelt és a nukleinsav szekvenciajamafeltételezett fehérjék N-terminalis
szekvenciaja azonos volt. Gél retardacios és DNfmsdprinting kisérletekkel kimutattam,
hogy a NocR fehérje aocP ésnocR gének kddolo szekvencidja kozotti régiohozokiik
mind nopaline jelenlétében mind annak hianyabarbdra nopaline nem befolyasolta a
NocR fehérje kdidésének déisségéet, hatasara megvaltozott a NocR feh@geDNS
komplex konformacidja. A NocR fehérje kbielye egy 72 bp hosszusagin@aR promotert
tartalmaz6d szekvenciaban volt lokalizalhatd, amshekvencia anocP promoterél 5’
irAnyban talalhat6. Ebben a kbielyben egy CATGMCATG tandem palindrom szekvenciat
azonositottam és bizonyitottam, hogy ez a szekaem®ocR fehérje operatorakéntikidik
invitro ésin vivo.

Az operator szekvenciaval attizh két érdekes és jellegzetes szekvencia talalbgioi8 bp
hosszusagu valtakozo purin-pyrimidin szekvenciaglgrképes Z-DNS |étrehozasara és egy
lehetséges gyrase (egy olyan enzim, ami a sefid8 szuperspiral szint beallitasaban jatszik
szerepet) felismérhely. Jeld génekkel tortéh in vivo vizsgalatok igazoltak, hogy @ocR
gén atirédasa onmagaban is és az operator sze&vah&ombinalva is, bizonyos fokig
megakadalyozza aocP gén megnyilvanulasat még a NocR fehérje hianyabatz azt
mutatja, hogy a két promoter atirodasa kapcsodt kdkalis DNS szuperspiral szint szerepet
jatszik abban a mechanizmusban, amellyel a NocRerjehszabalyozza aocP gén
megnyilvanulasat. Azt is kimutattam, hogy az opmrétzekvencia befolyasolja egy plazmid
szuperspirdl szintjén vitro, a sejtbeli &ltalanos DNS szuperspirél sélrftiggoen.

Mindezeket az eredményeket 6sszesitve, egy Ujdimechanikus modellt irtam le, amely
lehetséges magyarézattal szolgél arra nézve, hdipcR fehérje milyen moédon szabalyozza
nocP gén megnyilvdnulasat. A modell szerint, nopalif@iaban a NocR fehérje Kitese a

szabalyozott nocP promoterhez képest tavoli pozicibban taldlhatoc operatorhoz,
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kombinalva a nocR gén atirasa altal generalt lokdlis negativ szyeskkal
megakadalyozza aocP gén megnyilvanulasat, mivel ebben a helyzetbewc® promoter
elemeinek térbeli viszonya nem megféledz atirashoz. Nopaline jelenlétében, a NocR
fehérjenoc operator komplex térszerkezete olyan médon vaMtowmrg, hogy az operator vagy
atalakul B-formabol Z-formaba, vagy, ha mar eredend Z-formaban volt, akkor a
Z-formaban €% rész kiterjed anocP promoter irAnyaba. Ez a térszerkezeti valtozas a
régioban a DNS spiralok és szuperspiralok szaméeékkenését eredmeényezi, ami altal a
nocP promoter elemei az atirashoz megfelderbeli elrendeiésbe kerilnek. Ez a
szabalyozasi moéd egy 6sszehangolt, energetikallamy@s adaptacios és tulélési stratégiat

jelent azAgrobacterium szamara éhytelen életkdrilmények kozott.

Jelen disszertacid négy é&zerds, nemzetkozi folydiratokban megjelent kdzleményen

alapszik. Eredményeimet a fenti cikkeken kivikibnferencian is bemutattam.
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7. Summary

for the PhD thesis
“Regulation of nopaline catabolism inAgrobacterium tumefaciens’

Author: Dr Ferenc Marincs

Gene expression in bacteria is regulated at diffelevels, of which the first one is the
regulation of transcription mediated by DNA-bindireggulatory proteins. These proteins bind
to operator sequences in the vicinity of the retgalgpromoters, and repress or activate gene
expression in response to small effector molecumesder to ensure the correct spatial and
temporal presence of gene products for the celhihemical processes.

The mechanism of regulation of gene expressionelgylatory proteins is implemented by
different means in which both DNA-protein and pmoetprotein interactions in and around the
regulated promoter regions, and particular tert@nyformational alterations at the DNA and

protein levels may all be involved.

Agrobacterium tumefaciens is a plant pathogenic bacterium which incites turscon higher
plants by transferring a particular portion (th®WNA) of its large, so-called tumour-inducing
(Ti) plasmid into the plant genome. After integoati of the T-DNA into the plant
chromosomes, expression of genes of the integi2i&al results in unbalanced production of
plant hormones, which leads to uncontrolled cellisibon and consequently to tumour
formation. Moreover, the integrated bacterial getiesct the synthesis of specific molecules,
collectively called opines, in the tumour cells.i@gs are catabolised and utilised as a sole
carbon, nitrogen and energy source by the tumalweimg bacteria. The catabolism of opines
is directed by genes located on the Ti plasmids these genes are not part of the T-DNA

which is transferred into the plant genome.
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By this mechanism, the bacteria create a uniqakenfor themselves, where their survival

and multiplication is ensured.

In this dissertation | describe molecular studiesfggmed on the regulation of nopaline
catabolism inA. tumefaciens and present a novel type of mechanism by whichegen

expression is regulated in the Ti plasmid pTiT37.

Genes involved in nopaline catabolism had previobglen identified in our laboratory by
transposon mutagenesis. Two of these gem&$s} and nocP, were found to be divergently
transcribed and expression ohocP and nocR was nopaline-responsive and
nopaline-unresponsive, respectively. Ti@R-nocP region was sequenced and sequence
analysis revealed that th®cR gene encodes a putative DNA-binding regulatorytging
which belongs to the family of LysR-type bacter&tivator proteins, while theocP gene
encodes a putative ABC-type transporter proteinctviig very likely involved in the uptake
of nopaline. In vivo analysis using reporter gemedicated that the NocR protein is a
regulatory protein with dual functions, i.e. NocRt@represses its own synthesis and both
represses and activates expression of the divéygeariscribechocP gene. The promoters of
the nocR andnocP genes were identified by sequence and functiomallyaes which revealed
that they do not overlap and a 131 bp region ohomk function separates the -35 hexamers
of the two promoters. Although both promoters aighly homologous to the consensus
Escherichia coli ¢’° promoters, theiocP promoter displays features which are characteristi
to supercoiling-responsive promoters. The NocRgmnoivas expressed B coli and it was
proven that the molecular mass of its subunit isS53dDa. It was also shown that the
N-terminals of the expressed and the predictedepretare identical. It was shown by gel

retardation and DNasel footprinting assays thatNleeR protein binds to the intervening
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region between the coding sequences ofnii@R and nocP genes either in the absence or
presence of nopaline. Nopaline had no influencéherbinding affinity of NocR, but changed
the conformation of the NocRac DNA complex. The binding site of NocR was locatige

a 72 bp long DNA sequence in thecR promoter region, upstream of thecP promoter. In
the binding site of NocR a CATGRATG tandem palindrome was identified and it was
proven bothin vitro andin vivo that this sequence functions as the operatorhferNocR
protein. Overlapping the operator sequence, twerésting sequence features, an 18 bp
alternating purine-pyrimidine sequence able to fafADNA, and a putative gyrase (an
enzyme involved in adjusting cellular superhelicitgcognition site were foundn vivo
analyses using reporter genes indicted that trgotsoer of thenocR gene on its own and in
combination with the operator sequence is ableepress expression of timecP gene to a
certain extent even in the absence of the NocReprothis indicated that the two promoters
are transcriptionally coupled and that local supkcity has a role in the regulatory
mechanism by which NocR regulates expression ofthE gene. It was also shown that the
operator sequence is able to influence the supergdevel of a plasmidn vitro, depending
on the overall level of cellular superhelicity.

Putting these results together, a novel type ofrraeistic model was developed to explain the
means by which NocR regulates expression ofribe® gene in the nopaline catabolism
region of theA. tumefaciens Ti plasmid pTiT37. According to this model, bindirof the
NocR regulatory protein to theoc operator located in a remote position relativetie
regulatednocP promoter, in combination with the negative locapercoiling generated by
the transcription of thaocR gene, represses expressiomadP, because in this situation the
spatial position of the hexamers of thacP promoter is not favourable for transcription. In
the presence of nopaline, the conformation of tloeRN proteinnoc operator complex is

altered in such a way that the operator eithesffppm B- to Z-form or, if it was already in
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Z-form in the absence of nopaline, the Z-stretocbxiganded towards thecP promoter. This

conformational change results in removal of helicahs and local supercoils in the region
thus bringing the hexamers of thecP promoter into the correct spatial arrangement for
transcription. This means of regulation representsoordinated, energetically favourable

adaptation and survival strategy fagrobacterium living under suboptimal conditions.

This thesis is based on four first-authorship refrpublications. The results were also

communicated in ten conference presentations.



