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1. Aim of the project




Aim

The HP1043 protein of Helicobacter pylori is an essential transcriptional regulator and is expected
to play a role in the regulation of crucial cellular processes. Even though some detailed structural
information are available for HP1043, a deep understanding of its function and the definition of its
target genes have been hampered so far by the fact that the hp1043 gene cannot be deleted, nor the
amount of protein modulated.

The first aim of the project was to elucidate the HP1043 regulon through genome-wide
identification of the binding sites using Chromatin Immunoprecipitation-sequencing (ChIP-seq),
one of the most powerful approaches to characterize protein-DNA interactions in vivo. To validate
ChiP-seq results, in vitro DNA binding assays have been performed, enabling precise mapping of
the HP1043 binding sites on a subset of identified targets. Their analysis revealed the presence of a
conserved nucleotide sequence motif, that has been analysed through scanning mutagenesis to
identify the most important nucleotide sequence determinants for protein binding.

A second aim was to elucidate the functional role of HP1043 in the control of gene transcription.
Indeed, to establish whether the protein acts as an activator or as a repressor of transcription.
However, none of the applied approaches was successful. To investigate the mechanism of action of
the transcriptional regulator, experiment of in vitro transcription have been performed. This assay
allowed to evaluate the effect of HP1043 transcription, and thus to establish a direct positive role of
the regulatory protein bound to a promoter to stimulate transcription, acting as an activator of

transcription




2. Introduction




Introduction

2.1 Origin and features of bacterial cells

Prokaryotic cells are smaller than eukaryotic ones, with dimensions that vary between 0,1 and 10
pm, and show a various number of shape as rounded (cocci as Staphylococcus aureus), rods (bacilli
as Escherichia coli) but also spirilliforms (as Helicobacter pylori), which present flagella in one or
both extremities, and spirochetes (Trepanoma pallidum) that are helicoidal. In spite of all these
different forms and shapes, bacteria present a similar cellular organization among species, with,
from outside to inside, an external capsule, a cell wall (more or less thick, depending if the bacteria
belonging to GRAM — or GRAM +, respectively), a plasmatic membrane, a cytoplasm and a

circular nucleoid (Maresca et al. 2016).

Capsule

The majority of prokaryotes, and almost all pathogenic bacteria, has a capsule, a mucilaginous layer
composed by monosaccharides principally involved in adhesion on other cells and biofilm
formation. Some bacteria can strictly regulate the capsule formation, to generate this saccharides
layer only in specific growth stages or during infection. In fact, it has been observed that in several
pathogenic bacteria as Neisseria meningitidis and S. aureus, capsule defective strains have an
increased biofilm formation and adherence to host cells, but less immune evasion and decreased
virulence. For these reasons, capsule is often associated to a quiescent state of the bacterium, in
which this structure guarantee protection against defensive mechanism of the host and diverse

environmental stresses (Maresca et al. 2016).

Cell wall

Bacteria are commonly classified in two groups, depending on thickness of cell wall. This
nomenclature derives from a staining technique developed by Hans Christian Gram and based on
the crystal violet stain. Specifically, GRAM positive bacteria have a thick peptidoglycan layer (20 —
80 nm) outside the cell membrane and retain the dye, while GRAM negatives are characterized by a
thinner peptidoglycan layer (2-7 nm), positioned between the membrane that enclose cytoplasm,
called inner membrane, and another phospholipidic bilayer external from the peptidoglycan, called
external membrane. The space between the cell wall and both membrane is called periplasm.
Because of this peculiar physical characteristic, Gram-negative bacteria do not retain the crystal

violet stain (Maresca et al. 2016).
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In Gram-positive bacteria, peptidoglycan chains represent ~80% of the cell wall weight (5/10% in
Gram-negatives), while lipids and proteins are almost absent. Moreover, they show an high
concentration of teichoic acid, an antigenic compound formed by polyphosphate and D-alanine
side-chains.

Gram-negative bacteria are characterized by a more complex cell wall, schematized in Fig. 1, with a
periplasmic space that constitutes about 40% of the cell volume and a high number of proteins in
the peptidoglycan. In addition, the external membrane has an internal layer made by phospholipids
and an external layer with an exclusive presence of lipopolysaccharide (LPS), which contain sugars
with antigenic proprieties.

LPS is made up of three components:

- Lipid A, presents two glucosamine molecules esterified with three fatty acids chains that

anchor the compound to the membrane.

- Polysaccharide core, which has a variable sugar structure with at least one residue of 3
deoxy-D-manno-oct-2-ulosonic acid (KDO) and of L-glycero-D
manno heptose (heptose).

- O antigen, the distal portion of the LPS; it is extremely variable in its composition of sugar

repeating units (from one to six), which is the cause of the antigen variability
among different pathogenic strains; in addition, in many of these species O
antigen can be absent as strategy to evade immune system, as in

N. meningitidis or Bordetella pertussis.
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Fig. 1 Schematic representation of a GRAM - outer membranes: in the outer membrane is reported also the LPS, in
which the different sugars are reported as hexagons of different colors and lipid A as a yellow box (Figure 4-35a Brock
Biology of Microorganism 11/e 2006 © Pearson Prentice Hall, Inc.).

Bacterial membrane

Prokaryotic membranes are composed by a double layer of phospholipids, which are constituted by
a glycerol molecule, esterified with two fatty acid chains (apolar tails of the molecules,
hydrophobic) and a phosphate group (polar head, hydrophilic). Phospholipids can be saturated, in
which fatty acids contain only single carbon bonds (C-C), and unsaturated, that contains also
double bond (C=C) and are subdivided in cis isomers (when carbons are on the same side of the
double bond) and trans isomers (when the carbons are on the opposite side): the few differences
between the two classes of lipids have a great influence on the chemical and physical proprieties of
the membrane. In fact, the double bond between two carbon atoms induce a kink in the
phospholipid molecule, that generate a sort of disorder into the membrane. Membranes made up of
saturated phospholipids appear very rigid, and have an high fusion point. On the contrary, when also
unsaturated phospholipids are present, the membrane become more fluid, with a lower fusion point.
For this reason, extremophile bacteria, such as Cyanobacteria, can modify the unsaturated/saturated
phospholipid ratio in order to survive to extreme temperatures (Maresca et al. 2016).

Bacterial membranes have also a role as scaffold for outer membrane proteins (OMP), that are
extremely important for essential functions of the cell. OMPs can be divided in trans-membrane
proteins, that pass through the membrane with a part of their aminoacidic sequence (trans-
membrane helix), and peripheral proteins, that are linked to the membrane through a partner trans-

membrane protein or via interaction with the polar heads of the phospholipids (Maresca et al. 2016).
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Cytoplasm

The cytoplasm is an heterogeneous mixture of different elements that represents the vital core of the
bacterial cell. It is the location in which metabolic processes, protein synthesis, and all other
pathway that allow bacteria to survive and proliferate take place.

The molecules inside cytoplasm are distributed and compartmentalized depending on their
functions. This is possible due to the presence of cytoskeleton inside the cell, which is also
fundamental to confer the characteristic shape to every bacteria (Maresca et al. 2016).

The cytoskeleton is organized in three components, that are microfilaments, which form a complex
3D structure immediately under the membrane and are composed by single monomers of actin (a
globular protein of 55 kDa), intermediate filaments and microtubules, that are empty pipes-like
structure made by tubulin monomers. These two lasr classes of filaments form the scaffold of the
cell, due to their organization as a tridimensional web which make possible the transport and
compartmentalization of cytoplasmic proteins and molecules (Maresca et al. 2016).

Above all, the most important molecule present in the cytoplasm is the bacterial chromosome, a
long circular double strand DNA filament that encodes for the genetic information. The prokaryote
genome is aploid, which means that contain only one copy of each gene, and is often anchored to

the inner membrane at one pole of the cell.

2.2 Genomes Organization

The DNA is the source of the genetic information of all living cells, and is inherited through
generations by daughter cells from the parental ones. This double-helix molecule is composed by 4
nitrogenous bases, that are adenine (A), guanine (G), cytosine (C) and thymine (T); the different
sequence of these 4 nucleotides can encode all the information needed from cells for their
maintenance and spreading.

In prokaryotic world, genomes have different dimensions, due to heterogeneity of bacterial cells.
For example, among the sequenced genomes to date, the smallest one belongs to the intracellular
symbiont Carsonella ruddi, with 180 Kb DNA, while the biggest belongs to Sorangium cellulosum,
that is constituted of 13 Mb of DNA. Another important feature of bacterial genomes is the number
of encoded genes. The minimal number of genes for bacterial survival is estimated between 300 and
700. By contrast there are genomes containing more than 8,000 genes. However, this parameter

does not appear to be directly correlated with genomes size, due to the presence of intergenic
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regions and non-coding portions whose size varies among different organisms (Maresca et al.
2016).

Besides dimensions or genes content, the genome has three main functions to fulfill, which are
preservation, replication and expression. In addition, there are many characteristics that are

common to any type of cells:

e The DNA is organized in a duplex that is capable of self-replication in a semi-conservative
manner;

e The coding genetic material is allocated in specific regions called genes, spatially separated
from each other;

® The genomes have non-coding DNA (promoter regions, 5’ UTR and 3’UTR, etc...);

* Major changes in a given genomic DNA derive from internal rearrangements (for example

gene duplication) or acquisition of foreign DNA (HGT, horizontal gene transfer).

Bacterial genomes are constituted by a single chromosome (excluding some exception as Vibrio or
Brucella). However, prokaryotic cells can acquire and maintain circular plasmids that encode for
extra-chromosomal genetic material, carrying their own replication origin. Plasmids do not often
carry essential genes but appear to be useful for bacterial environmental adaptation, virulence, or
stress response (Yamaichi et al, 1999, Jumas-Bilak et al, 1998)

The chromosome in prokaryotic cells looks “naked”, with no proteic organization structures
condensing DNA like that exerted by histones in eukaryotic cells, but organized in wire loops held
together by a proteinaceous core (Kavenoff et al, 1976). These features make the prokaryotic
genome easier to replicate and transcribe but less protected against external insults. However, the
prokaryotic DNA double helix is continuously complexed with thousands of proteins as
transcriptional factors, RNA polymerase (RNAp) molecules and nucleoid associated proteins
(NAPs). The binding of all these proteins to the chromosome is likely to exert multiple roles. First
of all, NAPs organize the bacterial nucleoid by packaging and condensing the DNA molecule in the
cell. This likely contribute to protection of DNA from environmental stresses and insults, and in
linking distal genome regions. Instead, transcriptional factors (that can act also include NAPs) and
RNADp are part of the machinery transcribing DNA information in RNA molecules expressing the
genetic information (Daubin et al, 2013, Rocha et al, 2003, Rocha et al, 2004, Visweswariah et al,
2015, Madan Babu et al, 2007).
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2.3 Transcription process

Transcription is the mechanism that transfers the genetic information from DNA to a single stranded
RNA molecule. RNA is composed by three out of four nitrogenous bases that compose the DNA
(A, C and G), as the thymine is substituted by uracil (U); moreover, the scaffold sugar of these
bases is ribose instead of deoxyribose.

RNA synthesis is directed by the enzyme RNA polymerase (RNAp) a large protein complex
composed of a core enzyme that includes the large - and [’-subunits, two a-subunits and the small
w-subunit. To start RNA synthesis, the core enzyme requires binding of an accessory protein called
sigma factor to form the RNAp holoenzyme.

The sigma factor allows RNADp to recognize, specific DNA regions at the beginning of genes, called
promoters, in order to start RNA transcription. These regions show a -10 conserved sequence,
TATAAT (TATAbox), and a -35 sequence, TTAGACA initially identified in E.coli and shown to be
widely used among bacteria. An additional DNA element contacted by the C-terminal domain of the
a-subunit of the RNAp holoenzyme, called UP-element, is located between -38 and -59 bp
upstream of the transcriptional start site (TSS). An UP-element shows a degenerate consensus
sequence AAAWWTWTTTTnnnAAAnNn that facilitate RNAp binding and subsequent step(s) to
enhance efficiency of transcription. These sequence elements reside in the coding DNA strand
(Estrem et al, 1998).

Once the RNAp holoenzyme binds to a promoter region it forms a closed complex and then the
transcription mechanism starts with a series of intermediate steps: first of all the protein unwinds
the double-stranded DNA region of the TSS. Positions +1 and +2 of the unwound template strand
(corresponding to the 5" end of the RNA transcript) are then able to enter the active site to form the
transcriptionally competent open complex. Addition of triphosphate ribonucleotides (NTPs) induce
the formation of initiation complex which, in the first phase, pull the unwind DNA into the active
site of the holoenzyme (a process known as scrunching) with the generation of small RNA
fragments of 4/6 nucleotides called abortive transcripts. In this step of transcription process there is
an unstable equilibrium between closed complex, open complex and scrunching complex, which
vary depending on the promoter strength, as reported in Fig. 2 (Ruff et al, 2015). Variations of these
promoter features usually correlate to the degree of similarity of the -10, the -35 and the UP-
element sequences to their consensus and in turn to the promoter strength. Higher is the strength of
a promoter, more favorite is the transition from closed complex to initiation complex. When RNAp

is forming the scrunching initiation complex, it can either revert to closed complex and detaches
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from the promoter or start the elongation process, in which the holoenzyme might releases the sigma
factor and start synthesizing the RNA molecule. Once the RNAp reaches the end of the gene locus,
it encounters a terminator sequence where the enzyme stops transcription and detaches from the

DNA (Browning et al, 2016).
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Fig. 2 RNAp transcriptional initiation phases; after the formation of a closed complex, the DNA is unwinded and,
depending on promoter strength, the RNAp can escape promoter entering elongation phase; otherwise, the

holoenzyme is stuck on the promoter (Browning D. F, Busby S. J, Nat. Rev. Microbiol, 2016, Figure courtesy by Nature
publishing group).
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2.4 Transcriptional control

The first step of transcriptional control is evidenced by the use of alternative sigma factors. An
alternative sigma factor is a sigma factor that associates to the RNAp core enzyme to recognize
different promoter DNA elements.

Sigma polypeptides are composed by 4 aminoacid domains which interact with different DNA
elements of a promoter region: domains 1 and 2 are involved in the open complex formation,
binding -10 sequence and the region between -10 and the transcriptional start site. Docking of the

protein in this region is particularly important to prevent transcription start when sigma factor is still

10



Introduction

bound to core enzyme. Domain 3 binds an extended TG of the -10 sequence, which improve the
strength of the promoter element, whereas domain 4 is linked to recognition of the -35 sequence
(Browning et al, 2016). The fact that each domain of sigma factors interacts with a specific
promoter sequence, implies that different factors can discriminate among them to guide the RNAp
only on specific promoters.

Regulation of transcription might be mediated by a class of proteins called regulators. These
proteins exert their action by directly targeting specific stretches of nucleotide sequences usually
neighboring promoter regions. Most of the regulatory proteins binds to specific DNA sequences by
mean of a structural helix—turn—helix motif. Usually, this motif recognizes targets of 4-5 base pairs
and affinity of binding is often increased by protein homodimerization (or higher order
multimerization) of the transcriptional regulator. The role of transcription factors in controlling
transcription is often exerted in response to environmental changes or stresses. In some cases, the
activity of the regulator is mediated by the binding of a small molecule, ligand, or a covalent
modification, in some other cases it depends on the availability of the regulator, which can be
modulated by synthesis, turnover or sequestration. Transcription factors might also generate a
complex regulatory networks (Browning et al, 2016).

Moreover, as the output of the action of a transcriptional factor on transcription could be either
negative or positive, they have been divided in two major groups, repressors and activators of

transcription, respectively.

Repressor factors

The simplest mechanism of transcription repression relies on the use of a dimeric protein that binds
to DNA between -10 and -35 promoter regions, thus preventing RNAp docking by steric hindrance.
Repression of gene transcription of several promoters is controlled in this way. In some instances,
efficiency of repression is increased by the binding of additional repressor dimers to the operator
that shows multiple adjacent binding sites. In other cases, the operators map outside the promoter
region and efficient repression of transcription is achieved by a looping mechanism of the DNA
molecule that prevents RNAp binding, as occurs on the galactose operon of E. coli. In this system,
GalR represses transcription by binding to operators mapping upstream and downstream of the
transcription start site. Moreover, in some promoters other proteins might act as anti-activator (CytR

in E.coli), removing or preventing binding of an activator protein (Browning et al, 2016).

11
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Activator factors

Activator factors exert their action to increase transcription, often from a low basal levels, by one
out of three known mechanisms: class I activation, class II activation, and activation by a
conformational change as schematized in Fig. 3. In class I activation, the activator binds upstream
of the promoter elements to recruit the RNA polymerase on the promoter. Such a mechanism is
often applied to promoters displaying a suboptimal consensus sequence in the -10 or the -35 region.
In class II activation, the activator binds close or overlapping the —35 element of the promoter and
activation of transcription is achieved by a direct interaction of the regulatory protein either with
domain 4 of the sigma factor, or by the interaction with the N-terminal domain of the a-subunit of
RNAp. The third mechanism of transcriptional activation relies on conformational changes of the
promoter region when -35 and -10 sequence are incorrectly spaced. The binding of a regulatory
protein can alter the DNA conformation to optimize the required distance between the -10 and -35

elements, allowing promoter recognition by the RNAp (Browning et al, 2016).

a Repression b Activation
Repression by steric hindrance Class | activation
aNTD  (B-subunit + p'-subunit
aCTD . —
Repressor |_| ‘.

0 o X
+1

Repression by looping

- Repressor
ﬁ' Repressor

Fig. 3 Action mechanism of different regulators on core promoters and relative interaction with RNAp. In violet are
reported the repressive transcriptional factors, in red the activators; the RNAp is represented as in Fig 2
(Browning D. F, Busby S. J, Nat. Rev. Microbiol, 2016, Figure courtesy by Nature publishing group).
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2.5 Transcriptional regulation in Helicobacter pylori

H.pylori is a GRAM negative microaerophilic flagellated bacteria that colonize gastric mucus layer
in human stomach; it is the principal causative agent of chronic gastritis, gastric cancer, duodenal
ulcers and MALT lymphoma, and is associated with the development of adenocarcinoma.
Comprehend its transcriptional regulation can be very important to open new perspective in
H. pylori infection treatment, due to the emerging insurgence of antibiotic resistant strains.

The restricted gastric habitat of H. pylori has been associated with reduced functional redundancy
of its small genome (~1.6 Mb), characterized by a constrained number of regulators strictly
interconnected between them. The transcriptional machinery of H. pylori is similar to the one
observed in many other organism, such as E. coli, but with some substantial differences. In fact, in
the RNA polymerase holoenzyme of H. pylori, unlike in most species, the § and ' subunits are
found as a single fused gene product and this fusion likely confers a selective advantage. Also, the
H. pylori 6® specificity subunit of the RNA polymerase has several differences from the 6”° subunit
of E. coli (32% identity, 51% similarity) and from other bacteria (Borin BN et al. 2014). In spite of
the low promoters sequence homology between E. coli and H. pylori, the second ones can be
activated in E. coli and in vitro by the E. coli RNA polymerase. Thus, functional similarities
between the E. coli and H. pylori RNA polymerases have been postulated (Beier et al, 1998). The
H. pylori promoters, in fact, do not show all the classical core elements found in bacteria: it is still
possible the identification of a well conserved TATA box (-10 sequence, TATAAT), sometimes with
an extended TG, but they lack the canonical -35 sequence, which seems to be substituted by an AT
rich stretch region (Sharma et al, 2010).

Survival of H. pylori in the gastric niche depends on the concerted expression of virulence factors
and housekeeping genes. To withstand the continuous stresses imposed by the harsh acidic
environment and to counteract the host’s responses, H. pylori needs fast transcriptional response
through different two components systems with interconnected pathways, as reported in Fig. 4. For
example, to respond to pH stress, H. pylori has the two system component ArsS-ArsR, which
regulate genes still to be identified because of the impossibility to delete ArsR transcriptional
regulator. However, it seem to be fundamental both for bacterial survival and infection (Pflock et al,
2005, Pflock et al, 2006).

During infection, H. pylori has to face off with metal starvation and these are fundamental enzyme
cofactors triggering also the expression of virulence proteins. For this reason, the bacterium has to

constantly compete with the host for these essential nutrients. On the other hand, metal ions are
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toxic if present intracellularly in high amounts. Therefore, their homeostasis is tightly controlled.
Three systems are dedicated to this fundamental task in H. pylori: the CrdRS two-component
system, the ferric uptake regulator (Fur) involved in iron homeostasis, and a homolog of the Ni-
responsive NikR regulator of E. coli.

Fur is a small (17kDa) regulatory protein that regulates iron homeostasis. This regulation typically
occurs when Fur, which is bound by its ferrous iron cofactor (holo Fur), binds to specific DNA
sequences (Fur boxes) in the promoters of genes involved in iron uptake and represses their
expression; these Fur boxes tend to map close to the core promoter elements. Holo Fur repression is
the best-characterized in H. pylori and its regulon includes hundreds of repressed genes. This
regulatory protein can control transcription also in the absence of its iron cofactor (apo Fur) by
repressing a set of different genes (Delany et al, 2001).

Another important metal transcriptional regulator is NikR, a pleiotropic regulator, acting as either a
repressor or an activator of a variety of genes. This protein binds DNA only in his holo form, when
bound by the nickel ion. It regulates transcription upon binding to the promoters of genes that
encode factors involved in nickel import (nixA, fecA, frpB4, exbB), nickel storage (hpn), enzymatic
activity (ureAB), autoregulation (nikR), as well as genes involved in iron homeostasis (fur, pfr) and
possibly other cellular processes.

The last known metal ion traffic control system is the two components system CrdRS, primary
involved in copper trafficking and resistance in H. pylori. This regulative pathway exerts its effect
on the crdA gene, that is responsible for the detoxification of copper ions accumulated in bacterium
cytoplasm (Waidner et al, 2005).

Another fundamental survival process that H. pylori has to face is the heat shock stress. This
pathway is well studied and includes three multicistronic operons that are negatively controlled by
two transcriptional repressors, HrcA and HspR. Only HspR is needed to repress its own gene
promoter, while both regulators are necessary to repress the groESL and hrcA operons including
also the dnaK gene (Roncarati et al, 2014). The others two components systems present in H. pylori,
as well as the known alternative sigma factors, are all involved in chemiotaxis and flagella

formation and regulation.

14
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H. pylori transcription factors and regulators.

TF Gene Description Function

oS0 rpoD (HPOOSS) Vegetative sigma factor Housekeeping

o4 rpoN (HPO714) Alternative sigma factor Flagellar regulation; class /T genes; basal body, hook
o8 Jlid (HPI032) Alternative sigma factor Flagellar regulation; class /1T genes; late structures
FlgR  flgk (HPO703) NitrC-like response regulator Flagellar regulation; RpoN-dependent regulation
FlgS fgs (atoS) (HP0244) NirB-like cytoplasmic histidine kinase Flagellar regulation; acid acclimation

CheA  ched (HPD392) Histidine kinase Chemotaxis

CheY  che¥ (HPID6T) Response regulator Chemotaxis

CheY2 (HP0392) CheY-like reciever domam fused to CheA Chemotaxis; P~sink

ArsR  arsR (HPOI66) ompR-like response regulator Acid acclimation

ArsS arsS (HP0165) Transmembrane histidine kinase Acid acchmation; periplasmic acid sensor

HP1021 (HFPIO21) Atypical orphan response regulator Acetone metabolism

HP1043 (HPI043) Atypical orphan response regulator Growth

CrdR  cniR (HP1364) Response regulator Copper resistance

CrdS  cnlS(HPI365) Histidine kinase Copper resistance

Fur Fur (HP1027) Ferric uptake regulator Pletotropic; metal lon homeostasis

NikR  nikR (HP1338) E. coli NIkR homologue Pletotropic; nickel ion homeostasis

HreA  jwed (HPOIII) B. subtilis hred repressor homologue; membrane associated Heat shock; stress response

HspR  hspR (HP1025) Streptomyces spp. hspR repressor homologue Heat shock; stress response

Tab. 1 Summary table of H. pylori transcriptional factors with related description and function (putative for some of
them). The two unknown regulators are enlightened with a red box (Danielli et al. Plos Path. 2010, article under
Creative Commons CC-BY license).

Among the less studied transcriptional regulators of H. pylori there is HP1043. This because the
hp1043 gene appears to be essential for bacterial viability as suggested by the impossibility to
generate a knock out mutant nor to modulate its expression in vivo (Delany et al, 2002). Our interest
in the last few years has been focused on the identification of the genes regulated by this protein and

to understand its biological function within the cell.

2.6 HP1043 codes for an essential orphan response regulator in

H. pylori

HP1043 is an orphan response regulator of H. pylori that, probably, exerts its function also in the
absence of phosphorylation. The term orphan is used because the protein is supposed to be part of a
two components system but it lacks the kinase sensor. The structure of this transcriptional regulator
was assessed some years ago through X-ray and NMR techniques and reveals that its molecular
topology resembles that of the OmpR/PhoB subfamily. The N-terminal regulatory domain form a
compact dimer and C-terminal transactivation domain is linked to it with a short flexible linker
(Hong et al, 2007). The two alpha helixes a-7 and -8 form a helix-turn-helix DNA binding motif

and an electrostatic surface consisting of two regions with opposite charge distribution and the loop
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between a-7 and «-8 is responsible for transcription activation and interaction with the ¢® subunit
of the RNA polymerase (Hong et al, 2007). The crystal structure shows that a 2-fold symmetric
dimeric interface is stabilized by the a-4/3-5/a-5 interface that resembles the phosphorylated and
active form of the protein PhoB.

Despite the information on the HP1043 structure, its regulon is still unknown. In fact only three
targets bound in vitro by the transcriptional regulator have been identified: the hp1043 promoter
itself, that can suggest an autoregulation of the protein, the tI[pB promoter, that codes for a protein
involved in chemotaxis (Delany et al, 2002), and the sSRNA cncrl promoter, a small non-coding
RNA involved in bacterial switch between adhesion mechanism on adenocarcinoma gastric cells
(AGS) and bacterial motility (Vannini et al, 2017, Vannini et al, 2016). Another suggested potential
target was the porG promoter, assessed with EMSA supershift assays (Olekhnovich et al, 2013).
Moreover, the same authors hypothesized that HP1043 can have a role in response to oxidative
stress, as treatment of growing cells with Metronidazole (MTZ) determined a decrease in protein
levels as well as of the hp1043 and tIpB transcripts, likely controlled by HP1043 (Olekhnovich et al,
2013).

It has been reported that attempts to modulate the HP1043 protein level was not successful in

H. pylori cells with an insertion of an extra copy of the gene (Delany et al, 2002). In the past years,
a few independent research groups attempted to delete hp1043 gene after the insertion in a different
locus of a second copy of the gene under the control of an inducible promoter, with no success
(Bauer et al, 2013, Miiller et al, 2007). The first attempt was performed by integrating a second
copy of the gene under the control of the pfr promoter (inducible by addition of iron ions). Results
from this strain submitted to iron showed an increase of hp1043 mRINA levels with no changes in
the amount of the HP1043 protein levels (Delany et al, 2002). In another attempt, an extra copy of
the hp1043 gene was inserted in the H. pylori genome under the control of fecAl promoter
(repressed by addition of iron) to allow the deletion of endogenous copy of the hp1043 gene (Schér
et al, 2005). In this strain, the amount of HP1043 in the presence or absence of iron showed only
slight variations, thus confirming that modulation of the amount of HP1043 in the cell is difficult to
obtain.

The aim of this work is to expand and unravel the HP1043 regulon in vivo with Chromatin
Immunoprecipitation (ChIP) assay, followed by deep sequencing. This approach allowed us to
identify several new targets for HP1043. Analysis of the new binding sites reveal that the protein
recognizes a specific consensus sequence on the DNA, identified by bioinformatics analysis and

validated by scanning mutagenesis and binding properties assessed by DNasel and hydroxyl-radical
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footprints. Interestingly, the analysis of the HP1043 regulon revealed that a proportion of the
regulated genes are involved in translational processes. Accordingly, block of translation and RNA-

seq analysis confirmed that the majority of HP1043 target genes are induced.
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HP1043 regulon characterization

This study is focused on the characterization of the HP1043 orphan response regulator of H. pylori.
For clarity of presentation it has been divided in two main parts. In the first part will be discussed
the in vivo identification of the HP1043 transcriptional regulator target gene promoters, and of a
putative consensus binding sequence. Notably, several of the identified genes are involved in
translational functions. In the second part will be discussed the in vitro functional characterization
of HP1043 binding to the targeted sequences and their mutants to exerts its regulatory action.

Most of the first part of this study has been recently published (Pelliciari et al 2017). Here is
reported a brief summary of the Chomatin-ImmunoPrecipitation (ChIP) results for H. pylori
HP1043 that allowed the identification of in vivo DNA-binding sites of the protein. The experiment
has been performed on liquid culture of exponentially growing bacteria treated with formaldehyde
to cross-link the interactions between the DNA-binding domain of the protein with bound
nucleotides. Cells were then lysed and sonicated to obtain genome fragments of about 400 base
pairs long.

The protein-DNA fraction was incubated with a polyclonal antibody against HP1043 and
subsequently with IgG beads to recognize the constant portion of antibodies. This procedure allows
separation of DNA fragment bound by HP1043, captured by the beads, from unbound genome
regions. After several washes, the DNA-protein complexes were eluted from the matrix, the cross-
link reverted and DNA fragments purified and subjected to nucleotide sequence determination.

ChIP assays data analysis allowed to identify genome regions in which the number of reads of
immunoprecipitated sample, compared to the control experiment performed in absence of HP1043
antibody, were enriched at least 2-fold. From two biological replicates analyses it was possible to
identify 37 highly reproducible peaks, with 89% of them mapping close to the 5’-end of annotated
genes, positions that might be overlapping or associated to promoter regions. Analysis of the genes
associated to the ChIP peaks was then carried out using the Clusters of Orthologous Groups of
proteins (COGs) database. tRNA and rRNA genes were included in the translation category. Results
of this analysis revealed that about one third of the peaks (37%) are linked to genes coding for
proteins involved in translation and others involved in crucial cellular function such as energy
production and transcription.

The validation of the binding sites identified in ChIP-seq experiments was carried out performing
DNase I footprinting assays on a selection of targets among the list of 37 highly reproducible peaks.
In this analysis was also included a probe mapping in a group of less reproducible peaks. Probes

were radioactively labeled with **P and incubated in vitro with increasing amounts of recombinant
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purified HP1043, then treated with DNase I to identify regions specifically bound by the protein. In
all DNA probes appeared a clear region of protection from enzymatic digestion, representing the
region of protein binding. These data confirmed the reliability of the highly reproducible peaks
identified in ChIP-seq experiments and possibly expand the list to additional genes associated to
poorly reproducible peaks in vivo.

Alignment of the nucleotide sequences of the promoter regions bound by HP1043 revealed that in
all of them the -35 box shows an AT-rich motif region and a conserved -10 region, TATAAT.
Alignments of the nucleotide sequences protected by HP1043 in DNase I footprinting assays
identified an highly conserved motif constituted by two direct repeats (TTTAAG), separated by a 5
bp spacer, in which the second hemisite appears less conserved than the first one.

To further verify the correlation between this putative consensus sequence and HP1043 protein
binding, hydroxyl-radical footprinting assays were performed on the same targets previously probed
with DNase I footprinting. In all promoters tested, the protection pattern of HP1043 binding showed
a triplet of 3/4 nucleotide spaced by two non-protected regions of 5/6 nucleotides. Notably, the
central protected region overlaps the spacer between the hemisites, and other two protected regions
map immediately upstream and downstream of the motifs. As hydroxyl-radical footprinting
protections reflect minor accessibility of radical ions to the minor groove of the DNA, the protected
nucleotides might mirror the effect of HP1043 binding to the major groove of the DNA to the
hemisites that would narrow adjacent regions and become protected by hydroxyl-radical
footprinting treatment.

These results validated the ChIP-seq experiments and confirmed the involvement of the conserved
nucleotide motif in HP1043 binding. Subsequently, the study has been focused on the biological
role of HP1043 on transcriptional regulation in H. pylori. As one third of the HP1043 regulon is
linked to the translational process, we blocked protein synthesis by treating exponentially growing
bacteria with a sub-lethal concentration of tetracycline, and analyzed transcripts levels by RNA-seq.
Deep sequencing RNA revealed that almost all genes of the HP1043 regulon appeared upregulated
in response to tetracycline treatment. Moreover, the percentage of genes with high transcript levels
is twice (68%) the one randomly expected. RNA-seq results have been validated by qRT PCR on a
selection of targets. Taken together, these data show that HP1043 is involved in the bacterial
translational stress response. However, the exacts molecular mechanisms exerted by the HP1043

regulatory protein to control transcription remains to be elucidated. Specifically, whether the
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transcriptional factor acts as a repressor, releasing promoters by tetracycline treatment, or as an
activator, promoting transcription in response to the same stimulus.
The above summarized results have been included in the publication article included in this thesis

as Annex 1 (Pelliciari et al 2017).

e Pelliciari S & Pinatel E, Vannini A, Peano C, Puccio S, De Bellis G, Danielli A, Scarlato V,
Roncarati D, (2017) Insight into the essential role of the Helicobacter pylori HP1043 orphan
response regulator: genome-wide identification and characterization of the DNA-binding

sites. Sci. Rep, 23;7:4106. (article under Creative Commons CC-BY license)
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