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ABSTRACT

The ferric uptake regulator protein Fur regulatesnidependent gene
expression in bacteria. In the human pathddelicobacter pylori,Fur has been shown
to regulate iron-induced and iron-repressed gddesein we investigate the molecular
mechanisms that control this differential iron-resgive Fur regulation. Hydroxyl
radical footprinting showed that Fur has differdninding architectures, which
characterize distinct operator typologies. On ojpesarecognized with higher affinity
by holo-Fur, the protein binds to a continuous AT-richegth of about 20 bp,
displaying an extended protection pattern. Thiadscative of protein wrapping around
the DNA helix. DNA binding interference assays witie minor groove binding drug
distamycin A, point out that the recognition of thelo-operators occurs through the
minor groove of the DNA.

By contrast, on thepo-operators, Fur binds primarily to thymine dimerghin a
newly identified TCAT 10T T consensus element, indicative of Fur bindingrie side

of the DNA, in the major groove of the double heliReconstitution of the
TCATTn10T T motif within a holo-operator results in a feature binding swap from an
holo-Fur- to anapoFur-recognized operator, affecting both affinitpdabinding
architecture of Fur, and conferriago-Fur repression featur@s vivo.

Size exclusion chromatography indicated that Fua dimer in solution. However, in
the presence of divalent metal ions the proteabis to multimerize. Accordingly, apo-
Fur binds DNA as a dimer in gel shift assays, wil@resence of iron, higher order
complexes are formed. Stoichiometric Ferguson arslgdicates that these complexes
correspond to one or two Fur tetramers, each btwmad operator element.

Together these data suggest thatape andholo-Fur repression mechanisms
apparently rely on two distinctive modes of operazognition, involving
respectively the readout of a specific nucleotidasensus motif in the major groove
for apo-operators, and the recognition of AT-rich stretche the minor groove for
holo-operators, whereas the iron-responsive bindingnigffis controlled through
metal-dependent shaping of the protein structurerder to match preferentially the

major or the minor groove.






CONTENTS




Vi



Contents

CONTENT S Lo rrrrr e e e e e e e e e e e e e e e e e e bbbttt e s e e e eees s s s s s nsannnnes Vv
INTRODUGCTION ...ttt e ettt e e e e e e e e e e e eeeeesebbbeneees 9
I o T [Toto] o F= Tox (=] g o) (o PSRN 11
1.1 Epidemiology and iNfECHION ..o e oo e e 11
1.2 Genome and regulatory fuNCLONS.......cccceeaeiiiii e 13
2.METAL ION HOMEOSTASIS ..ottt eeeeeeeeees s 16
2.1GeNEIAl FRALUIES .....vueiiiiiiiee ettt e e e aeeneeees 16
2.2 110N HOMEOSTASIS ....ooviiiiiiieieiis e s ettt e e e e e e e e e e s s s s s bee e e e e e e 17
2.3 Regulation of Iron HOMEOSLASIS .........commmmeevrrmiiiiiiiieeeeeeee e 19
3. THE TRANSCRIPTIONAL REGULATOR FUR ..ottt 20
3L OVEIVIEW ...ttt ettt ettt et e e e e e e e e e e eeeb e e e e e e 20
3.2 Structure-function relationship: mechanismsai sensing
and alloStEriC ACHIVALION ............immmn e e e e e ee e 21
3.3 Recognition of DNA: Fur box consensus sequamck
FUr-DNA INTErACIONS ....vvviiiiiiiiee et e e e e eee e 25
4. FUR REGULATION oottt e e e e e enaeennns 29
4.1h0l0-FUr reguIation .............ooviiiiiiiii oo e 29
VAN Ve Lo U g LT U] F= U1 o] o 31
4.3 Autoregulation Of FUE ..........iiiiii e 33
4.4 FUP ACHIVALION ...ttt e e ceeee ittt ettt e e e e e e e e e e e e s s s nnneee e e e e eeeas 34
4.5 Focusing oholo- andapo+ur repression: target genes and DNA-binding. .. 35
RESULTS L.ttt ettt e e e e e e e e+ 444 a4 e e e e sttt e et e e e e e e aaanansssssssssnnenneees 39
5. Fur shows a distinctive binding architecturehmho- andapo-Fur recognized
L0 01 CT = 1 (0] PP 41
5.1 Fur binding architecture omgg and Br.........cocovnrnniiniinie 41
5.2 Fur binding architecture 0Ref21aNd Bacaz. . ovvvveviieieeiiiiiiiieiie e 46
6. TCATTh10T T: Consensus motif fapo-Fur recognized operators. .........cccceeunnn.. 48
7. TCATTn10l T is the recognition element for Fur binding toagoo-Fur
(g=Totolo aTV4=To ol o1=T =1 (o] (R 50
8. Helical phasing of TT dimers affedi®lo-Fur binding architecture on
ANAPO-OPEIALON ....eietieeeii et e et e s e e et e e e et e e e et e e e en e e eeba e eeennnnns 53
9. Reconstitution of the TCAT kT T motif within anholo-operator changes the
holo-Fur operator into aapo-Fur recognized operator. .. cereee DB
10.Reconstitution of the TCATkoT T motif within anholooperator affects
FUr-regulationin VIVO. ..........uuiiiiies e e e e e e e e e e e e e eeeeeaeennnnes 59
11.Recognition of either minor or major groove DNAaddishes Fur binding
to theholo- andapO-OPEratorsS. ......cooooe i 61
12.Stoichiometry of Fur-DNA complexes within thelo- and theapo-operators. 65
DISCUSSION ...ctiiiiiiiieeee et 2 214 e sttt e et e e e aaaaaeeenaaaesssseseneneeees 69

VIl



Contents

MATERIALS AND METHODS... ERRORE. IL SEGNALIBRO NON E DEFINITO.

13.Bacterial strains, plasmids and growth conditions.............cccoevvvvviiiiiccinnnnnn. 81
14.DNA ManipUIatiONS ......ccoiiiiiiieiiiiiiie s s e e e e e e e e e e e e e e eeeeeeaann e 81
15.Cloning of Fur operator regiONS...........coevieuiiiiuuumiiiiaaaeaaae e e e e e eeeeeeeeeereeenennn 84
16.Purification ofH. pylori FUr Protein ..............eiiiiiiiiiie e 84
17.Electrophoretic Mobility Shift assay (EMSA) .. cceaueiiiiiieiieiiiiieeeeeiiiiieeeenn 85
18.Probe preparation and Hydroxyl radical footprinting..............coeevvvevveennnnnnnn. 87
19.Distamycin A iNtErferenCe asSaAYS. .....ccuvicceeeeeeeeeee e e e e e e 38
20.Determination of Fur oligomerization by Native PA@terguson analysis).....89
21.Construction ofacZ transcriptional fusions and integration into YaeA
o ToT W IS0 = T )Y/ o] 1 89
22.RNA isolation and Primer extension analySiS o.c.........coouuviviiiiiiiininnneeeeeeeee, 90
REFERENGCES ..ottt sttt e e e e e e e e e e e e e e e s s s sss s snaasrsesaaeeaaaeasssesannnns 91

Vil



INTRODUCTION




10



Introduction

1. Helicobacter pylori

1.1 Epidemiology and infection

Helicobacter pyloriis a gram-negative, spiral shaped, microaerophdicterial
pathogen (Fig. 1), which colonizes the mucosaldayerlying the gastric epithelium
of the human stomach. Isolated in 1982 by Robinré&faand Barry Marshall, it is
recognized as the principal causative agent ofrebractive gastritis (Blaser, 1990), as
well as gastric and peptic ulcer diseases (Noretira, 1994), and is associated with
the development of B-cell mucosa-associated lynmgphissue lymphoma and gastric
adenocarcinoma (Peek al, 2002, Duet al, 2002, Parsonnett al, 1994).

Fig. 1 Electron micrograph of Helicobacter pylori. H.pylori in vivo and under optimum in vitro
conditions is an S-shaped bacterium with 1 to 3 turns, 0.5 x5 um in length, with a tuft of 5 to 7
polar sheathed flagella. Field emission SEM, bar = 0.5 um. Image form (Mobley et al., 2001).

While the infection is chronic and often asymptamathis bacterium infects
over 50% of the world’s population (Durat al, 1997). The sheer number of infected

individuals leads to a significant number lf pylori-associated diseases cases each
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year, worldwide. Moreover, since colonization usualccurs early in childhood and
remains throughout the person’s life if the infentiis not treated with antibiotics
(Blaser, 1990, de Reus al, 2007), the chronicity increases the likelihoodisease.
For these reasond. pylori is considered an important public health problerthw
serious economic consequences and the World Heaghnization has classified the
organism as a class 1 carcinogen in 1994 (Bouetad, 2009).

After initial infection, H. pylori rapidly reaches to the gastric mucosa layer in
close contact with epithelial cells (Josenhatsal, 2007). There, the bacterium is
continuously faced with harsh physiological coradis such as mild to strong acidity,
fluctuating nutrient, availability and osmolaritgxygen tension and a vigorous host
immune response. Thereford, pylori produces a number of factors to cope with
changes in the micro-environment and the host respdgvan Vlietet al, 2001a).
Several factors that facilitate its survival, sashflagellins (Suerbaumt al, 1993) and
urease (Cussaet al, 1992), and that are associated with pathogenisisthe cag
pathogenicity island (Covacat al, 1993) and the vacuolating toxin (Telfoed al,
1994, Coveret al, 1994), have been extensively studied, and sgamfi advances
regarding the regulation of these factors have eade (Akadaet al, 2000, Joycest
al., 2001).

H. pylori infections can be successfully cured with antilsiotreatment,
associated with a proton pump inhibitor (Megraetdal, 2003). Unfortunately, the
available antimicrobial therapies are beginnindoe efficacy principally because of
insurgence of antibiotic resistance, which freglyeeimerges de novo ifl. pylori.
Altered expression of gene products sensitive tobiatic treatment seems to be
especially important for resistance to penicillaml especially nitrimidazoles, the most
common form of resistance encounteredHinpylori (Gerritset al, 2006). However,
because it would be unrealistic to use antimictothiarapies to eradicate an infection
that affects 50% of the world population, it rensamecessary to explore and identify
both bacterial and host markers to diagnose indalglat high risk for the most severe
infection outcomes, as well as to develop new &ffedcherapeutic strategies. For these
reasonsH. pylori remains a bacterial pathogen of major medical mapae. This was
acknowledged by the Nobel Price for Medicine in 2@0 Warren and Marshal who
first discovered the bacterium (Marshetlal, 1984).
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1.2 Genome and regulatory functions

The complete genomic sequence of fAlupylori strains derived from unrelated
clinical isolated are currently available [Hp 26695ombet al, 1997); Hp J99(AIm
et al, 1999);HpAGL1, (Ohet al, 2006) and HpG27, (Baltrwet al, 2009)]. AlthoughH.
pylori was believed to exhibit a large degree of genoamd allelic diversity, the
overall genomic organization, gene order and ptedigene products of these strains
were found to be remarkably similar (Alet al, 1999).

The H. pylori genome is 1600 kb long and contains approximat&80lopen
reading frames (ORFs) of which 60% were similagémes of known function and
could, therefore, be designated a putative ideatitbon, 18% showed similarity to
genes that are conserved throughout other badiatido not have a known function
and 23% were specific td. pylori (Alm et al, 1999, Scarlatet al, 2001).

One of the most striking features of tHeylori genome is the singular paucity
of transcription factor and regulatory protein peged (Scarlateet al, 2001, Tombet
al., 1997). Analysis of genome led to the identificatiof only 32 gene products
classified as having a possible regulatory funcodémwhich only 17 are predicted to
have a role in the regulation of transcription (F2). This is approximately half the
number of those reported fét. influenzaewhich has a genome of comparable size to
H. pylori and less than a quarter to those predictedEfazoli. In addition, only one-
third of the number of two-component regulatorytegss ofE. coli are present i.
pylori which possesses only four sensor proteins and segponse regulators (Tomb
et al, 1997).

The low abundance of regulators is consistent witemall genome, where
transcription factors have been lost due the alesehselective pressure (Madan Babu
et al, 2006), reflecting the reductive evolution of tlpathogen, which has been
attributed to a constrained gastric habitat and @bsence of other competitive
microrganisms in this hostile environment (de Reztsd, 2007).

There is, however, evidence thit pylori uses other mechanisms of regulation.
These include slipped-strand mispairing within ge#senhanst al, 2007) and in
putative promoter regions (Alnet al, 1999) and methylation by its nine type I
methyltransferases (Maragt al, 1999). Until this moment, little was known regagl

posttranscriptional or translational control kh pylori, even if evidence from two-

13



Introduction

dimensional gel electrophoresis analysis has steddbat these exist (Laugt al,
2000). However, a recent work reported a map optireary trascriptome dfl. pylori
that reveals an unexpected complex RNA output fileisismall and compact genome.
Accordingly, 60 small RNAs including thesubdivision counterpart of the regulatory
6S RNA and associated RNA products and potentiglila¢ors ofcis- and trans-
encoded target messenger RNAs has been identSleatihaet al, 2010).

Finally, theH. pylori genome does not have extensive operon structareexample,

the flagellar regulon is not contained in operonsthis organism, which further
confounds the apparent lack of regulation.
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Fig. 2 Schematic representation of H. pylori genome and map position of regulatory genes
(Scarlato et al., 2001, Tomb et al., 1997). Outer concentric circle: predicted coding regions on
the plus strand; second concentric circle: predicted coding regions on the minus strand.
Symbols: green arrow boxes, sigma factors (3); blue arrow boxes, sensor kinase (3); yellow
arrow boxes, response regulator (5); red arrow boxes, transcriptional regulator (7).
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Thus, despite the limited number of proteins pué&dyi involved in regulation of
transcription functions (as deduced from genorHe)ylori seems to use complex and
fascinating mechanisms to control transcription.e Tkey issue is how the few
regulatory proteins dfl. pylori can exploit their functions in order to regulattedent
sets of genes in a coordinate manner. Globally, dierdinated expression of the
genetic repertoire is controlled by the transooipél regulatory network (TRN), which
controls the decision making of the bacterium irspmnse to changes in the
environment (Balazset al, 2005). Recent evidence points to a very shalléviHo
pylori TNR in which the few regulators are encompassddun main modules which
process the physiological responses needed toizeltime gastric niche: respectively,
heat and stress response, motility and chemiotaasl acclimation and metal ion
homeostasis (Danielet al, 2010). For example, a tightly controlled metalfficking

is at the basis of the activation mechanism ofNifé-dependent urease and theNi
Fe?'] hydrogenase (Mehtet al, 2003). These two enzymes are central playerken t
infectious process: urease allows buffering of theidic micro-environment
surrounding the bacterium through the conversioexagenous urea to ammonium and
bicarbonate (Saclet al, 2003, Tsudat al, 1994), while hydrogenase allows infection
through breakdown of hydrogen, an energy-yieldimgssrate that is freely available in
the stomach (Maiegt al, 1996, Olsoret al, 2002).
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2. METAL ION HOMEOSTASIS

2.1 General Features

lons play an important role in the metabolism d¢foagjanisms as reflected by the wide
variety of chemical reactions in which they taketplbns are cofactors of enzymes,
catalyzing basic functions such as electron tramspedox reactions, and energy
metabolism; and they also are essential for maiimgithe osmotic pressure of cells.
Because both ion limitation and ion overload deJeywth and can cause cell death, ion
homeostasis is of critical importance to all livimgganisms. In bacteria, this is

achieved by balancing their uptake, efflux, utiliaa, and storage (Fig. 3).

Transport (uptakelefflux)

[ lon Homeostasis ]

Fig. 3 Schematic representation of the mechanisms involved in maintaining ion homeostasis.

Maintaining ion homeostasis requires both sensategys to detect the
cytoplasmic ion concentration and effector syst&mmestore normal cell conditions, or

to cope with stress caused by ion imbalance. Fostnans, the cell can affect
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homeostasis through regulation of the expressidhegctivity of its uptake and efflux
systems. Since import of many cations appears taefaively nonspecific, the
corresponding regulatory mechanisms are probaldgdaainly on ion-specific efflux
pumps. For some ions the existence of cytoplastoi@ge proteins allows for more
complex homeostasis mechanisms. lon storage psotemove excess ions from the
cytoplasm and keep them in a nonreactive form, wk&En be accessed when the ion
becomes scarce (van Vliet al, 2001a).

The ion-responsive regulatory systems of bactesizally consist of a single
regulatory protein that combines sensor and effeftinctions in one molecule. It
senses the cytoplasmic ion concentration and, vaoéinated, can induce or repress
transcription of the corresponding uptake, efflard/or storage systems (Silwetral,
1996). This ensure that the cytosol have the propemplement of transition metal ions
(Blencoweet al, 2003).

2.2 Iron Homeostasis

Iron is an essential element for most bacteriagnagy enzymes involved in
cellular metabolism require iron as a co-factor.cdwdingly, ferroprotoporphyrin
(heme) groups are essential moieties of many enzymvelved in bacterial respiration,
electron transport, and peroxide reduction. Irolfusproteins participate in electron
transport reactions, anaerobic respiration, amimid ametabolism, and energy
metabolism. Finally, iron-containing non-heme, nam-sulfur proteins are required
for DNA synthesis, protection from superoxide, angino acid biosynthesis.

In addition, in bacteria, the level of iron detenes the expression of several virulence
factors (Braun, 2005, Litwiet al, 1993).

Although iron is considered an abundant elemennature, under aerobic
conditions, most iron exists in the insoluble*F®rm. Reduction of F& to F&" is
toxic to cells because Fehas the ability to generate hydroxyl radicals byatysing
the Fenton reaction (Imlagt al, 1988, Hantke, 2001). Several proteins, such as
albumin, ferritin, lactoferrin and transferrin, pest in humans, reduce this toxicity by
sequestering free Eeand oxidizing it to insoluble P& which is not readily available

to support bacterial growth (Weinberg, 1978).
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Hence, the survival and growth of bacteria durimigdtion depends on their ability to
interact with and acquire iron from the host. Baaetbave evolved several mechanisms
to help utilization of host iron-bound compoundsedily, or to separate iron from other
host sources. Under iron-limiting conditions, mdscteria produce small iron-
chelating molecules called siderophores, which sznbilize iron in the environment
and present it to specific receptors for transpad the bacteria (Brauet al, 1998,
Braunet al, 1999).

Unlike many other organismbl. pylori does not synthesize siderophores (van
Vliet et al, 2001a). This is confirmed by analysis of thepylori genome sequence,
which does not contain homologs of siderophore®gis genes (Bergt al, 1997).
Compared to the range of iron compounds that dtheterial pathogens likE. coli
and Salmonella entericaserovar Typhimurium can utilize, the number usgdHb
pylori is limited. Feeding assays indicate tHafylori uses only very few siderophores
produced by other organisms (Bexgal, 1997, Hussort al, 1993, lllingworthet al,
1993). This limitation regarding iron acquisitionaynhave developed owing to the
absence of competition for nutrients by other nocganisms and the relatively low
number of iron compounds available in the humamath. In fact, in the gastric
mucosa, the iron is complexed into haemoglobinh@ated by transferring in serum or
by lactoferrin. As the conditions in the gastrieanlen and mucosa are predicted to
stabilize the soluble ferrous iron, it is likelyathin contrast with many other bacterial
pathogens, ferrous iron uptake plays an importletforH. pylori.

The genome sequence bf pylori suggests that this bacterium possesses
several iron acquisition systems including botmdes (F&") and ferric uptake systems
(Alm et al, 1999, Tomkbet al, 1997). In addition, it is known th&t. pylori is capable
to uptake iron from human lactoferrin and haem @éu%t al, 1993, Dhaenenst al,
1999, Worstet al, 1999). Importantly, it seems thiet pylori infection is associated
with a decrease in human serum ferritin concemtnathat might be induced by the
uptake of ferritin in the stomach b/ pylori (Berget al, 2001). AccordinglyH. pylori
infections have been also epidemiologically linkeith disorders in iron metabolism
and iron deficiency anemia, especially in adolesega pregnant women (Muhseh
al., 2008).

Furthermore,H. pylori possesses also iron storage and iron detoxificatio
systems. This allows the cell to be protected fn@mn toxicity and also provides for an
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iron deposit, which is available when iron is seaBacterial iron storage proteins can
be divided into two classes: ferritins and bacferiitins andH. pylori contains one
ferritin, the 19-kDa prokaryotic ferritin (Pfr) pi@in (HP0653), and one putative
bacterioferritin, the HP-NAP protein (HP0243).

2.3 Regulation of Iron Homeostasis

Bacteria regulate their iron-uptake and iron-steragstems in response to the
cytoplasmic F& concentration in order to reduce the generatiotoxit radicals that
will damage biological macromolecules (Braenal, 1999). When this concentration
becomes too high, bacteria switch off their highrély iron uptake systems.

On the other hand, continuous uptake of iron cectite need for removal of iron from
the cytoplasm and storage of excess iron. Thedhglrole of soluble metal-storage
protein is often essential to this task. Thesegangt from one site protect the cell from
the toxic effects of intracellular free metal icarsd, from the other site, should release
the metal ions to metallo-enzymes and/or specigtafio-chaperones vehiculating the
metals to the correct metal binding pockets of éheymes, in order to trigger their
enzymatic activity.

Thus the iron homeostasis is tightly controllecthbat the protein level, through
incorporation of free metal ions into metallo-prote and more importantly at the
transcriptional level, through the regulated expims of genes encoding metal-
trafficking proteins, including storage and uptabeoteins. In many bacteria, this
transcriptional regulation is mediated by the feuptake regulator Fur (Crosa, 1997,
Escolaret al, 1999).

In contrast, this process in eukaryotic organismasus mainly at level of translation
through the binding of a regulatory protein to sfieenRNA transcripts (Schneideat
al., 2000).
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3. THE TRANSCRIPTIONAL REGULATOR FUR

3.1 Overview

The ferric uptake regulator Fur is a widespreaddsad protein that regulates
the expression of iron-uptake and iron-storageesiystin response to intracellular iron.
The Fur protein has been best characterizésl roli (Bagget al, 1987, de Lorenzet
al., 1987, Hantke, 1981), and Fur homologous have tmerd in both Gram-negative
bacteria and Gram-positive bacteria (Bstaal, 1998, Xionget al, 2000).

Fur is a key regulator of iron metabolism, but iffedlent organisms it clearly
plays a role in numerous other aspects of physyol@igscolar et al, 1999). In
particular, inH. pylori, the relative paucity of transcriptional regulatacombined with
the necessity to respond to environmental strgssesChapter 1.2), may have resulted
in H. pylori Fur (HpFur) being involved in the regulation of other atilag responses.
(Ernstet al, 2005a). Thus, other than regulation of iron meliam, HpFur has also
been implicated in the regulationaxfid resistance (Bijlsmet al, 2002, Bury-Moneet
al., 2004, van Vlietet al, 2004), nitrogen metabolism (van Vliet al, 2001b, van
Vliet et al, 2003) and oxidative stress resistance (Duletaal, 2000). Further, Fur-
mediated regulation is also required for gastric colonizatiby H. pylori, as
demonstrated in a mouse model of infection (BuryaBlet al, 2004, Ganczt al,
2006).

Therefore, due to Fur involvement in the regulattbmany other processes in the cell,
it is tempting to also consider Fur like a globalgulator rather than a simple
transcriptional regulator (Escolat al, 1999). The importance of Fur as global
regulator is reflected by more than 200 identifiadyet gene loci itd. pylori genome,
as shown in a genome-wide location analysis (Dargehl, 2006).

In the classical Fur regulation paradigm, Fur astsranscriptional repressor in
the presence of iron, which acts as co-repressomating the binding affinity of Fur
to AT-rich DNA elements, termed Fur-boxes, encorspdsin the core promoters of
iron-regulated genes (Escoler al, 1997, Escolaet al, 1999). Thus, Fur binding to
the Fur-boxes, occludes the promoter from beinggeized by the vegetative RNA
polymerase (RNAP) holoenzyme, resulting in traqdm@nal repression of target genes.
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However, under low iron conditions the iron-freer Fapo+ur) has a reduced affinity
for the Fur-boxes allowing the RNAP free accesthopromoters of the downstream
genes. Classical Fur-regulated promoters are regulesnder iron replete conditions
and derepressed under iron starvation conditions.

Fur represents the founding member of a family egfutators composed by
several subclasses of bacterial metalloproteingsé@proteins differ in function and
have different DNA-binding sites but are all invetlin metal-dependent control of
gene expression. However, the Fur family includesnimers that sense metals in the
cell as well as other signals than metal ionsuiticlg the sensors of zinc starvation Zur
(Gaballaet al, 1998, Patzeet al, 1998), the manganese-uptake regulator Mur (Diaz-
Mireles et al, 2004), the nickel-selective regulator Nur (Aleh al, 2006) and a
hydrogen peroxide stress-sending repressor, PeoR, Bacillus subtilis(Bsat et al,
1998) PerR is capable of binding £eor Mn2+ to a metalloregulatory site which
represses the expression of genes that contrapmmsee to KD, and oxidative stress,
through a singular mechanism in which the iron-mgdsite now functioning as a

metal-based sensor of peroxides (ketal, 2006b).

3.2 Structure-function relationship: mechanisms of iron sensing and
allosteric activation

The H. pylori fur gene was originally isolated as coding sequende &b
partially complement a&. coli Afur knockout strain (Bereswikt al, 1999, Bereswill
et al, 1998). The deduced polypeptide sequence prediptotein of ~ 17 kDa mass,
containing 150 residues, with high homology Eo coli Fur (EcFur). Accordingly,
antibodies directed againgtFur cross-react with thepFur protein (Bereswilkt al,
1999). It also shares extensive sequence and sagostducture homology to the broad
family of Fur-like metallo-regulators found in Gramegative and Gram-positive
bacteria, including?seudomonas aeruginosaur PaFur), B. subtilisPerR BsPerR),
Mycobacterium tubercolosiZur (MtZur) (reviewed Leeet al, 2007b). Biochemical
and spectroscopic studies indicated that Fur pretassume a homodimeric tertiary
structure (Pecquest al, 2006, Pohkt al, 2003) and are able to multimerize also in
the absence of target DNA (Delargt al, 2002a, Vitaleet al, 2009). Evidence
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gathered from the first, and currently sole, cortgptaystal structure d?aFur, suggests
that each monomer contains two winged HTH motifssompassed in the N-terminal
DNA-binding domain, and a dimerization domain, edex by the C-terminal half of
the polypeptide sequence. More in details, the DiN#Ading domain is composed of
four helices followed by two-stranded antiparalfekheet, while the dimerization
domain of eacliraFur monomer consists of af3-domain in which thre@-strand are
covering in one longi-helix (Fig. 4). Both structural elements are inem in the
formation of a functional protein dimer (Padtlal, 2003).

Structural site

Regulatory site

Fig. 4 Ribbon diagram of the crystal structure of the Pseudomonas aeruginosa Fur. A Fur
dimer with secondary structural elements annotated, are shown in the left panel. The DNA-
binding domains are depicted in blue and the dimerization domain in green. The symmetry-
related second monomer is shown in light blue and green. In the crystal structure two
functional metal binding sites were identified: structural site and regulatory site (right panel).
Adapted from (Pohl et al., 2003, Pennella et al., 2005).
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Although the crystal structure éfpFur is not available, sequence alignments of
HpFur along withPaFur and other several Fur proteins revealed sigamti differences
in protein structure, one of which consists in ddigonal N-terminal helix irHpFur
protein that may be involved in DNA recognition,val be discussed below. (Fig. 5)

Extensive studies ikcFur, PaFur, Bg-ur, as well asipFur indicated that each
Fur monomer contains at least two related metalib@sites: a structural zinc binding
site (Zrf) and a regulatory binding site (Znin which the ZA" ion is readily exchange
by the regulatory ion E&(or also MA") (Pennellzet al, 2005, Pohkt al, 2003) . The
regulatory site, responsible for activation of DNdkding activity, is coordinated by
the side chain of residues His-86, Asp-88, Glu-Hig;124, located exclusively in the
dimerization domain. The structural site connebts DNA-binding domain and the
dimerization domain and comprises the side chditis82, Glu80, His89 and Glu100
in a tetrahedral geometry (Fig. 4 and Fig. 5).

In HpFur, metal chelation with EDTA disrupts the *Zsubstituted dimeric
form into a monomer, while reconstitution of thenér requires reducing agents and
metal ions such as Zhor Cd* (Vitale et al, 2009). This strongly suggests that the
structural Zn binding site is important for the timkrization of the protein. In contrast
to PaFur, where the structural site contains a zinc emordinated in tetrahedral
geometry by two histidine and two glutamate ressd(see above and Fig. 4 and Fig.
5), in HpFur the structural zinc ion is coordinated by twBXT motifs (specifically
Cys102/Cys105 and Cys142/Cys145), conserved aldttdnr andBsPerR (Vitaleet
al., 2009). The coordination of the structural zino ia a ZnCys4 motif is closer to
BsPerR (Leeet al, 2006b), than t&EcFur where the Zfi ion is coordinated by two
cysteines, one histidine and one aspartate (Jaeuetnal, 1998). In this light, it is
noteworthy to recall thaBsPerR is involved in regulation of redox gene®Birsubtilis
(Fuangthonget al, 2002), using the ferrous ion coordinated at #gulatory site as
reducer of hydrogen peroxide, thereby catalyzirey diRidation of residues important
for the DNA binding activity of the regulator (Lest al, 2006b, Jacquamaedt al,
2009). This mechanism explains the capacityBePerR to sense and transduce the
hydrogen peroxide signal in a transcriptional outpthis opens the intriguing
hypothesis that alsdpFur may work similarly, combining both iron- as oaesensing

regulatory features.
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3.3 Recognition of DNA: Fur box consensus sequencnd Fur-DNA
interactions

The mode of interaction of Fur with DNA has beemtooversial to date
(Baichooet al, 2002a, Escolaet al, 1999, Lavrraret al, 2003). Fur binds with high
affinity to AT-rich DNA sequences known as a Fuxés. The classical Fur box has
been described as 19 bp inverted repeat GATAATGATQATTATC (Fig. 6A).

GATAATGATAATCATTATC
—_— B ——
B
GATAATGATAATCATTATC
> > «
C

_— 4+—

t GATARTGA.TRHE‘CHTTRTC&
b

FIG. 6. Comparison of models to explain the Fur box consensus sequence. (A) The Fur box is
classically defined as a 19-bp inverted repeat sequence(de Lorenzo et al., 1987), originally
envisioned to bind a single Fur dimer. (B) An alternative view proposes that Fur binds to
repeated arrays of three or more copies of the hexamer GATAAT (Escolar et al., 1998a, Escolar
et al., 1999). According to this model, the classic Fur box is three GATAAT motifs in a head-to-
head-to-tail (6-6-1-6) array. (C) Further studies propose that the 19-bp Fur box results from
two overlapping heptamer inverted repeats [(7-1-7),] that together define a 21-bp sequence
(Baichoo et al., 2002a).

Since Fur is a dimer in solution, it was origingtisoposed that one dimer would bind
to each Fur box according to a model in which Famtacts the major groove of DNA
and the protein symmetry axis is perpendiculaht®o@NA axis (Fig. 7A; (Pohét al,
2003).
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tGATAATGATAATCATTATCa
aCTATTACT. AGTAATRAGE

FIG. 7. Interaction of Fur with DNA. (A) Model of one Fur dimer bound to canonical B-DNA.
Note that the twofold symmetry of the protein dimer follows the pseudo twofold symmetry of
the DNA sequence (Pohl et al., 2003). (B) Model of the interaction of BsFur with DNA. In this
revised model of two overlapping 7-1-7 motif (arrows), two Fur dimers bind the two 7-1-7
motifs from opposite side of the DNA (Baichoo et al., 2002a). The N-terminal DNA-binding
domains are in red and blue, the C-terminal dimerization domains are in green. (C) Model
derived from biochemical characterization of EcFur-DNA interactions. In this new model, the
protein symmetry axis formed an angle of ca. 50° with the DNA axis (Tiss et al., 2005).
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However, this model was not easily reconciled witha typically observed 31
bp footprint, since a Fur dimer would not be expddb protect more than 20 bp in a
DNase | protection assay. In addition, Fur protéamsl to polymerize at many operator
sites to generate footprints that are not simpl&ipie of the 31 bp protected region.
(Escolaret al, 2000). Indeed, Fur binds cooperatively at sonmmpter regions and
generates helical arrays spiralling around the DdN#fplex (Lavrraret al, 2002, Le
Camet al, 1994).

These observations motivated detailed studies wusinthetic oligonucleotides.
As a result, Escolaet al. (1998a) proposed a reinterpretation of 19 bp Fx &s a
head-to-head-to-tail repeat of simple hexamer GATARIig. 6B). Accordingly to this
model, Fur would bind tightly to repeated arraygxémers as long as they contained a
minimum of GATAAT motifs. However, this interpretan is not easy to reconcile
with the dimeric state of Fur and it is not cledrether each hexamer motif represents
the proposed binding sites for one monomer or amed(Escolaet al, 1999).

Compilation and analysis of Fur regulated genes #8o subtilisled to a revised
proposal (Baichoet al, 2002a). A multiple sequence alignment of all idfed fur-
regulated genes led to a consensus Fur box camgagnheptameric inverted repeat (7-
1-7) of TGATAATNATTATCA. Two such motifs, offset bybp, generate a 21-bp
sequence containing the classical 19-bp Fur bax @€). According to this model, the
classical 19-bp Fur box is recognized by two Funrders, each interacting with one of
two overlapping 7-1-7 motifs from opposite faceshef DNA duplex (Fig. 7B).

Recently, the characterization of the DNA-bindirite sn the EcFur by UV
crosslinking and mass spectrometry, has shown Tiged5 of EcFur, contacts two
thymines in position 18 and 19 of the consensus lfx (Tisset al, 2005). This
evidence has suggested a conformational modeledFtin-DNA complex in which the
protein wraps helically around the DNA and its syetip axis formed an angle of 50°
with the DNA axis (Fig. 7C). Furthermore, the bimgliof two dimers was as plausible
in this model as it was in the model in Fig. 7B.

The presence of 19 bp Fur box consensus sequenazsrelated with iron-
repressible genes in numerous bacteria (Baiatoa, 2002b, Grifantiniet al, 2003,
Paninaet al, 2001). In addition, Fur homologue from many diéiet bacteria can at
least partially complement &h coli fur mutant, providing further evidence that DNA-
binding specificity is conserved among many Fur ilrrmembers. Indeed, simply
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searching bacterial genomes for close matchesetd$hbp Fur consensus identifies
numerous candidates for iron-regulated genes.drcéise oB. subtilis approximately
one-half of the Fur regulon could be identifiedthis simple expedient (Baichaa al,
2002b) and a similar correlation was reportedNeisseria meningitidigGrifantini et
al., 2003). This approach misses weaker sites and #itd match the shorter 7-1-7
consensus (and presumably bind only one dimegddition, recent evidence suggests
that in some cases Fur and Fur-like proteins meygmaize distinctly different classes
of DNA-binding sites (Leet al, 2007hb).
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4. FUR REGULATION

The first genes to be linked to Fur control wereeniified as being
transcriptionally repressed by iron, constitutivdgrepressed ifur mutants, and bound
by the Fur protein in the core promoter region.

However, while Fur was first characterized as aioragulatory transcriptional
repressor under iron-replete conditiort®lf+epressor), it has subsequently been
shown to function as an activator and even to spcertain genes in the absence of the
iron cofactor §po+epressor). These diverse types of Fur regulatrendsscussed in

further detail below.

4.1 holo-Fur regulation

The best-described means of Fur regulation is lzked by the iron-bound
form of Fur folour) which displays iron-dependent DNA binding d#bilto
conserved sequences (Fur boxes), located in theqteos of iron-regulated genes,
with iron functioning as repressive cofactor. Funding blocks the binding of RNA
polymerase, thus preventing transcription of thiesget genes (Escolat al, 1997,
Escolaret al, 1998b). This type of regulation is here ternmedb-Fur repression (see
Fig. 8).

A greater understanding of the mechanism of Fuulegign came with the first
description of a DNA binding consensus sequencé& fawoli Fur (see Chapter 3.4 and
Fig. 6A). This consensus sequence became the gwidasd for comparison of types of
Fur regulation across bacterial species and fatlit the understanding of exactly how
Fur functions as a regulator. Although the Fur bd¥. coliis used as the standard to
which other Fur binding sequences are compare, ot clearly conserved in all
organisms that exhibit Fur regulation. AccordingtyH. pylori, the EcFur box is not
well conserved and a proper consensus is currdiiigfined. However, sequence
alignments of several genes regulatechblp-Fur, indicated that the binding sequence
occurs in AT-rich regions oftentimes with repeatAAT, arranged in the consensus
Fur box NNNNNAATAATNNTNANN (Merrell et al, 2003). This consensus

sequence is significantly different from that #r coliand is certainly less conserved,
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even amongH. pylori Fur-regulated genes, than tke coli sequence. While it is
currently unclear, it may be that the requirememtFur binding is less reliant on a
recognition sequence and more related to the dvstraictural configuration of the
target promoter sequencehh pylori. This notion is further supported by the fact that
HpFur is only partially able to complement & coli fur mutant (Bereswillet al,
2000) and that ai. coli Fur titration assay (FURTA-Ec) was not very sucfidsst
identifying Fur-regulated genes h. pylori (Bereswill et al, 1999, Bereswillet al,
1998) until the system was modified to heterologexpgression of thél. pylori Fur
homologue (Fassbindet al, 2000).

Classical (holo-) Repression Apo Repression
+Fe -Fe
apoFur ___holoFur
.

holoF ur apoFur

‘ Iron-uphk>

N iron- _J iron-i
PfrpB+ iron-repressed genes — prr+ iron-induced genes —

Fig. 8 Basic features of holo- and apo-Fur repression. (Left) Classical holo-Fur repression. As
iron becomes increasingly available in the bacterial cell, the iron cofactor binds to Fur protein
and the iron-bound Fur dimers represses transcription by binding the Fur box in their target
promoters and block the binding of RNA polymerase. (Right) apo-Fur repression. Under iron
depletion conditions, Fur is in its apo-form and binds to the Fur boxes of its target promoters.
The binding blocks the RNA polymerase, hence transcription is repressed.
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Even though all of the specifics are not knoWwolo-Fur repression . pylori
has been well documented, and binding to sevena¢ gargets has been confirmed
through DNase | footprinting analysis. Indeed, pinedicted Fur regulon iH. pyloriis
quite extensive (Daniellet al, 2006, Ernstet al, 2005a, Merrellet al, 2003). The
regulon includes mainly iron uptake genes, likgB (Delanyet al, 2001a, Delanyet
al., 2001b) exbB (Delanyet al, 2005) fecA (Danielli et al, 2009, van Vlietet al,
2002) ceuEandfeoB (van Vliet et al, 2002), that are repressed under iron replete
conditions in order to prevent the harmful effeatsron overload. In this way a fine
control of iron homeostasis is maintained (see @hah3).

In addition, holo-Fur regulon includes also other genes involvetuirctions like acid
resistance (van Vlieet al, 2003), colonization and virulence (Daniedi al, 2006).
Thus, is not surprising thatur has been shown to be important for efficient
colonization of the mouse gastric mucosa-bypylori (Bury-Moneet al, 2004, Gancz
et al, 2006).

It seems that iron-bound Fur-regulated gendd.ipylori have one to three Fur
binding sites within their promoters. The siteshwibe highest affinity span the -10
and/or -35 promoter element; the lower affinity Fumding sites are located further
upstream from the primary Fur box (Delagtyal, 2005, Delanyet al, 2001a, Delany
et al, 2001b). This high-affinity orientation supportsetcurrent hypothesis of Fur
competing with RNA polymerase for binding to targgbmoters. Indeed, what we
know about Fe-bound Fur regulation kh pylori agrees with what is seen for many

other organisms and is the most common mechanigrarategulation.

4.2 apo-Fur Regulation

Soon it became clear that Fur regulatioirpylori, goes beyond the classical,
well-documentedholo-Fur regulation. Accordingly, a mechanism of ir@msitive
repression has also been demonstrated. It invateasfree Fur §po+ur) binding to
target promoters, in absence of its iron cofacégo{Fur), to prevent the binding of
RNA polymerase. This phenomenon is here termayeolFur regulation and involves
repression of iron storage genes under iron limaedditions (Fig. 8) (Delangt al,

2001b). While thenholo-Fur repression is conserved across a wide randgecierial
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species, the ability of Fur to repress gene exmess itsapo-form remains unique to
H. pylori. Because th@po-Fur regulation has not been described for othetebial
species and because Fur clearly plays a role ibaglgene regulation in response to
environmental stimuli, and enhances the fitheds.qdylori as pathogen, go on with the
study of Fur inH. pylori is of particular interest.

Theapo-Fur regulon consists of an entirely different gegenes than thieolo-
Fur regulon and is predicted to contain approxitgai® genes (Ernset al, 2005a),
though few genes have definitively been shown teelgelated in this manner.

Expression of the iron storage protein Pfr is ratpd by apo-Fur; pfr
expression is promptly derepressed undéf Feplete conditions but is constitutively
expressed in dur mutant (Bereswillet al, 2000). Distinctively,HpFur acts as a
transcriptional repressor also in this case, wibim iacting as inducer, instead of as co-
repressor (Delangt al, 2001b). Specifically, Fur binds an operator caeping the -10
element of thefr promoter with higher affinity in the absence a@fnrions.

From a bacterial standpoint, repression of the istorage protein Pfr under iron-
limited conditions makes biological sense, as tt@ession of a storage protein in the
absence of a molecule to be stored would be a voasteergy.

Another confirmedapo-Fur target issodB, encoding superoxide dismutase
Binding of Fur tosodBin the absence of iron was demonstrated via elgotneetic
mobility shift assays and DNase | footprinting asa, which have shown that the
sodBpromoter has only one Fur binding region, spannihg -10 and -35 promoter
elements (Ernstt al, 2005b). Recently, it has been demonstrated ts&taa-specific
substitution of a single nucleotide flanking thigecator results in loss sbdBmetal-
responsive and Fur-dependent regulation (Carpeeteal, 2009a). Interestingly,
comparison opfr and sodBFur boxes shows very little sequence homology betwe
them. Additionally, there is little homology witimé knownH. pylori holo+ur boxes
and even less homology with t&e coliconsensus Fur binding sequence (Deleingl,
2001b, Ernset al, 2005b).

The ability of Fur to bind to distinct sites in theesence or absence of iron may
also play a role in the autoregulationfaf gene by an “anti-repression” mechanism
(Delanyet al, 2003).
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4.3 Autoregulation of Fur

While some organisms have additional regulatorgtgins to regulate Fur
expression (De Lorenzet al, 1988, Delanyet al, 2005), autoregulation of Fur is the
most conserved mechanism faf regulation. Fur represses its own expression under
iron-replete conditions. Biologically speakingmikes sense to link the expression of
Fur to the level of available iron, given the daisgef iron toxicity (see Chapter 2). Fur
can be thought of as a rheostat that senses tilaldearon and responds by regulating
its own expression accordingly (Delaetal, 2002a, Delangt al, 2003).

In general Fur autoregulation is the straightforvaclassical holo-Fur
repression. However, in some organisms, Fur autdaggn appears to be more
complex. For example, ihysteria monocytogengs$ur is upregulated under iron-
limited conditions, and the Fur protein is able to bin@nd protect the Fur box region
of its own promoter in the absence of the metal cofactor (lzeéa al, 2007). In
contrast to this antiolour autoregulationyibrio vulnificus Fur has been shown to
bind to and activatiur expression in the absence of iron (lez@l, 2007a).

Fur autoregulation inH. pylori may very well be the most complex Fur
autoregulatory circuit known to date, since it camels both the classicdlolo+Fur
repression and thapo-Fur anti-repression that is also exhibitedvinvulnificus Initial
studies by Delany and colleagues revealed thrediRdmg regions in thél. pylori fur
promoter (Delanyet al, 2002a). The first two operators are likely toibeolved in
repression of thdur promoter, as they encompass both the -10 and -8&qier
elements, but the role of the third and farthesttigam operator was initially unclear
(Delany et al, 2002a). In their subsequent work, the authorsveldothat the third
operator region was indeed important for Fur agoleion and that it functions as a
site forapo-Fur anti-repression (as subsequently showrvforulnificug. Additionally,
operator | is involved in bothnholo+ur repression an@po-Fur anti-repression of
expression through binding Fur in its respectiver® (Delanyet al, 2003). Which
form binds is driven by the prevalence of ironpath forms bind to this operator with
equal affinities. The current model Hf pylori Fur autoregulation also suggests that if
the concentration of Fur dips below a certain letteén Fur binding to operator | is
lost, allowing this site to act as an UP elememtR&NA polymerase (Delangt al,

2003). Given that this organism utilizes Fur intbdats holo- and apo- forms, it is
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perhaps not surprising that Fur autoregulatiorHinpylori is a complex mixture of
holoFur repression andpo-Fur anti-repression. Additionally, with few regtdey
proteins relative to its genome site,pylori would likely have evolved to utilize every
regulatory mechanism it has to ensure proper hotagiss

4.4 Fur Activation

The complexity offur autoregulation inH. pylori points to yet another
regulatory function of Fur; Fur can act as a pwsitiegulator. The first indication that
Fur may act as a positive regulator came from naicey analyses where a number of
genes were suggested to be Fur induced (Daetadli, 2006, Ernset al, 2005a).

However, the process of Fur activatiorHrpylori is currently little understood,
except withnifSwhich encodes a [Fe-S] cluster synthesis protaptgfinting analyses
have identified two Fur boxes located far upstrednthe transcriptional start site in
nifS promoter, associated with a direct positive regoatnechanism (Alamuret al,
2006).

While, for both holo- and apo-Fur repression, the Fur boxes are located near the
transcriptional start site, the Fur boxes for Fetivated genes are all located far
upstream from the transcriptional start site. Tuggests that Fur activation does not
occur in the same manner as a Fur repression. Bggriormal demonstration of
transcriptional activation mediated BypFur and the molecular bases behind this
mechanism have not been provided yet, leaving itapbquestions open whether and
how HpFur can function in vivo as authentic transcriptibactivator, either in itapo

or holo-form.

In fact, in many bacteria positive Fur regulatioashbeen proven to be indirect,
mediated by the presence of small regulatory sSRNWBng post-transcriptionally on
the decay and translation of target mMRNAs (Mastsal, 2007). Similar mechanisms
are not known irH. pylori, but natural antisense transcripts (NATs) and tugtamall
non-coding RNAs, have been reported (Xiab al, 2009a, Xiaoet al, 2009b).
Recently, 60 new sRNA, including 6S RNA, and patmnegulators otis- andtrans
encoded target messenger RNAs have been ideni8lettmaet al, 2010).
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4.5 Focusing onholo- and apo-Fur repression: target genes and DNA-
binding

As discussed above, Fur can act as either a repressan activator and
function with or without its iron cofactor, in iteolo- or apo-form. However, while the
mechanism oholo-Fur repression is well understood, little is knoalmoutapo-Fur
regulation for which the mechanism of action rersainclear.

However, the current data do not suggest a condeswraling sequence fapo-Fur
binding. In addition, the structural features ttetinguish those sites bound by Fur in
the absence of irorapo-Fur) versus the presence of its iron cofactaid-Fur) have
not been elucidates.

In H. pylori, theholo- andapo-Fur repression have been first verified fipB
and pfr genes, which encode an outer-membrane protein ambn-haem iron
containing ferritin, involved in iron-uptake anair storage, respectively (Delaatal,
2001a, Delant al, 2001b).

Delany et al, in 2001 (Delangt al, 2001b), showed that iron affects the
expression of these genes differentially. Accorbiinthe frpB promoter (Ryg) is iron-
repressed in contrast pdr promoter (By), whose expression is iron-induced, reflecting
the unusualapo-Fur repression. Regardless of iron availabilitgthb Rips and By
promoters are constitutively de-repressed in Futantyindicating that the Fur protein
mediates both types of iron-dependent repression.

DNase | Footprinting analyses have also demonsitrttat thefrpB and pfr
gene regulation is directly mediated by Fur, whiohds to multiple operators on,J8
and By promoters regions. Specifically, two Fur operatmase been identified on 3
while three regions of protection have been desdrion Byr. The structural
organization of Rz and Ry is represented schematically in Fig. 9.

On both promoters, the operator with the higheBhiaf for either holo- or apo-Fur
(indicated as OPI), spans the -10 and -35 prona&ments, while the lower affinity
Fur operators are located upstream from the prinfany box. This high affinity
orientation supports the current hypothesis ofdeumpeting with RNA polymerase for
binding to target promoters.

The affinity of the Fur protein for these operatmguences is differentially
affected by the iron in both promoters (Delatyal, 2001b).
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FIG. 9 Schematic representation of P,z (A) and P, (B) promoter structure. Fur binding sites
have been identified through DNase | footprinting analysis by Delany et al 2001. Light grey box
(marked 1) indicates the operator site recognized mainly by the holo-protein, while dark boxes
(marked I, Il and 1ll) indicate operator sites with higher affinity for apo-Fur. For each operator
the numbers refers to their positions respect to the transcriptional start site. On each
promoter, the -10 and -35 regions and the transcriptional start site (bent arrow) are
indicated, and the open reading frames are indicated by horizontal open arrows. Width of
arrows is proportional to the affinity of Fur for the operator sites.

Accordingly, the affinity of Fur for thérpB operator | increases with £e Thus, this

operator is the site with highest affinity fbolo-Fur. In contrast, the affinity for the

36



Introduction

three pfr operators and the operator Il og,@decreases in presence of iron, which

indicates that Fur has the highest affinity inaipo-form (Fig. 9).

Hence, theH. pylori Fur protein exploits different mechanisms of DNAding
that are operator dependent and results in diffileaffects of F&" on the binding
ability of the protein.

Based on this evidence, this study focuses on liaeacterization of the molecular
determinants that underlie the iron-responsive btading using thdrpB andpfr gene
promoters as a functional example for tiodo- andapo+ur-mediated repression.
Herein, we demonstrate the existence of a pechlmding architecture, specifically
associated to the operator typology recognizedthgreholo- or apo+ur. Furthermore,
we show that the binding of th®lo- andapo-regulator is apparently mediatedars,
within the operator sequence, whereas iron modufatatein oligomerization on DNA.
In addition, we elucidate the binding residues inguat for bothholo- and apo-Fur
binding, defining a peculiar consensus motif far @ipo-protein, while highlighting the
important role of the overall DNA structure for thlo-Fur binding. Thus two
distinctive mechanism of recognition are proposadilie specific recognition @po-
andholo+ur targets, respectively. The first occurs throtighspecific recognition of a
peculiar consensus motif in the major groove armdsécond one relies on the specific
recognition of the overall structure of DNA thatrescognized by Fur trough binding

into the minor groove of DNA.

37



38



RESULTS

39



40



Results

5. Fur shows a distinctive binding architecture orholo- and apo-Fur
recognized operators

5.1 Fur binding architecture on Rz and Py,

The ferric uptake regulator (Fur) protein is knotenact as a F&dependent
transcriptional repressor of bacterial promotensld-Fur repression). However, in
Helicobacter pylorj in addition to the classical Fur repression pigrad Fur can
mediate the regulation of iron-induced genes thnoagmechanism that has been
termedapo-Fur repression.

The holo- andapo-Fur repression has been verified on the promaittke frpB and
pfr genes, respectively, and shown to be associatéd daiiferent iron-dependent
binding affinities of Fur for specific operatorsthin the promoter regions of these
genes.

Thus, theHpFur exploits different mechanisms of DNA bindingathare operator
dependent and results in differential effects df Ba the binding ability of the protein
to DNA (Delanyet al, 2001b).

To further characterize theolo- andapo-Fur-DNA interactions, we performed
hydroxyl radical (OH*) footprinting experiments Witprobes consisting of the
promoter regions under studyqp,P and Bi. The use of hydroxyl radicals as the
cleaving agent in footprinting experiments, progidaore detailed information about
the bases directly involved in protein-DNA contatkereby contributing to reveal the
mechanicistic features of protein-DNA interactidratt other methods fail to provide
(e.g. DNase | footprinting)Each promoter probe, end-labelled at either thengodr
the non coding DNA strand, was incubated with iasheg amounts of tag-removed
recombinant purified Fur protein, in the presentd%0 uM MnCl; or 150uM 2,2'-
dipyridyl (a specific iron chelator) and subjected OH* cleavage. Manganese was
used as a co-factor instead of iron, as it is nsteble and has been shown to function
like FE* under in vitro binding conditions (Escolat al, 1999, de Lorenzet al,
1987).

Representative results of OH* footprinting from tading strand of theqks

and Ry promoter probes are shown in Fig. 10. Consistetitly nucleotides protect
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from OH* cleavage fall within the operator regiomeviously identified in DNase |
footprinting experiments (Delarst al, 2001b).
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FIG. 10. Distinctive binding architecture of Fur to the P,z and P,;, promoter regions. Specific
DNA probes for P,z (A) and P, (B) fragments, end labeled in their coding strands, were
incubated with increasing amounts of recombinant Fur protein in presence of 150 uM
2,2’dipyridyl (marked Dipy, left panel) or in presence of 150 uM MnCl, (marked Mn*, right
panel). Lanes 1to 7; 0, 29, 61, 122, 244, 490, 980 nM Fur added, respectively. Left to each gel,
light and dark grey boxes indicated the Fur binding sites, identified by DNase | footprinting
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analysis, with highest affinity for holo- and apo-Fur, respectively (Delany et al., 2001b). The
open boxes on the right indicate the extended region of OH*protection, while the arrowheads
indicate short protected areas from OH* cleavage. A G+A sequence reaction ladder for each
promoter probe was run in parallel (data not shown) to map the protected bases. A bent
arrow marks the transcriptional start site, the position of the -10 and -35 hexamers are
symbolized by open rectangles, and the open reading frames are indicated by vertical open
arrows to the left of each gel.

Summary of protection data on operators from P,z (C) and P, (D). For each operator, the
numbers refer to the position with respect to the transcriptional start site (position1). Open
circles indicate bases protected by Fur on the coding and non coding strand. Among them, the
strong protected bases are shaded in grey. Representative helical projections of the hydroxyl-
radical-protected residues on the OPls,; (E) and OPI,, (F) backbone. Hydroxyl-radical-
protected residues are marked by open circles. Shaded and black bars in the DNA helix
represent adenine and thymine bases respectively.

The OH* footprints highlighted important structumifferences in the interaction of
Fur with its operator regions. On the operator \lid highest affinity foholo-Fur (i.e.
OPkpe), the binding of Fur results in an extended footpof 21 bp, mapping in an
AT-rich region (Fig. 10A and 10C). Furthermore hagher concentrations of Fur, two
short additional stretches of protection, flanksygnmetrically the core of the 21 bp
protected region, appeared (Fig. 10A, lanes 6-&ndd, OH* nicking revealed that Fur
displays an extended protection pattern on an tgetiaat is recognized with higher
affinity by theholo-protein.

Similar results have been obtained from the noningpdtrand, which shows the
identical extended footprint in the same regiortgd®t shown, results are reported in
Fig. 10C). This indicates protein wrapping around the DNA eks sketched in
helical projections of the hydroxyl-radical-protedt residues on a duplex DNA,
modeled as a canonical B-form (Fig. 10E).

In striking contrast, the binding of Fur on operatwith the highest affinity for
the apo-protein (OPI, OPIl, OPIIl on & and OPIl on R), results in a periodic
pattern of four short protected regions of two/foucleotides in length (Fig. 10B and
10D). The two central regions are separated by 1g1while the two flanking
stretches are separated by 8+1 bp from the ceatral Thus, the average periodicity of
regions protected by Fur is close to 10 bp, andptioéected areas on the non coding
strands are offset form those of the coding strdmnd4 nucleotide (data not shown,

results are shown in Fig. 10D). Both these featarescharacteristic of protection of
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the double helix on one face and that access of @ieking is permitted only on the
other face of the helix (Tulliust al, 1987). This indicates that Fur binds to one side
the DNA on these operators, as illustrated in EQ@fF, in which OH*-protected bases
are mapped onto a scheme of B-DNA.

Within the bases directly contacted by #ygo-protein, Fur binds mainly to a
couple of thymine dimers separated by a gap of 1@hg. 10B). Fur binding to
thymine dimers is consistent with results from jpvag work inE. coli, which pointed
to two thymine dimers directly involved in Fur-DNiAteractions (Tisset al, 2005).
Moreover, it has been reported that the T residuwedd be an essential recognition
element in direct contact with the Fur protein (@&acet al, 1998b).

Treatment with the metal ion, or iron chelator.eat§ differently Fur affinity
toward the operators mapping in th@gdand By promoters (Fig. 10, panel A and B
respectively). On ORjg, in presence of M, a protection is detected readily at 29 nM
Fur (lane 2; Fig. 10A) whereas, in the absencehefretal ion, protection occurs at
fourfold higher protein concentration (lane 4; FipA). In contrast, all three P
operators (OR}, OPll and OPIlly) and OPIl on Byg, display an opposite behavior:
the full protection occurs at lower protein concatibn when the regulatory metal ion
is chelated (compare lanes 2 and 7; Fig. 10B aiAd.Ihis is consistent with what has
been previously shown in DNase | footprinting asaly/(Delanyet al, 2001b).

Notably, chelation of iron by the addition of 2@pyridyl resulted in a pattern
of OH* protection that is indistinguishable formathobserved after metal addition,
suggesting that both operators are recognizdubhy as well asapo-Fur (Fig. 10A and
Fig. 10B). Therefore, chelation of the regulatorgtah has no effect on the specificity
of Fur binding, but influences the affinity of th@otein for DNA. This strongly
suggests that the nucleotide sequence of each topalatates the Fur binding
architecture to DNA, irrespectively of the presenédhe regulatory metal ion of the
Fur protein.

Moreover, we verified if the multiple-operator protar organization could
affect Fur binding to single operators, due to pussco-operative effects. For this
purpose, OH*footprinting assays were carried outhensingle Fur operators isolated
from the promoter context (see Material and Methodlbe cloned operator regions
OPbf, OPIlbi OPIllgs form Ry and OP#ys OPlkps from Rype, were end labelled at
either the coding or the non coding strand andesubgl to OH* cleavage, with results
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shown in Fig. 11. The results revealed protectiaitgons identical to those observed on
the entire promoter regions: the same bases wetegbed by Fur (data not shown) and
the binding architecture was maintained (compage FDA and B to Fig. 11A and B,
respectively).
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FIG. 11. Hydroxyl Radical footprinting on isolated DNA operators from Ps,; and P,. Specific
DNA probes for OPlg,z (A) OPllsp,s (B) OPly (C) OPIl (D) and OPIl,, (E), end labeled at their
non coding and coding DNA strands, were incubated with increasing amounts of recombinant
Fur protein and subjected to OH* cleavage. Lanes 1 to 7 contain 0, 29, 62, 122, 244, 490, 980
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nM Fur, respectively. Symbols have been previously described in legend in Fig. 10. A G+A
sequence reaction ladder for each promoter probe was run in parallel to map the protected
bases (not shown).

Also in this case, while the presence/absence dalntvalent ions modulates the
affinity of Fur for different operators, it did noihfluence the specificity and
architecture of Fur binding (data not shown).

Taken together these results suggest that neltbemetal ion cofactor, nor possibie
trans effects due to the promoter structure, are resplentor the specific recognition
of distinctive regulatory elements. Thus, the siie@perator sequences dictate the
binding architecture of Fur to DNA. Consequentlyze t molecular determinant
responsible for the different mode of binding ofr o DNA resides irtis within the
operator sequences. Accordingly, two different afmrtypologies, here naméublo-
and theapo-operators, are characterized by a distinctive ibgnarchitecture of the

protein, which are recognized with higher affinity holo- andapo-Fur, respectively

5.2 Fur binding architecture on Beca1 and Pigeao

In order to verify whether the characteristic bimgliarchitecture of Fur on the
holo- and apo-operators could represent a general rule for idiscating binding of
Fur, we extended OH* footprinting analysis on otker regulated promoters;.R:
and R.caz whose genes have been reported to be iron repressa Fur-dependent
fashion (van Vlietet al, 2002, Danielliet al, 2009). Figure 12 shows the pattern of
protection of Fur on theiRa1and Rscazpromoters probes.

Once more, on operators recognized with higheniaffiby the holo-protein (OPica1
and OPlkca), Fur binds a continuous AT-rich stretch of ab@0tbp, displaying the
extended protection pattern similarly to that obedrpreviously on s OPI (compare
Fig. 10A and Fig. 12A).
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FIG. 12. Distinctive binding architecture of Fur to the Pf.1; and Ps.., promoter regions.
Specific DNA probes for Prca; (A) and Pr, (B) fragments, end labeled in their coding DNA
strands, were incubated with increasing amounts of recombinant Fur protein in presence of
150 uM 2,2’dipyridyl (marked Dipy, left panel) or in presence of 150 pM MnCl, (marked Mn?*,
right panel). Lanes 1 to 7 contain 0, 29, 61, 122, 244, 490, 980 nM Fur, respectively. Left to
each panel, light and dark grey boxes indicate the Fur binding sites, identified by DNase |
footprinting analysis, with highest affinity for holo- and apo-Fur, respectively (Danielli et al.,
2009). The grey box on the right indicate the extended region of OH*protection, while the
arrowheads indicate short protected areas from OH* cleavage. A G+A sequence reaction
ladder for each promoter probe was run in parallel (data not shown) to map the protected
bases. A bent arrow marks the transcriptional start site, the position of -10 and -35 promoter
elements are symbolized by open rectangles, and the open reading frames are indicated by
vertical open arrows to the left of each gel.

In addition, on ORJca2 Fur exhibits a periodic pattern of four protectdas with a
central couple of thymine dimers separated by 1,0attpist the affinity of the protein
remains unaltered in the presence or absence eta regulatory ion (Fig. 12B).

These results validate a direct association betwleempeculiar binding architecture of
Fur and the differential iron responsive bindingtioé holo- and theapo-protein to

specific DNA operators.
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6. TCATT 10T T: Consensus motif forapo-Fur recognized operators

Currently, little is understood about the sequencgsrtant forHpFur binding
to target promoters. One common feature among &xedis the high number of A/T
nucleotides relative to C/G nucleotides. Thus,sitperhaps not a surprise that the
definition of a consensus box is somewhat hinddrgdhe fact that thed. pylori
genome is highly AT-rich (Tomlet al, 1997). Accordingly, a consensus sequence is
still ill-defined and this is true for botiolo- andapo-Fur (Carpenteet al, 2009b).

For holo-Fur binding, a consensus sequence was proposesdistinog of an AT-rich
region encompassing two repeats of the AAT triglerrell et al, 2003). This
consensus sequence is significantly different feinat for E. coli (de Lorenzoet al,
1987) and is certainly less conserved, even antbrngylori Fur-regulated genes, than
the E. coli sequence (Carpentet al, 2009a). Instead, to date, there is no defined
consensus sequence &poFur binding.

To gain information on a putative consensus meiifuired for recognition by
either holo- or apoFur, we performed sequence analysis of the difteaky
recognized operators, previously analyzed by Oltganting assays (Fig. 10 and 12).
The sequence of thrdelo-Fur recognized operators (GR, OPlecar and OPleca)
and sequences of the foapo-Fur recognized operators (@RI OPlls, OPlks and
OPkeca)) Were aligned with the CLUSTAL W computer prograAlignments were
subsequently submitted to the Web LOGO progranutlh & consensus logo sequence
reported in Fig. 13 (Larkiet al, 2007, Thompsoet al, 1994).

For theholo-recognized operators, this analysis revealed awi&Tnucleotide stretch
with  multiple and contiguous AAT triplets, tentaly organized in a
TAATAAT ,ATTATTA inverted repeat (Fig. 13A). By contrastgsence analysis of
theapo-Fur recognized operators led to the identificatdd peculiar consensus motif
TCATT, separated by a gap of 10 bp from a thymimeed (Fig. 13B). Interestingly,
the TCATT 10T T consensus motif encompasses the thymine dimesstlg protected
by Fur in OH*FP analyses (Fig. 10 and Fig. 12).

We conclude that théolo-Fur might recognize sequences within ti@o-operator,
which is an AT-rich inverted repeat, TAATAAJATTATTA, while the apo-Fur might

recognize sequences within the newly identia@d-operator TCAT F1ol T.
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FIG. 13. Consensus motifs of the H. pylori holo- and apo-Fur recognized operators. Sequence
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bases. Alignments were used to generate a sequence logo, reported at the bottom of each
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7. TCATT 10T T is the recognition element for Fur binding to anapo-
Fur recognized operator

The TCATT,10T T motif has been proposed as consensus motihapo-Fur
binding (See Chapter 6). In order to verify theduonal role of this consensus maotif,
we decided to evaluate the binding affinity of @ andholo-Fur on the wild type
and mutantapo-operator. To this aim, we carried out mutagenes$ipfr operator |
(OPLy), that is the operator with highest affinity fietapo-protein (Fig. 9; (Delanyt
al.,, 2001b). We started with mutagenesis of the C bsisee it provides a
discriminating element in the AT-rich background tfe TCATT,1 0T T element.
Sequence analysis of QRI revealed the presence of another incomplete TCATT
element upstream of the identified consensus niéoif.this reason, we substituted the
C base to A in one or both TCATT elements, genegathe mutants OR}.11 and
OPlyrc11-17¢ respectively (Fig. 14A).

The binding of Fur to wild type (ORf) and mutanpfr OPI operators (OBtc11a
and OP{sc11-17a respectively) was investigated by electrophoretability shift assays
(EMSA). EMSA was performed incubating probes encasspg the operators under
study, which spans from positions -36 to +5 of pinemoter regions of thpfr gene,
with increasing amounts of purified Fur proteinpiesence of 150M Fe?* or 150uM
2,2 dipyridyl. Fur-DNA complexes were resolved aative polyacrylamide gels, the
intensity of discrete bands was quantified (witlpleosphorimager), and thepKvas
determined by plotting both free and bound DNA ascfion of the protein
concentration.

Figure 14B shows the binding affinity curves to thidd type operator probe
OPbw. In the absence of iron, 1.5 nM Fur was necestashift 50% of the probe
(Kp), whereas the K of the Fur-DNA complexes formed in presence ohiwas
calculated as 6 nM. Therefore, the affinity @o-Fur is fourfold higher than the
affinity of holo-Fur for OP}sw. These results provide further evidence that gfre
operator | is the operator with the highest af§irigr apo-protein, confirming previous
DNase | (Delanyet al, 2001b) and OH* footprinting assays (Fig. 10)atdition, this

data strengthen the idea that the molecular detamhresponsible for the different,
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metal-dependent mode of binding of Fur to DNA igried in cis, within the operator

sequence.

A

OPlpfrwt TTTACTTTTTCATTABGABETATGCTATAABBATGGGACAAC
OPlpfrc17a  TTTACTTTTTCATTABAREHTATGCTATAABEATGGGACAAC
OPlyfic11-17¢ TTTACTTTTTAATTABEREETATGCTATAAMEATGGGACAAC
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FIG. 14. Role of the TCATT,;,TT motif in Fur binding. (A) Nucleotide sequence alignhment of
wild-type OPI,; and mutants OPlpyfc174 OPlygcir-170 . The identified consensus TCATT,;oTT motif,
and the additional TCATT element are shaded in dark and light grey respectively. Underlined
bold letters indicate the point mutation affecting the TCATT elements. EMSA assays with
OPlpswe (B), OPlpsciza (€), and OPlyscizciza (D). Samples of approximately 0.6 nM of 5’-end-
labeled probes were incubated with increasing amount of Fur protein (indicated below each
graph) in presence of 150 uM Fe** (squares) or 150 pM 2,2’ dipyridyl (triangles). Affinity of Fur
to DNA was calculated by plotting the percentage of both bound (closed triangles and closed
squares) and free probe (opened triangles and opened squares) versus protein concentration
in presence or absence of iron. The K, was defined as protein concentration required to shift
50% of the probe.

In contrast, the binding studies reported in FigCland 14D show that the
mutant operators ORt11aand OPJic11-17aare bound by Fur only at the highest protein
concentration employed in the binding reactions (), both in presence or in
absence of iron. Thus, the affinity of Fur decresasgnificantly for both mutant
operators, despite the absence of the metal cofmctbe binding reaction.

This loss of affinity likely reflects the fact thtte introduced mutation affects the motif
responsible for Fur recognition of this operatoyggesting that an integer
TCATTn10l T recognition element is needed for high affibipding of Fur to arapo

operator.
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8. Helical phasing of TT dimers affectholo-Fur binding architecture
on anapo-operator

The substitution of the C base within the TCATI T motif significantly reduced the
metal-dependent Fur binding to @Rlindicating a key role of this elementapo-Fur
binding. It will be noted that, the two thymine dirs of the TCAT 10T T element are
separated by 10 bp, indicating that they are lacatehe same face of the DNA helix
(Fig. 10F). Therefore, we set out to investigatesthibr the precise helical phasing of
thymine dimers of the TCAT T T element could also be important for preferential
recognition byapo-Fur. We constructed a mutant operator, &Rl in which the
original spacing between TT residues found in fPWas reduced of S5bp,
corresponding to half an helix turn, resulting lyrhine dimers TT located at opposite
faces of the DNA helix (Fig. 15A). Furthermore, tt@nstruction of this mutant places
a CT dinucleotide in the same position of TT dintkus representing also a single T to
C base substitution.
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FIG. 15. Fur binding to an apo-recognized operator as a function of helical spacing between
TT dimers. (A) Nucleotide sequence alignments of OPl,.: and OPls, display the variation in
spacing between TT dimers corresponding to a half helix turn. Thymine dimers are in bold and
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underlined. The TCATT,;cTT motif is shaded in grey. (B) The affinity of Fur for OPl,s, was
determined by plotting the percentage of shifted probe versus protein concentration in the
presence of Fe? or 2,2’dipyridyl, marked as closed squares and closed triangles, respectively.
The amount of free probe was calculated in presence or absence of iron, indicated as opened
squares and opened triangles, respectively. (C) Hydroxyl radical footprints of Fur on the
OPl,zsw mutant operator. Arrows to the right of each gel, mark short protected areas from
OH* protection, while the grey vertical bar indicates extended region of OH* protection. Open
circles indicate bases protected by Fur. Among these, filled circles indicate the strong
protected bases. The first lane marked (-) contains the OH* reaction in absence of Fur protein,
and subsequent lanes contain reactions with increasing amounts of Fur. Lanes 1 to 6
contained 0, 29, 61, 122, 244 and 490 nM Fur added, respectively.

The effects of this mutation on Fur binding to GRJ were investigated first by
EMSA. As shown in Fig. 15B, 4.5 nM Fur was requitecbind 50% of the probe in
absence of iron, while 1.5 nlspo-Fur was necessary to bind the same fraction of the
wild-type OP}y operator probécompare Fig.15B and Fig. 14B). Thus, the affirafy
apo-Fur decreases 3-fold in this mutant. In contrdst, affinity of holo-Fur towards
this mutant operator, Ofgkw, showed an unalteredoK7nM) with respect to the wild-
type OP}s operator | (compare Fig. 15B and Fig. 14B). Thhs, distance of 10 bp
between two intact TT dimers seems to be the keymeht for the preferential binding
of apo-Fur on amapo-operator.

To verify the binding architecture of Fur on thisitant operator, the protection pattern
of Fur binding to the OR{sw was analyzed by OH*footprinting experiments. The
results shown in Fig. 15C indicate that @ygo+ur binding architecture on QRdw
looks very similar to that observed for QR4 (compare left panel Fig. 15C with Fig.
10B and Fig. 13C). In fact, Fur still protects dhstretches of four nucleotides with an
average periodicity close to 10 bp, albeit, in tase, the protein binds mainly two TA
nucleotides dimers separated by 10 bp. Accordingtg affinity of apoFur is
significantly reduced, with protection occurringlypmat 122 nM protein concentration
(compare Fig. 15C; left panel with Fig. 11C) indiwith decreasedpo-Fur affinity
observed in EMSA experiments.

Therefore, the binding architectureagfo+ur on OPJsw is unaffected by mutations of
TT dimers, while the affinity is affected. In coast, in presence of metal ions, Fur

binds just one TA nucleotides dimer and starts xterel its protection toward a
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downstream region of about 15 bp, displaying aiglaextended protection pattern
(Fig. 15C; right panel). Hence, for the first time,differentiation in Fur binding
architecture on the same operator was observessponse to the presence of divalent
metal ions.
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9. Reconstitution of the TCATT, oI T motif within an holo-operator
changes théholo-Fur operator into an apo-Fur recognized operator

Taking into account that thieolo-Fur-box ofH. pylori appear as an AT-rich
region with inverted repeats of AAT triplets (seig.E3 and Merrellet al, 2003) we
reasoned that the well-defined TCARJTT motif could be critical to allow Fur to
correctly discriminate betweeapo andholo-operators. To verify this hypothesis, the
TCATTnol T motif was reconstituted in thlolo-Fur recognizedfrpB operator |
(OPkpe) by substitution of solely four bases within thatime OP{ps nucleotide
sequence. Thereby, a motif similar to that foundhi@apoFur recognized operator
OPLs was created (Fig. 16A).

Once again, the binding affinity of Fur to the wilgpe (OP4pewy) and mutant
frpB operator (OR4esw) Was tested by EMSA in presence of either SDFe** or 150
uM 2,2’ dipyridyl. The binding affinity curves of Futo OPlyewt and OPiyssw
operators are shown in Fig. 16B. TKg of Fur towards ORpew: in presence of iron
was calculated as 11 nM Fur, while tg after iron chelation with 2,2’ dipyridyl, was
27 nM (Fig. 16B, left panel). Thereforkeolo-Fur binds with higher affinity thaapo
Fur to OP{pewt, providing further evidence that thHgpB operator | exhibits higher
affinity for theholo-protein.

On the contrary, 5 nM Fur was sufficient to shi@i% of the ORJpssw mutant probe
when iron was chelated, whereas Keof OPkpgsw binding remained unaltered in the
presence of iron with respect to @fh: (11 nM; Fig. 16B, right panel). Thuapo-Fur
exhibits a twofold increase of affinity to QRdsw over holo-Fur, which instead binds
both OPpesw and OP{pew With the same affinity (Fig. 16B; see curves witbsed
square). In additionapo-Fur affinity for OPjpesw is 4.5 fold higher than that for
OPkpewt (Kp=5 nM and 27 nM for OR}sswand OP4,ew: respectively)

This indicates that Fur binds to Qf¥swwith higher affinity in itsapo-form,
providing the first evidence of a swap in the me&dponsive binding affinity of the
Fur protein. Based on this finding, we concludet ttize reconstitution of the
TCATTn10l T motif in anholo-Fur operator swaps the iron responsive bindinghef

Fur protein.
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Oplfrpgwt TTTTARICTGGIIITAATAATAATTATCATACTATTCEATCCC------
OPIfrszw TTTTAATCTCATTTTAATAATCATTATCATACTATE‘TATCCC ------
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FIG. 16. Feature binding swap of Fur from an holo-Fur to an apo-Fur recognized operator. (A)
Sequence alignments of OPlsygn:, OPlysy: and derived mutant OPlgpg,y, illustrating the
reconstitution of the TCATT,,,TT element in an holo-Fur recognized operator. The extended
protection pattern of Fur on an holo-operator is shaded in grey. Horizontal bars mark the
TCATT elements and TT dimers. Underlined bold nucleotides indicate substitutions from the
wild type frpB operator I. (B) EMSA and (C) OH*Footprinting assays on OPls,gu:, OPlgpges, and
OPl 5. Symbols have been previously described in legend for Fig. 14.
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Next, OH* footprinting were performed to investigavhether the TCATHoT T motif
within the swapped mutant QB4sw could also impair the binding architecture of Fur.
Remarkably, the binding architecture turned frone tigpical extended protection
pattern distinctive of aholo-operator (Fig. 16C, left panel) to a periodic eattof four
protected regions separated by approximately tef €#rsitive base pairs (Fig. 16C,
middle panel). This pattern is very similar to thell-characterized protection pattern,
found in operators recognized with higher affinty the apo-protein (Fig. 16C, left
panel). Consistently, Fur binds mainly the thymdimers separated by 10 bp of the
TCATTnol T element reconstituted in QRB3sw (data not shown), as previously shown
for theapo-operator OR}. (Fig. 10B and 10D). Again metal chelation or réiple had
no effects on the Fur binding architecture (datashown). Thus, the reconstitution of
the TCATT,10l T motif in an holo-Fur operator affects also the Fur binding
architecture, changing the protection pattern of Fu

Taken together these data confirm the feature bignsivap of Fur form aholo-
Fur to anapo-Fur recognized operator and confirms that the TCAJTT consensus
motif is the distinctive element of thepo-operators needed for high affinigpo-Fur
binding. This demonstrates that the specific opesasequence dictates the mode of
binding of Fur to DNA, which implies the distinctis between théolo- and apo

operator as two different operator typologies.
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10. Reconstitution of the TCATT,1oT T motif within an holo-operator
affects Fur-regulationin vivo

In order to verify the role of different operatotgpologies on the iron-
dependent regulation of Fur vivo, two transcriptional fusions were constructed. The
wild-type and swappedfrpB operators, ORpewt and OPilpesw (Fig. 16A),
encompassing th&pB promoter elements, were cloned upstream of a puentess
lacZ gene (ORkgwrlacZ and OPiseswlacZ see Material and Methods). Both
transcriptional fusions were inserted by homologaee®mbination in theacAlocus of
wild-type andfur knockdownmutant strainsH. pylori G27 and G2flr, respectively).

Fur- and iron-dependent regulation of the transicmal fusions was monitored
by primer extensions analyses on total RNA extchétem exponentially growingt.
pylori cultures treated for 15 min with 1mM ¥eor 150uM 2,2'dipyridyl in parallel
with results shown in Fig. 17. In the parental (2ackground, transcription of
OPkpewrlacZ fusion is almost completely repressed by Reeatment (Fig. 17A lane
1). Iron chelation leads to a marked de-repressiothe transcriptional fusion (Fig.
17A, lane 2) while in the G2ur background transcription of OR&wrlacZ is
constitutively derepressed (Fig. 17B, lanes 1 gnd 2

A B
) PfrpBwt ) Pfrszw o) PfrpBwt OPfrszw

+ - - 4+ + - = 4+ Fe

Fig. 17. Primer extension with total RNA extracted at mid-log growth phase from a
recombinant G27 wild-type (A) and G27fur (B) strains, harboring the OPlg,s-lacZ
transcriptional fusions with wild-type OPlss,: and mutated OPlg,g,, Operator | in response to
different environmental iron conditions: 1mM (NH;),Fe(SO,),, or 150 pM 2,2’-dipyridyl
(marked + or —, respectively). The elongated primer is marked with an asterisk.
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This provides compelling evidence that the &Rk holo-operator,
encompassing the native -10 box, retains the mi@edeterminant responsible for the
correct iron-dependent Fur regulation,dis. On the other hand, transcription of the
OPkpeswLacZ fusion, bearing the swappéB operator, is similarly repressed by iron
and constitutively derepressed imfur background. However, the de-repressive effect
of iron-chelation is significantly reduced in tharpntal G27 strain (Fig. 17A and B
lanes 3-4). Thus, the presence of the TCAJNT element, characteristic afpo-Fur
repressed operators, within @fky does not affect the iron-dependent repression
(compare lanes 1 and 4 of Fig.17A) but rather imgptie de-repressive effect of iron
chelation (compare lanes 2 and 3 Fig. 17A).

These data demonstrate that the TCAJNT element confergapo-repression
features to Fur. This is consistent with the imovdata, which showed that the presence
of the TCATT,10T T had no effects on theolo-Fur binding affinity but confers higher
affinity to theapo-protein towards ORpgsswcontaining the TCAT 10T T
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11. Recognition of either minor or major groove DNAestablishes Fur
binding to the holo- and apo-operators.

Fur binding toapo-operators occurs on two TT dimers on the same datke
DNA helix. By contrast, the binding of Fur twlo-operators occurs on continuous
stretch of AT nucleotides arranged in AAT tripl€Esg. 10).

It has been reported that AT-rich tracts, definedhaeee or more As or Ts that
not contain the flexible TpA step, have a strongdécy to narrow the minor groove
(Burkhoff et al, 1988, Crotherst al, 1999, Hararet al, 2009). This structural feature
is exploited by some families of DNA binding protei[Hox protein SCR (Joskt al,
2007), POU homeodomains (Remeayial, 2001), MATol-Mata2 (Li et al, 1998)] to
recognize the enhanced electrostatic potential daduby narrowing of the minor
groove (Roh=t al, 2009, Tullius, 2009). Accordingly, we hypothesizbat a similar
requirement for Fur binding to thelo-operators, could rely on the direct recognition
of the minor groove width or structure, rather thianthe readout of a specific
nucleotide sequence.

In order to verify this hypothesis, we set outrtgplement (DNA-binding) interference
experiments with the minor groove binding drug Bisycin A. With a crescent-shaped
structure composed of planar aromatic groups joibgdamide bonds (Fig. 18A),

distamycin A binds deeply within minor groove at-Ath sequences (Fig. 18B).
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Fig. 18. (A)Structure of Distamycin A; (B) van der Waals diagram of the DNA-Distamycin complex.
Distamycin is colored in grey, whereas DNA follows typical CPK color assignments.
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The binding specificity for AT-rich regions in DN& probably due to better
van der Waals contacts between the drug and graalls in this region, since A/T
regions are narrower than G/C groove regions asal ladcause of the steric hindrance
in the latter, presented by the C2 amino grouphefduanine base (Cadt al, 1987,
Churchill et al, 1990, Van Dykeet al, 1982).

To determine whether the drug would be usefuhterfere with Fur binding to
both theholo- and apo-operator ORLg and OPjs., the binding sites for distamycin
were first characterized by hydroxyl radical foatging (Fig. 19). Specific protections
were detected within the same regions protectefdunyon both OR}s and OPJ;. The
length of protection, 4-5bp in size, is consisteith the length previously reported in
distamycin OH* footprints (Churchikt al, 1990).
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Fig. 19. Hydroxyl radical footprints of Distamycin A on OPlg,z,: and OPIl,,:. Specific DNA
probes for OPlg,gu: (A) OPlyw: (B), end labeled at their coding strands, were incubated with
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increasing amount of minor groove binder Distamycin A and subjected to OH* cleavage. Lanes
1to 6; 62.5, 125, 250, 500, 1000 mM Distamycin, respectively. On the left of each panel, open
boxes define the operator region. The grey box and arrowheads within the open boxes
indicate the regions protected by Fur as previously identified by OH*footprinting analysis (see
Fig. 10). On the right of each panel, small dark boxes map Distamycin binding sites.

The overlapping Fur and distamycin binding pattgrasmitted to ask whether
distamycin binding in the minor groove could inggd with binding of Fur. We used
EMSASs to determine the effect of distamycin on Binding to both théiolo- (OPkpg)
and apo-operators (OR}). The assays were performed by preincubating omera
probes with increasing amounts of distamycin fokovby the addiction of purified Fur
protein. (Fig. 20).

A B C

OPlfrpBwt OPIpfrwt OP|frsz
4] Distamycin

__4 A
- _~

bk b ‘3

Fig. 20. Competition of minor groove binding drug Distamycin A with Fur binding to the
OPlgpsut (A), OPlysy: (B) and OPlgyp,, (C). Incubation of labelled DNA fragments with
Distamycin A preceded the addition of Fur protein. Complexes were separated from free DNA
on native polyacrylamide gel followed by autoradiography. Fur concentration employed in
each binding reaction is 40 nM. Lane 1 indicates DNA control. Lane 2 represents Fur DNA
complexes with no drug treatment. Lanes 3-5 denoted addiction of Distamycin A at
concentration of 1.2, 2.4 and 4.8 nM respectively. Single asterisk indicates free probe, double
asterisks Fur DNA complexes and three asterisks pBluescript KS used as non specific
competitor in binding reactions.
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Although Fur binds to OR{g with lower affinity than OR}: (compare lanes 2
in Fig. 20A and B), as little as 1.2 nM distamygnsufficient to start to prevent Fur
binding to theholo-operator ORkg (lane 3, Fig. 20A). At 2.4 nM distamycin half
maximal Fur-ORJ,g complex formation is inhibited, while at higheudrconcentration
a complete inhibition of complex formation is obsat (lane 5, Fig. 20A). Conversely,
at the same distamycin concentrations, bindinghto ®P}; apo-operator is totally
unaffected (Fig. 20B). These results show thatdigtin outcompetes Fur binding to
OPkps but not to ORY. This is a strong indication that Fur bindelo-operators
trough the minor groove, while the recognition agfo-operators occurs through the
major groove of the DNA as a result of a directdma of a specific nucleotide
sequence (TCATHoTT). Accordingly, the binding of Fur to the mutaté&ivapped)
holo-operator, encompassing the TCAIJI T motif (OPkpesw) IS less sensitive to
distamycin and is only partially inhibited at theeximum drug concentration, [that
instead has been shown to totally hinder the Fudibg at the wild typénolo-operator
OPkps (compare lanes 5 Fig. 20 A-C).]

These results provide strong evidences that th@nesgent for Fur binding to thieolo-
and theapo-operator is reliant on a different mechanism aogmition of the DNA
helix. Thus, Fur binding to thapo-operators occurs primarily in the major groove,
through the direct readout of the specific TCAT€&neént, whereas the recognition of
theholo-operators occurs mainly through protein binding ithe minor groove.
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12. Stoichiometry of Fur-DNA complexes within théholo- and the apo-
operators

To gather information on the stoichiometry of Fumding to operator sequences we
carried out EMSA experiment on both operators,gfind OPJ;, with the purified
recombinant Fur protein in the presence and absaicéron-cofactor. EMSA
experiments showed a difference in mobility amoomplexes formed in presence or
absence of iron (Fig. 21A and 21B). Whapo-Fur bound on both ORJg and OP}s,
forms a single higher-mobility complex HMC (Fig.A&1 holo-Fur forms preferentially
two additional lower-mobility complexes, LMC and 102 (Fig. 21B). Moreover, size
exclusion chromatography indicated that Fur israediin solution and that is able to
multimerize in presence of divalent metal ions gdabt shown).

In order to determine the number of Fur dimers witihe various gel shifted
species, the Ferguson method was used (Orcatiaad, 1993, Ferguson, 1964). Fur-
operator complexes were run along with molecularghtemarkers on a series of
nondenaturating gels of various acrylamide conegiotrs. The molecular mass of Fur-
operator complexes was then determined by intetipalaf the titration curve of the
molecular weight standards (Fig. 21C and 21D).

For both OPRJw: and OPjpew: Operatorsthe molecular mass of HMC was
estimated as 85 kDa, which is comparable to theaed mass of 76 kDa calculated
for a dimer of Fur bound to the 64 bp probe (si®¢d,, and OP4,s are 42.2 kDa and
one Fur dimer is 34 kDa). In contrast, the LMC cterphad an apparent molecular
mass of 118 kDa, in close agreement with the ergettass of 110 kDa calculated for
two dimers of Fur bound to the DNA operators. Hinahe LMC2 is a complex of 228
kDa; this molecular mass is close to the predictaile of 220 kDa for two Fur
tetramers, each bound to an operator probe. raadés, the estimated molecular weight
of the Fur-DNA complexes was somewhat higher thengredicted values, perhaps
due to the fact that the protein-DNA complexes hdwWierent shape than the globular
protein standards employed (Baichebal, 2002a). Similar, an 8-kDa overestimate
was also obtained when the stoichiometry of theDNpA complexes was determined
by this method (Cuet al, 1996).
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FIG. 21. Determination of the stoichiometry of Fur-DNA complexes by native PAGE.
Representative gel shifts with OPlg,: and OPl,g..¢ used as an example of an holo- and apo-Fur
recognized operators. Increasing amounts of Fur protein were incubated with end-labeled
probes in presence of 150 pM 2,2 dipyridyl (A) and 150 uM Fe®* (B). Lane 1 to 7; 0, 1.2, 2.4,
4.8, 9.6, 18, 39 nM Fur added respectively. Single asterisks indicate free probe, while double
asterisks indicate pBluescript KS used as non specific competitor in binding reactions. HMC
and LMC denote the high mobility complex and the low mobility complex, respectively,
formed in a metal-dependent manner. (C) Logarithm of the relative mobilities of Fur-DNA
complexes and marker proteins as function of gel concentration. (B) Determination of
apparent molecular weights of HMC, LMC, LMC2 Fur complexes. The negative slopes of the
mobility lines in panel C were plotted against the molecular weights of the protein standards
on double-log graph. The apparent mass of Fur-DNA complexes were determined by
interpolation. The legend for the protein markers and Fur complexes are shown inside each
graph.

These results indicates thegpo-Fur binds DNA as a dimer, whileolo-Fur is

able to tetramerize (on DNA), and the tWolo-Fur tetramers can interacts with each
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other without losing contacts to the bound opegatdogether this data support the idea
that the metal ions determine the stoichiometrywf binding to DNA, regardless of

the operator typology specifically recognized by ghotein.
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The H. pylori Fur protein is a transcriptional repressor invdlve metal ion
homeostasis and virulence. Classically, it is at&d to bind DNA by the iron co-
repressor. However, it has been shown thaHpieur binds DNA also in the absence
of the iron regulatory cofactor. These two mode$-wif regulation have been termed
holo- andapo- repression respectively, and rely on oppositects$f of the regulatory
metal ion on the affinity of Fur towards specifipevator elements (Delangt al,
2001b) (Fig. 9). This feature distinguishidpFur from all other members of the Fur-
family, which have not been shown to be able ta@ldNA in theapoform, to date
(Carpenteet al, 2009b).

Nevertheless, very little is understood about th@ecular determinants that
underlie Fur-dependent transcriptional regulatibiran-induced and -repressed genes.
In H.pylori, the Fur-box consensus is still ill defined, ahd hucleotide sequence of
known Fur operators diverges significantly fromttbBE. coliand other bacteria. Even
amongHpFur target genes, the operators sequences are/ pomderved. An operator
consensus sequence for taporepressed genes is lacking, due to little sequence
homology between the only two knowapo-Fur regulated genepfr andsodB(Delany
et al, 2001b, Ernset al, 2005b), while the consensus elementhiolio-Fur repression
has been repeatedly reinterpreted based only opuational analysis of Fur bound
operators sequences (Baichebal, 2002a, de Lorenzet al, 1987, Escolaet al,
1998b, Gacet al, 2008). A common feature of Fur-boxes is the mgmber of A/T
nucleotides. Thus it is not surprising that incsildefinition of the Fur-box ikl. pylori
has been somewhat hindered by the AT-rich genontl@obacterium, considering also
the lack of knowledge on the exact bases that an¢acted by the protein. Recent
reviews indicate this black box as one of the nuisiguing puzzles in the wide field

of Fur regulation.

Using OH* footprinting, electrophoretic mobility ishassays, and mutational
analyses, we identify for the first time a specifitur box consensus motif
(TCATTh10l T) for theapoFur operators (Fig. 13B), to which Fur is recrditeith a
characteristic binding architecture (Fig. 10 angl Eil). This finding led to unravel key

molecular determinants responsible for the iropoesive Fur regulation iRl. pylori,
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which ultimately involves: i) the nucleotide seqoenof the operator element
associated with the binding architecture of theukatgr; ii) possible conformational
changes of the protein induced by the metal iomactof; and iii) the ability of Fur to
bind with different affinity distinct operator el@mnts, carried within different grooves
of the DNA helix.

In particular, we demonstrate the existence of bwaling architectures of Fur
to DNA, distinctive of the operator typology recaggd with higher affinity by either
the holo- or aporegulator. The determinants, characterizivayo- and apo-operators,
are carried in cis, within the operator sequen@e®] are represented by distinct
nucleotide sequences important faslo- or apo-Fur binding. We have been able to
identify a TCATT10T T consensus motif responsible for discriminativeding of Fur
to apo-operators. Fur binding to this element resultesemsitive to the minor groove
binding drug distamycin A. On the contrary, Fur ding to holo-operators,
characterized by extensive protein wrapping on &h-DNA elements, result to be
distamycin-sensitive. Thus, treo and holo-Fur repression mechanisms apparently
rely on two distinctive modes of operator-recogmiti involving respectively the
readout of a specific nucleotide consensus motifienmajor groove foapo-operators,

and the recognition of AT-rich stretches in the onigroove forolo-operators.

The shape of the DNA minor groove varies dependingthe nucleotide
sequence in a segment of DNA. TpA dinucleotidesstepd to widen the minor groove
(Burkhoff et al, 1988, Steflet al, 2004), enabling recognition by transcription fast
such as TBP complexed to the TATA box (Kieh al, 1993a, Kimet al, 1993b).
Instead, short runs of adenine nucleotides (callddacts) followed by a T residue,
have the strong tendency to narrow the minor grol®agling to a cleft with enhanced
negative electrostatic potential, which can be gaced by proteins bearing arginine
residues (that offer a complementary set of pasitiiarges) in their DNA binding
domains (Rohgt al, 2009, Tullius, 2009). Accordingly, the AAT repgdbund within
the extended protection region baolo-operators (Fig. 10C), may influence the minor
groove width in such a way that it can serve as ft specific recognition by Fur.
Interestingly, theH. pylori Fur protein encompasses a unique RLR amino aciif mo

within the recognition helix H1 in the N-terminalinged helix-turn-helix DNA-
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binding domain (Fig. 5), not found in Fur ortholeguof other bacterial species.
Moreover,HpFur bears an additional short N-terminal sequenclk,in positive amino
acid residues, predicted to fold in arhelix secondary structure (Fig 5). This may
contribute to confer affinity to Fur for negativethiarged clefts predicted to form in the
minor groove of theholo-operators as a consequence of contiguous repe#3 1o

triplets.

On the contraryapo-operators are characterized by a consensus TGAITTT
motif, in which two thymine dimers, separated 10dme from another, are directly
contacted by the DNA binding domain of Fur. Thisndicative of Fur binding to one
side of the DNA helix. In addition, binding to thpo-operators in not out-competed by
distamycin in EMSA experiments (Fig. 20B), suggestthat recognition of these
operators does not occur in the minor groove. EMSferiments performed with
cytosine substitutions of thymines (and conseqatimosine substitutions of adenines)
in the TCATTh10T T element, indicated that the affinity of Fur igrsficantly reduced
(data not shown), suggesting indeed a specificotaof consensus motif in the major
groove, in the case @ipo-operators. Therefore, the binding affinity of Rarapo and
holo-operators appears to depend on specific recognitiadeterminants in the major
and minor groove, respectively. As a consequertogillibe noted that thepo and
holo- recognition elements are not mutually exclusbug, may coexist within the same
operator. Evidence for this is provided by the retibution of the TCATJ10T T motif
within theholo-operatorfrpB | (OPkpgsw), Which confersapo-repression features to Fur
in vivo, leaving theholo-repression unaltered (Fig. 17A). The vivo data correlate
with the results gathered in vitro, which indicateat the reconstitution of the
TCATTn10l T element in éholo-operator has little effect dfolo-Fur binding affinity,
but confers a higher affinity to thegpo-protein (Fig. 16). In addition, the presence of
the TCATTh1ol T motif within OP}pesw resulted in lower sensitivity to distamycin A
(compare the wild-type and mutafpB operator in Fig. 20A and 20C), further
strengthening the concept thapo and holo-regulation molecular determinants are
biochemically distinct and located on different gres, but can be concurrently
encompassed within the same operator sequencemifarsisituation is found at the
native operator | of the autoregulatied promoter, which is recognized with the same
affinity by holo- as well asapo-Fur (Delanyet al, 2003). Strikingly, this operator
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encompasses both a perfectly conserved TGATT motif, which could serve as high
affinity apo-Fur recognition element, as well as short AT-fitcts, which may recruit
holo-Fur through narrowing of the minor groove.

Based on these evidences, we propose a schematal that allows to explain
the relationship between the distinctive bindingh#&tecture of Fur, the recognition of
either the major or the minor groove, and the oppaesgulatory effect of iron oapo
andholo-Fur repressed promoters kh pylori (Fig. 22). The model postulates that the
nucleotide sequences of tHwlo- and apo-operators dictate a specific binding
architecture of Fur, which is not influenced by tegulatory iron ion. However, the
metal ion plays a fundamental role in modulating #ffinity of Fur to the different
operator typologies, through allosteric conformaio changes, supported by the
evidence of different multimerization states of tregulator. In fact, it has been
proposed that the DNA binding activity of Fur idiaated by iron, which complexes to
the regulatory metal binding site and changes thr#ocmation of the protein (Cogt
al., 1991, Gonzalez de Peredbal, 2001). It is possible that once a dimer binds DNA
additional dimers are readily recruited to coopeedy bind holo-operators in response
to the metal ions. This is consistent with the oketgon that Fur has the ability to
multimerize on its binding sites through proteim{ein interactions generating helical
arrays spiraling around the DNA helix (Baggal, 1987, Lavrraet al, 2002, Le Cam
et al, 1994).

In the case ofl. pylori Fur, only theholo-protein is able to multimerize on DNA, while
the apo-protein preferentially binds DNA as a dimer (FRL). In particular, in the
absence of iron, aapo-Fur dimer is prompted to bind with higher affinity the OPJ;
apo-operator in the major groove, through a directioes of nucleotides encompassed
in the TCATTh1ol T consensus element (Fig. 22; upper left paney).cBntrast, the
affinity of the apo-Fur dimer for the OR}g holo-operator is significantly reduced,
likely because theaporecognition element TCAT I T is missing in the major
groove, while the structural conformation of thgukator poorly fits within the minor
groove the DNA on thé&olo-operator in absence of iron (Fig. 22; upper riganel).
Thus, under iron-deplete conditions, Fur gainsnéififor apo-operators, enabling to
repress transcription of iron-induced genes, whd-Fur controlled promoters (iron-
repressed) are derepressed. Accordingly, when agorecognition element
(TCATTh10l T) is inserted into amnolo-operator sequence overlapping the promoter
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elements, the derepression under iron-deplete tonsliis less pronounced (Fig. 17A),

as Fur gains the ability to bind to @f¥kw also in itsapo-form, contributing to its

repression.
apo-operator | holo-operator

- HIGH-affinity ! Low-affinity
Q !
g i A | 4 =
= A!ZA | 3
7 AT HIREEH T H E =] |TTTAATAHMTAATTAT‘ = j:-l
C | -
o |
= :
c ! Sl AN, | Th, B
Qo ! EOOKOI
s | AN s
Q : o
@ : " i
C ! =
g i =] kTTTAATTAT‘ =

Low-affinity : HIGH-affinity

Major groove Minor groove

FIG.22 Schematic representation of proposed mode of action of holo- and apo-Fur binding
on target operators. Fur protein recognized the apo- and holo-operator with differential
affinity, binding into the major and minor groove of DNA respectively, exhibiting a distinctive
binding architecture. The iron cofactor induces Fur oligomerization and may stabilize protein
structure modulating protein affinity. Black triangles represent the dimerization domain of Fur
dimer. Grey small triangles represent a-helices in the DNA-binding domain.

Conversely, under iron replete conditions, metaetelent conformational
changes in protein structure, accompanied by teraation or multimerization of the
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regulator, allow the allosteric activation respdiesifor correct fitting of the DNA
binding domain into the narrower minor groove o #AT-rich OPj},g holo-operator
(Fig. 22; lower right panel). This results in inased affinity ofholo-Fur to this
operator and transcriptional repression of fheB promoter. Concomitantly, the
affinity for the OP}s apo-operators decreases, in virtue of a regutatioformation less
favorable to recognize the thymine dimers of theATT,10T T apo-element (Fig. 22;
lower left panel). A key factor supporting this nebds that holo-Fur continues to bind
OPLy with the same binding architecture (specificity)accteristic of apo-Fur
recognizedapo-operators, but with decreased affinity (Fig.10B)is strongly suggests
that the holo-regulator loses affinity for the reatlof specific nucleotide pairs in the
major groove. This loss of affinity is not compeeshby a gain of affinity for the
minor groove as thapo-operator lacks the AAT stretches or other deteamis that
are responsible for narrowing of the minor groove.

In conclusion, we propose that the principal mdi@cdeterminant governing
the iron-dependent and iron-sensitive regulationFaf resides incis, within the
operator sequence. Importantly, the nucleotide esacpi of the operator determines the
specificity of recognition, reflected in differebinding architectures, while the affinity
is controlled through metal-dependent shaping efpifotein structure in order to match
preferentially the major or the minor groove. Bapecific contacts in the minor
groove of AT-rich DNA sequence have been demoredridr a number of other DNA-
binding proteins [MogR repressor bisteria monocytogenes$Shenet al, 2009); the
nucleoid-associated protein Lsr2 Mifycobacterium tuberculosi&ordonet al, 2010)
and a-subunit of RNA polymerase (Ross$ al, 2001)]. Frequently, these interactions
are made by short peptide motifs containing argingsidues that contact bases in the
minor groove. [e.g., AT-hooks in the chromatin-asated protein HMG-I(Y) (Huthet
al., 1997), and extended arm sequences in the Hiimteioase (Fengt al, 1994) and
in homeodomains (Kissingat al, 1990)]. Some of these proteins interact with DNA
exclusively through the minor groove [e.g. TATA-bbixding protein, integration host
factor IHF, high mobility group I (Y) (HMG 1) andhé HMG-box- containing SRY and
LEF-1(Bewleyet al, 1998)], while others are able to bind both thegniand the major
groove of the DNA (MogR repressor bf Monocytogene¢Shenet al, 2009), Hin
recombinase (Fenet al, 1994), and THAP proteins (Sabogalal, 2010) ].H. pylori
Fur adds to list of regulators able to bind both thajor and the minor groove. To our
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knowledge, theHpFur represents the first prokaryotic protein thatable to take
advantage of the specific recognition of eitherrfieor or the major groove to regulate
gene expression in response to a specific enviratahestimulus. This stunning
evidence is consistent with the paucity of tramgmnal regulators inH. pylori
(Scarlatoet al, 2001, Tombet al, 1997) and the large number of Fur gene targets in
the genome (Daniellet al, 2006). The bacterium may have evolved a regujator
mechanism to control transcription of AT-rich lo@xploiting Fur to recognize
structural features of the minor DNA groove impobgdecurrent AT-tracts.

To our knowledge, this is the first evidence ofralqaryotic transcription factor binding
alternatively either the major or minor groove o DNA in response to a specific

environmental stimulus.
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13. Bacterial strains, plasmids and growth conditins

The bacterial strain and plasmids used for thigyst@re listed in Table H.
pylori strains were recovered from frozen stocks on Cblamor Brucella agar plates
containing respectively 5% horse blood (Oxoid) & fetal calf serum (Oxoid), 0.2%
cyclodextrin and Dent’s or Skirrow's antibiotic suement. Bacteria were grown at
37°C under microaerophilic conditions in a watekgted thermal incubator or in an
anaerobe jar by using Campygen gas pack (Oxoidjuidlicultures were grown in
brucella broth (BB) (Difco) containing 5% fetal talerum and Dent's or Skirrow’s
antibiotic supplement under gentle agitation iniearaaerobic environment. To monitor
the iron-dependent transcriptional responses, aemasilture (30 ml) ofH. pylori
strains were grown to an @gdof 0.5-0.6, divided into aliquots of 5 ml and treéfor
15 min with freshly made 1mM (NpbFe(SQ),-6H,0 [Fe] or 100uM 2,2 -dipyridyl
[Fe] prior to RNA extraction. For transformation, 5-i9 of plasmid DNA was added
to spotted O.N. cultures of naturally competéht pylori and incubated overnight.
Transformants were then selected on plates contaictiloramphenicol (3Qg mf™),
and single colonies were selected for further asisly
E. colistrains DH% and BL21 (D3) were growth on Luria-Bertani (LB)aagr in LB
broth at 37°C. When required, ampicillin, kanamyamd chloramphenicol were added

at final concentration of 100y ml*, 25ug mf*, and 30ug mr*, respectively.

14. DNA manipulations

Standard molecular biology techniques for DNA fcation, PCR analyses,
restriction digestion, and cloning were performextoading to published protocols
(Sambrooket al, 1989). All constructs were confirmed by sequegcRestriction and
modification enzymes were purchased by New EngRimdiabs (NEB). Small- and
large-scale plasmid DNA preparations were carriedusing QIlAprep Spin Mini-Kit
(Qiagen) and NucleoBond Xtra-Midi (Macherey-Nagedspectively, according to

manufacturer’s instructions.
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Table 1. Strains and plasmids and used in this styd

Strains or Plasmid ~ Genotype or Descriptiofi Source or
reference
E. colistrains
DH5a SupE444lacU169 ¢80 lacZaM15) hsdR17 recAl (Hanahan,
endAl gyrA96 thi-1 relA1R 1983)
BL21 (DE3) hsdS gal fclts857 ind1 Sam7 nin5 lacUV5-T7 gene 1) (Studieret

H. pylori strains
G27

G27ur (Afur::Km)
G27vac:OPkpswr
lacz

G27vac:OPkypgsw
lacZz

G27ur vac:OPkpswr
lacZ

G27ur vac:OPkpssw
lacZ

Plasmids
pET15b

pET15Hur

pGEM-T

pGEMpfr

PGEM3-z

PGEMK-F

al., 1986)

Clinical isolated, wild type (Xianet
al., 1995)

G27 derivative in which 462 bp of the Fur gdmas been (Delanyet

deleted and replaced by a kanamycin casdatteKm'  al., 2001a)
G27 derivative containing the wild-type ORLRlacZ  This study
fusion in thevacAlocus; Kni, Cg

G27 derivative containing the mutant OR}FlacZ This study
fusion in thevacAlocus; Kni, Cg

G27#ur derivative containing the wild-type OP{ - This study
lacZ fusion in thevacAlocus; Km, Cg

G27ur derivative containing the mutant OBLP-lacZ  This study
fusion in thevacAlocus; Kni, Cg

IPTG-inducible vector over-expressing N-teaty Novagene
Hiss-tagged recombinant protein; Amp

pPET15b derivative containing thier coding sequence (Delanyet
cloned in frame withilNdd/Xhd restriction sites al., 2001b)
Cloning vector for PCR products; Amp Promega
Derivative of pGEM-T containing a 390 bbp pfr (Delanyet

promoter region amplified by PCR with primers PFR-fal., 2001b)
and PFR-r

General cloning vector, Almp Promega
Derivative of pPGEM3-z containing a 470 HpfrpB (Delanyet
promoter region amplified with primers 0875-L and  al., 2001a)

0875-R

2IPTG, isopropylp-D-thiogalactopyranoside
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pGEMT'RecAl

pGEMT'RecAZ

pBluescript Il KS

PBS-OP )

PBS-OPI kst

pPBS-OPIlkw

pPBS-OPksw

pBS'O prrc17a

PBS-ORjrc11-17a

PBS-OP} st

pBS'OP‘(szw

pVac::Km

pVac::OP}penlacZ

pPGEM-T Easy derivative containing 402 bpfetAl
promoter region, amplified by PCR
with primers ALF and A1R

pPGEM-T easy derivative containing 380 bfetA2
promoter region, amplified by PCR
with primers A2F and A2R

General cloning vector; Amp

pBluescript derivative containing operator | frqifin
promoter region obtained by annealing of
complementary primers PFRI-f and PFRI-r

pBluescript derivative containing operator Il frquim
promoter region obtained by annealing of
complementary primers PFRII-f and PFRII-r

pBluescript derivative containing operator 111 ingfr
promoter region obtained by annealing of
complementary primers PFRIII-f and PFRIII-r

(Danielli et
al., 2009)

(Danielli et
al., 2009)

Stratagene

This study

This study

This study

pBluescript derivative containing mutant operatorThis study
from pfr promoter region obtained by annealing of

complementary primers PFRS-f and PFRS-r

pBluescript derivative containing mutant operatfiom

pfr promoter region obtained by annealing of
complementary primers PFRC-f and PFRC-r

pBluescript derivative containing mutant operatfrom

pfr promoter region obtained by annealing of
complementary primers PFRC1-f and PFRC1-r

pBluescript derivative containing operator | frémpB
promoter region obtained by annealing of
complementary primers FRPI-f and FRPI-r

pBluescript derivative containing operator Il frémpB
promoter region obtained by annealing of
complementary primers FRPII-f and FRPII-r

pBluescript derivative containing mutant operatisom

frpB promoter region obtained by annealing of
complementary primers FRPS-f and FRPS-r

pGEMZ derivative containing kanamycin cHgs

pVac::derivative containing the transcriptionalifuns
OP-I wild-type Rps HacZ, Km', Cg

This study

This study

This study

This study

This study

(Delanyet
al., 2002b)

This study
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15. Cloning of Fur operator regions

The Fur operator regions used in this study, wezrerated by annealing
complementary oligonucleotides containing both wylde and mutated operator
regions of By and Rys promoters. The ORJs and OPl{pg Operators contain regions
spanning positions -1 to -42 and 57 to — 91 offthB promoter, whereas the QR
OPlly and OPIlp; operators comprises regions spanning position®+36, -49 to -
85, and -110 to -148 of thefr promoter respectively (Delangt al, 2001b).
Oligonucleotides used are listed in Table 2. Equam@amounts of complementary
oligonucleotides were incubated at 94°C for 10 miannealing buffer (50 mM Nagl
10 mM Tris-HCI, 1 mM EDTA, pH 8.0) and then allowsxlcool at room temperature
over a 5-h periodThe resulting double stranded DNA products weraatbas blunt-
end fragments at thelincll site in pBlueScript (Stratagene) vector to gemerthe
plasmids listed in Table 1.

The pBlueScript derivatives, bearing the various Binding operators, were used to
obtain DNA probes used in Electrophoretic Mobil@hift Assays, Hydroxyl radical

footprinting and Ferguson analysis.

16. Purification of H. pylori Fur protein

Expression and purification of Fur protein was dasedescribed by Delany et
al. 2001. The protocol was modified as follows. Geepression of recombinant Fur
was induced in cells at mid-log phase by the aadicbf 0.4mM IPTG and then
incubating at 30°C for 4hs. The recombinant Hisuatein was purified under native
conditions by Ni-NTA (Qiagen) affinity chromatogtap according to manufacturer’s
instructions. The His-tag was cleaved by adding W0of thrombin protease
(Amersham, GE Healthcare) per mg of purified prot@nd incubating for 2 hours at
room temperature and subsequently at 4°C overnibbtremove the His-tag and
exchange the protein storage buffer, the purifiethgged protein was subjected to gel

filtration using PD SpinTrap G-25 (GE Healthcawiter determination of the protein
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concentration by the Bradford method (Bio-Rad) tg@rofractions were aliquoted and
stored at -80°C in EMSA or footprinting buffer fahe subsequent assays. Fur

concentrations indicated through this work refethi® protein dimer.

Table 2. Primers used for cloning of Fur binding ges

Operator Primers Sequence (5'-39

OPlbyr PFRIf  GTTGTCCCATAATTATAGCATAAATGATAATGAAAAAGTAA
PFRI-r  TTACTTTTTCATTATCATTTATGCTATAATTATGGGACAAC

OPllpf PFRII-f  AAATTTTTAAAAATTTACAAAAATGAGAAAGAACACC
PFRII-r  GGTGTTCTTTCTCATTTTTGTAAATTTTTAAAAATTT

OP Il PFRIN-f  ATTTTATCATAAAAATCTATTTAATGAGAATTAGGTAAA
PFRINI-r  TTTACCTAATTCTCATTAAATAGATTTTTATGATAAAAT

OPbisw  PFRS-f GTTGTCCCATAGCATAATTATAAATGATAATGAAAAAGTAA
PFRS-r TTACTTTTTCATTATCATTTATAAITATGCTATGGGACAAC

OPbfci7a PFRC-f  GTTGTCCCATAATTATAGCATAAATTATAATGAAAAAGTAA
PFRC-r TTACTTTTTCATTATAATTTATGCTATAATTATGGGACAAC

OPlyci.  PFRC1-f GTTGTCCCATAATTATAGCATAAATTATAAT TAAAAAGTAA
172 PFRC1-r TTACTTTTTAATTATAATTTATGCTATAATTATGGGACAAC

OPkps FRPI-f  TTTTAATCTGGTTTTAATAATAATTATCATACTATTCTATCCC
FRPI-r  GAAAAGGATAGAATAGTATGATAATTATTATTAAAACCAGATT

OPllps  FRPI-f  CTATTCGTAACAATTAATGAAAATAAGAAAGATTAA
FRPIl-r  TTAATCTTTCTTATTTTCATTAATTGTTACGAATAG

OPkpgsw FRPS-f  TTTTAATCTCATTTTAATAAT CATTATCATACTATT ITATCCC
FRPS-r GGGATAAAATAGTATGATAAT GATTATTAAAA TGAGATTAAAA

@ Bases underlined and in italics represent introdunatations

17. Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were used to assays tiwo- or apo+ur binding to DNA. DNA probes
for gel retardation assays were isolated as 64 ragnfents, containing only the
operators under study surrounded by unrelated segqudrom Hindlll and Xhad
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digestion of pBlueScript-derived plasmids descriabdve (Table 2). Following double
restriction digestion, both the DNA fragments anbe t pBS vector were
dephosphorylated with calf intestinal phosphatase labeled at both ends with T4
polynucleotide kinase and-f?P] ATP (Perkin Elmer); unincorporated radiolabeled
nucleotide was removed with a G-50 microspin colf@g Healthcare).

The binding reaction was carried out for 15 mimcam temperature, in EMSA
buffer (50 mM NaCl; 10 mM Tris pH 8.0; 10 mM KCI;01% IGEPAL; 10% glycerol,
0.1 mM DTT) in presence of vector used as an urnp@ompetitor. Approximately
0.6 nM of radiolabeled target DNA and increasingamtrations of Fur, ranging from
0 to 40 nM, were incubated in a final volume of d5in presence of 5 mM DTT.
Depending on the effect analyzed the buffer was plempented 150 uM
(NHy)2Fe(SQ),: 6H,0 or 150uM 2,2’-dipyridyl as indicated in figure legends.nding
reactions were resolved on native 6% polyacrylarfi@®el] gel and electrophoresed in
1X Tris-borate (TB) buffer (60 mM Tris, 240 mM boracid, pH 8.0). The gels were
prerun at 50 V for 30 min prior to loading and them at 150 V for 2 h at room
temperature, dried and autoradiographed. The kingiattern was examined by
exposing the gel to Kodak XAR film.

To determine the apparent dissociation constép} {or each operators, gels
were expose to a phosphorimager screen. The imageseanned into a Storm 840
scanner and the intensity of the individual bands weasured with ImageQuant 5.2
software (Molecular Dynamics). By comparing relatsignal intensities and analyzing
them with Excel Microsoft, percent DNA bound versusbound fragments was
calculated for each Fur concentration. One hungexdent represents the association
of all DNA in the sample with Fur. Also the remaigiunbound DNA in each binding
reaction was estimated with the respect to the lzaed corresponding to free DNA
control taken as 100%. Appards is defined as the concentration of protein at which
50% of DNA is bound.
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18. Probe preparation and Hydroxyl radical footprinting

Hydroxyl-radical footprinting was carried out toteemine the bases directly
contacted byholo- and apoFur and their relative binding architecture ongédr
operators or promoter regions.

The pBlueScript derivatives pBS-QRI pBS-OP#,s and their mutants (Table 1) were
digested withBanHI or Acd6l for labeling of the top or the bottom strand,
respectively. The linearized vectors were dephogpdied with calf intestinal
phosphatase (NEB) and 5’end-labelled with-3R]-P ATP (5,000 Ci/mmol;
PerkinElmer) and T4 polynucleotides kinase (NEB).

The labeled DNA probes were further digested Withil (top strand) oPvu (bottom
strand) and products were separated by native poiganide gel electrophoresis and
purified as described previously (Delagtyal, 2001b).

The Ry and Rps promoter regions were obtained from pGEMpfr andEMK-

F plasmids (Table 1). Probe preparation was cawigdas previously described with
some modifications (Delanet al, 2001b). A 390 bpBamHINcoldigested pfr
promoter fragment was isolated from pGEMpfr anch84abelled with T4 PNK at the
site BamH1(for labeling of the non coding strand) Mcol (for labeling of the coding
strand). A 447 bHindlll/EcoRHdigestedfrpB promoter fragment was isolated from
pGEMK-F and 5’end-labelled with T4 PNK at the ditedlll or EcoRlfor labeling of
the non coding strand and the coding strand reispéct Probe preparation forika:
and Re.cazpromoters was carried out as previously descriBeahiglli et al, 2009).

The OH*-footprinting assay used in this study isnadified version of that
described previously by (Tulliust al, 1986). Approximately 0.6 nM of labelled probe
was incubated with increasing concentration of Furfootprinting buffer (50 mM
NaCl,10 mM KCI, 10 mM Tris-HCI pH 8.0, 0.01% Igep@A-630, 0.1mM DTT) at
room temperature for 15 min using 300 ng of salparm DNA (Invitrogen) as non
specific competitor in a final volume of 30. Glycerol was omitted in the footprinting
buffers as it is a radical scavenger. An excesdr€l, (150uM) or 2,2’-dipyridyl (150
uM) was added where indicated. Mrwas used in place of Feto avoid interference
with the reaction generating OH* formation. Thetitig reaction was carried out by
the addition of 2ul each of the following solutions: 125mM Fe (YKHSOy)2-250 mM
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EDTA, 1% HO, and 0.1 M DTT. The stock solution of iron(ll)-EDTwas prepared
immediately before use by mixing equal volumes wdslily prepared 125 mM
ammonium iron (I) sulfate hexahydrate [Sigma (@}¥He(SQ),-6H0)] and 250 mM
EDTA. After 2 min at room temperature the reactiaas quenched by the addition of
25 ul of OH-stop buffer (4% glycerol, 0.6 M sodium aatet pH 5.2, 100 ngl™ 100ug
ml™ sonicated salmon sperm DNA), extracted once wittegual volume of phenol-
chloroform isoamyl alcohol (25:24:1), and ethanaleqgipitated. Sample were
resuspended in @l of formamide loading buffer, denaturated at 92UC 2 min,
separated on 8 M urea-8,5% acrylamide sequencifg) aged autoradiographed. A
modified G+A sequencing ladder protocol (leual, 1998) was employed to map the
bases directly involved in eithbolo- or apo-Fur DNA interactions.

19. Distamycin A interference assays.

Distamycin A, a minor groove DNA binding drug, (Cbhill et al, 1990) was
purchased from Chemper (Prato, CO Italy), resuspend distilled water at final
concentration of 10 mM, and stored at — 20°C.

Hydroxyl radical footprinting were implemented tetelct distamycin binding sites on
OPkpewts OPbwt, and OPiyeswe End-labeled fragment containifigpB andpfr operator
regions was incubated at 22° C for 15 minute wi2@al uM distamycin in 50 mM
NaCl,10 mM KCI, 10 mM Tris-HCI pH 8.0, 0.01% Igep@A-630, 0.1mM DTT and
300 ng salmon sperm DNA (Invitrogen). OH* cleavagel gel electrophoresis was
carried out as described previously.

EMSA assays were performed to study the effectsthef minor groove binder
distamycin A on Fur binding to DNA operators. DNAopes (0,6 nM) was
preincubated for 15 min at 22°C with 1.2, 2.4, A\ distamycin A in 1Qul of EMSA
buffer. Then, 39 nM Fur was added to the reactwratiditional 15—min incubation.
Samples were analyzed on 6% native gel and tharngngattern was examined by

exposing gel to Kodak XAR film.
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20. Determination of Fur oligomerization by NativePAGE (Ferguson
analysis)

An EMSA-based method for determining the molecwaights of Fur-DNA
complexes was done by performing native PAGE asrdeed by Orchard and May
(Orchardet al, 1993) and using a native PAGE molecular weightkerakit (SIGMA
MW ND 500). Briefly, EMSA reactions, along with nealular weight markers, were
analyzed on a series of nondenaturating gels (208 polyacrylamide, 19:1) and
electrophoresed until the bromophenol blu bandkirking samples lanes just reached
the bottom of the gels. The gels were stained ion@assie blue, destained, incubated
in 7% acetic acid, dried and exposed to Kodak XAR.fTo determine the relative
mobilities |) (of the protein-DNA complexes and protein marketts¢ distance from
the top of the gel to the complexes or proteindadats were measured and divided by
the distance migrated by bromophenol blue bane#&oh gel. The logarithm of the
was plotted against the gel concentration for eamhplex and protein standard, and
best-fit lines were obtained. The negative slogebese lines were the plotted against
the molecular weight of the protein standards odoable-logarithmic scale, and
titration curve was obtained. Interpolation of thigve by using the slopes of the lines
from the protein DNA-complexes was used to deduwe dpproximate molecular

weights of the complexes.

21. Construction of lacZ transcriptional fusions and integration into
the vacA locus ofH. pylori

Transcriptional fusions of the wild-type and mutémiB operators | (ORpgut
and OP{pesw respectively) to a promoterlessacZ was constructed as previously
described (Daniellet al, 2009).

OPkpewt and OP#peswwere cloned blunt atlincll site in pBluescript I KS (Table 1) to
have transcriptional fusions with thecZ 3’ region carried in the plasmid vector. These
constructs were then excised from the pBluescrgnivdtives pBS-OP},sw and pBS-
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OPlkpesw asXhd-Pvul segments, blunted and cloned into the pVac::Kansformation
vector (Delanyet al, 2002b) by exploiting a uniquincll site. The transcriptional
fusions were inserted into th@cA locus on the chromosome of both wild-type and
Afur H. pylori strains by homologous recombination; positive casron agar plates
were selected according to the antibiotic resiggoitenotype. The integrations were
confirmed by PCR amplifications using primers FRP(Table 2) and A3Z2
(GTTTTCCCAGTCACGACGTTG).

22. RNA isolation and Primer extension analysis

Total RNA was extracted by a hot-phenol procedweal@scribed previously
(Danielli et al, 2006); RNA integrity and purity were ensured bgce&rophoresis on 1%
agarose gels. Primers BZ9 (CCCCCGGGCTGCAGGAATTC)d arBZ10
(GCTGCAGGAATTCGATATC) were used for primers extersiexperiments. The
primer (5pmol) was 5’ end labelled using 6 pmef{P]-ATP (Perkin Elmer) with T4
polynucleotide kinase (NEB) at 37°C for 45 min. hkborporated radiolabeled
nucleotide was removed with a G-50 microspin colf@g Healthcare).

Labelled primer (0.1 pmol) was then added tqu@®f total RNA, 2ul of 2mM
dNTPs and 2ul of 5X AMV reverse transcriptase buffer (Prometma)make up a final
volume of 9ul. The reaction mixture was incubated at 100°C Jomin, cooled to
42°C, before addition of reverse transcriptasgl. df AMV reverse transcriptase (10 U
ul™, Promega) was added, and incubation continue@°a for a further 45 min. After
cDNA synthesis, samples were incubated for 10 rmmo@m temperature with 1 ml of
RNase A (10mg ), extracted once with an equal volume of phendbrolfiorm
(1:1), ethanol precipitated and resuspended iml 6of sequence loading buffer
(Sambrooket al, 1989). After denaturation at 100°C for 2 min, pés were subjected
to electrophoresis on 6% urea—polyacrylamide gels 1800 V, dried and
autoradiographedror sequencing ladders, sequencing reaction waedayut by the
same set of primers employed in the primer extensising a T7 Sequencing kit (USB

Corp).
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