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Summary

Low pH is the main environmental stress encountered by Helicobacter pylori in the human stomach.
To ensure its survival under acidic conditions, this bacterium utilizes urease (encoded by the ureAB
operon), a nickel-activated metalloenzyme, which cleaves urea into ammonia to buffer the periplasmic
space. Expression of the ureAB operon is tightly regulated at the transcriptional level. Moreover, the
urease activity is modulated post-translationally via the activity of nickel-binding proteins such as
HP1432 that act as nickel sponges to either sequester or release nickel depending on the pH. However,
little is known how the levels of these nickel-binding proteins are regulated at the post-transcriptional
level. Interestingly, more than 60 candidate small regulatory RNAs (sSRNAs) have been identified in a
differential RNA-seq approach in H. pylori strain 26695, suggesting an uncharacterized layer of post-
transcriptional riboregulation in this pathogen. SRNAs control their trans- or cis- encoded targets by
direct binding. Many of the characterized sSRNAs are expressed in response to specific environmental

cues and are ideal candidates to confer post-transcriptional regulation under different growth conditions.

This study demonstrates that a small RNA termed ArsZ (Acid Responsive SRNA Z) and its
target HP1432 constitute yet another level of urease regulation. In-vitro and in-vivo experiments show
that ArsZ interacts with the ribosome binding site (RBS) of HP1432 mRNA, effectively repressing
translation of HP1432. During acid adaptation, the acid-responsive ArsRS two-component system
represses expression of ArsZ. ArsRS and ArsZ work in tandem to regulate expression of HP1432 via a
coherent feedforward loop (FFL). ArsZ acts as a delay mechanism in this feedforward loop to ensure
that HP1432 protein levels do not abruptly change upon transient pH drops encountered by the bacteria.
ArsZ “fine-tunes” the dynamics of urease activity after pH shift presumably by altering nickel
availability through post-transcriptional control of HP1432 expression. Interestingly, after adaptation
to acid stress, ArsZ indirectly activates the transcription of HP1432 and forms an incoherent FFL with
ArsRS to regulate HP1432. This study identified a non-standard FFL in which ArsZ can participate
directly or indirectly in two different network configurations depending on the state of acid stress
adaptation. The importance of ArsZ in the acid response of H. pylori is further supported by
bioinformatics analysis showing that the evolution of ArsZ is closely related to the emergence of
modern H. pylori strains that globally infect humans. No homologs of arsZ were found in the non-pylori
species of Helicobacter. Moreover, this study also demonstrates that the physiological role of a SRNA
can be elucidated without the artificial overexpression of the respective SRNA, a method commonly
used to characterize sSRNAs. Coupled with time-course experiments, this approach allows the kinetics
of ArsZ regulation to be studied under more native conditions. ArsZ is the first example of a trans-
acting SRNA that regulates a nickel storage protein to modulate apo-urease maturation. These findings
may have important implications in understanding the details of urease activation and hence the

colonization capability of H. pylori, the only bacterial class I carcinogen to date (WHO, 1994).



Zusammenfassung

In der natiirlichen Umgebung des menschlichen Magens ist Helicobacter pylori insbesondere niedrigen
pH-Werten ausgesetzt. Um diese Bedingungen zu iiberleben, setzt das Bakterium das Enzym Urease
ein (kodiert durch das ureAB Operon), ein Nickel-aktiviertes Metalloenzym, welches Urea zu
Ammonium umsetzt um den pH-Wert des periplasmatischen Raums abzupuftern. Die Expression dieses
Operons ist auf transkriptioneller Ebene streng reguliert. Zudem ist die Aktivitdt des Urease Enzyms
auf post-translationaler Ebene moduliert. Dies geschieht durch die Aktivitdt von Nickel-Bindeproteinen
wie HP1432, die in Abhéngigkeit vom pH-Wert Nickelionen abfangen oder wieder freigeben.
Allerdings ist nur sehr wenig darliber bekannt, wie diese Nickel-Bindeproteine auf post-
transkriptioneller Ebene reguliert werden. Interessanterweise wurden mehr als 60 sRNA-Kandidaten
(engl. small RNA fiir dt. kleine RNA) durch eine differentielle RNA-seq Methode im H. pylori Stamm
26695 identifiziert. Dies legt eine nicht charakterisierte Ebene post-transkriptioneller Riboregulierung
in diesem Pathogen nahe. sSRNAs kontrollieren ihre trans- oder cis-kodierten Zielgene durch direkte
Interaktion. Viele der charakterisierten sSRNAs werden als Antwort auf spezifische Umweltsignale
exprimiert und stellen ideale Kandidaten fiir post-transkriptionelle Regulatoren unter verschiedenen

Wachstumsbedingungen dar.

In dieser Arbeit wird gezeigt, dass die kleine RNA ArsZ (engl. acid responsive sSRNA Z fiir dt.
sdureabhédngige sSRNA Z) und ihr Zielgen HP1432 ein zusétzliches Level der Urease-Regulierung
darstellen. In-vitro und in-vivo Experimente zeigen, dass ArsZ mit der Ribosomenbindestelle (RBS) der
HP1432 mRNA interagiert, wodurch dessen Translation verhindert wird. Wéhrend der Séureanpassung
verhindert das sdureabhéngige ArsRS Zweikomponentensystem die Expression von ArsZ. Zusammen
regulieren ArsRS und ArsZ das Zielgen HP1432 in Form eines kohdrenten Feed-forward-loops (FFL).
ArsZ agiert hier als Verzogerungsmechanismus, um sicherzustellen, dass sich bei einem transienten
Abfall des pH-Wertes das Proteinlevel von HP1432 nicht abrupt verindert. Nach pH-Anderungen
vermittelt ArsZ eine Feinregulierung der Ureaseaktivitidt, vermutlich indem es durch die post-
transkriptionelle Kontrolle der HP1432 Expression die Verfligbarkeit von Nickel verédndert.
Interessanterweise aktiviert ArsZ nach der Sdureanpassung indirekt die Transkription von HP1432 und
schlieBt dadurch einen inkohirenten FFL mit ArsRS zur Regulierung von HP1432. Diese Studie
identifizierte einen Nicht-Standard-FFL, in dem ArsZ abhéngig von dem Status der Sdureadaptation in
zwei verschiedenen Netzwerkkonfigurationen direkt oder indirekt agieren kann. Bioinformatorische
Analysen unterstiitzen die Relevanz von ArsZ in der Sdureantwort von H. pylori zusétzlich. Hierbei
kann gezeigt werden, dass die Evolution von ArsZ mit dem Aufkommen moderner H. pylori Stimme
einhergeht, die weltweit Menschen infizieren. In nicht-pylori Helicobacter Spezies konnten keine
Homologe von arsZ gefunden werden. Zudem zeigt diese Studie, dass die physiologische Rolle einer

SRNA ohne ihre artifizielle Uberexpression aufgeklirt werden kann, eine standard-miBige



Herangehensweise zur Charakterisierung kleiner RNAs. In Kombination mit Zeitverlaufsexperimenten
konnte die zeitabhingige Regulierung von Zielgenen durch ArsZ unter natiirlicheren Bedingungen
untersucht werden. ArsZ ist das erste Beispiel einer trans-agierenden sRNA die ein Nickel-
Speicherprotein reguliert, um die Reifung der Apo-Urease zu modulieren. Diese Ergebnisse konnen
wichtige Informationen liefern, um die Aktivierung des Urease Enzyms besser zu verstehen und um
damit detailliertere Einblicke in die Kolonisierungsfahigkeit von H. pylori zu gewinnen, dem bislang

einzigen bakteriellen Klasse-I-Karzinogen (WHO, 1994).
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1. Introduction

1.1 The Helicobacter genus

Helicobacter species are Gram-negative bacteria that belong to the epsilon subdivision of Proteobacteria.
There are more than 20 described species belonging to the Helicobacter genus (Fox, 2002), which can be
further divided into two major subdivisions, the gastric and non-gastric (enterohepatic) Helicobacter
species. All members of the Helicobacter genus are microaerophilic and are highly adapted to their niche
within the host (Kusters et al., 2006). For example, the enterohepatic species such as H. hepaticus (Shames
et al., 1995), which colonizes the colon and liver of rodents, are unable to colonize the stomach, which is
the niche of the gastric species and vice-versa (Solnick & Schauer, 2001). The gastric Helicobacter species
are specialized in the colonization of their respective host gastric mucosae such as H. felis, which colonizes
the stomach of cats (Lee et al., 1988), H. mustelae, which infects ferrets (Fox et al., 1988), and
H. acinonychis, which commonly infects large felines such as cheetahs (Eaton et al., 1993). Among the
various Helicobacter species, H. pylori has the most significance to human health and thus, is the most

studied and best characterized species.
1.2 Specific colonization and virulence strategies evolved by Helicobacter pylori

Despite its long association with humans since ~100,000 years ago (Moodley et al., 2012), H. pylori was
only discovered in 1984 by endoscopy of the stomach in patients suffering from gastritis (Marshall &
Warren, 1984). Contrary to early ideas that the human stomach is sterile and that any bacterium found in
the stomach was considered to be a result of contaminated food, the gastric environment is now estimated
to support up to 200 different microbial species (Bik et al., 2006). To date, H. pylori colonizes the stomachs
of about 50 % of the world’s population. Infection by H. pylori is generally acquired in childhood and
colonization is usually asymptomatic until adulthood (Dorer et al., 2009). Gastric colonization by H. pylori
is often associated with peptic ulcers, chronic gastritis, and gastric cancer (Kusters et al., 2006)
(Wroblewski et al., 2010). Thus, H. pylori is the only bacterium to be classified as a type I carcinogen by
the World Health Organization (Cancer, 1994).

H. pylori uses a wide array of housekeeping genes and virulence factors to withstand the harsh
acidic environment of the stomach, to colonize and adhere to gastric epithelial cells, to obtain nutrients, as
well as to evade the host’s immune response (de Reuse & Bereswill, 2007) (Josenhans et al., 2007). The
persistence of H. pylori in the human gut is aided by its ability to avoid detection by the host’s innate and
adaptive immune system. The pathogen-associated molecular patterns (PAMPs) associated with H. pylori

have evolved to escape detection by pro-inflammatory Toll-like receptors (TLRs) and thus evading the



host’s innate immunity. Evasion of adaptive immunity is achieved by modulation of the host’s effector T-

cells by the vacuolating cytotoxin protein (VacA) (Salama et al., 2013) (Figure 1.1).

With a pH of 1-2, the stomach lumen is highly acidic and thus, a harsh environment for microbial
survival and growth. As a neutralophile, H. pylori uses a unique acid acclimation strategy that is distinct
from other neutralophiles or acidophiles (Krulwich et al., 2011) to survive these drastic acidic conditions.
During the initial stages of colonization, H. pylori needs to escape from the acidic lumen to the less acidic
gastric mucus layer (pH 3-6), since H. pylori can survive only for a few minutes in the stomach lumen
(Schreiber et al., 2005). This is accomplished by rapid movement towards neutral pH along the pH gradient
between the lumen and the gastric mucus layer. In turn, H. pylori loses its spatial orientation when the pH
gradient in the stomach is disturbed (Schreiber et al., 2004). Hence, in addition to flagella and its helical
corkscrew morphology (Sycuro et al., 2010), pH chemotaxis is important for successful colonization of the
host (Terry et al., 2005) (Rolig et al., 2012). Moreover, H. pylori employs the urease enzyme, which
converts urea to ammonium ions to increase the local pH around the cell (described in more detail below,
Figure 1.3). At high pH, the gel-like gastric mucus undergoes transition into a less viscous solution-like
layer (Celli et al., 2007). This allows H. pylori to swim across the gastric mucos to reach the apical side of
the underlying epithelium by reducing the viscoelasticity of the mucus (Celli et al., 2009). In order to adhere
to gastric epithelial cells, H. pylori uses several of its outer membrane proteins including BabA (Boren et

al., 1993) and SabA (Mahdavi et al., 2002) as adhesins (Alm et al., 2000).

H. pylori secretes two toxin proteins to manipulate host tissues and promote its own persistence.
One is the 140 kDa VacA protein, which is present in all identified H. pylori strains. In addition to its pore-
forming and apoptotic activity, VacA can affect mucosal barrier function by increasing the permeability of
polarized cells (Palframan et al., 2012) (Willhite et al., 2003). Moreover, VacA can transverse via the
paracellular route through disrupted tight junctions to inhibit T cell proliferation (Sundrud et al., 2004). The
second effector protein is the cytotoxin-associated gene A (CagA), which plays a major role in the gastric
biology of H. pylori (Backert & Blaser, 2016). The 128 kDa protein is translocated into the host cell via the
needle-like pilus type-IV secretion system (T4SS) (Kwok et al., 2007) (Murata-Kamiya, 2011). After
translocation into host cells, the EPIYA motif of CagA can be phosphorylated by SRC and ABL family
kinases (Hayashi et al., 2013). Both phosphorylated and unphosphorylated CagA bind to a variety of host
proteins (Murata-Kamiya, 2011), resulting in host phenotypes that confer nutritional benefits for the

bacteria (Tan et al., 2011).
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Figure 1.1: Helicobacter pylori colonization of the gastric mucosa. H. pylori escapes from the very acidic stomach
lumen into the less acidic gastric mucus layer. The urease enzyme converts urea to ammonium ions to increase the
local pH around the cell and to reduce viscosity of the mucus. This helps H. pylori to swim to the apical surface of
epithelial cells and adhere to the cells using BabA and SabA adhesins. Oligomerization of secreted VacA promotes
pore formation and vacuolization of the host cell. VacA interacts with mitochondria to trigger apoptosis. CagA is
translocated into the host cell via the type-IV secretion system. Phosphorylated and unphosphorylated CagA interacts

with host proteins to disrupt cell polarity and trigger cytoskeletal rearrangements.

1.3 Acid acclimation by H. pylori urease

pH homeostasis is important for physiology and survival of bacteria. Due to the limited range of pH within
which their proteins can function, bacteria have evolved both active and passive strategies to maintain
optimal pH when challenged with acid. One of the main strategy for active pH homeostasis is to use
transporters such as primary proton pumps and secondary cation-proton antiporters to catalyze active proton
transport (Krulwich et al., 2011). The proton motive force (PMF) generated via respiration in respiratory
bacteria (€.9. E. coli) can be used to drive the proton transporters as well as to limit proton intake by reducing
expression of ATPase, which brings protons into the cell (Slonczewski et al., 2009). In non-respiratory
bacteria (e.g. Streptococcus mutants), the FiFy ATPase promotes the expulsion of protons (Kobayashi et
al., 1986). A second strategy involves upregulation of enzymatic reactions that consume cytoplasmic
protons such as specific hydrogenases and decarboxylases (Slonczewski et al., 2009) (Maurer et al., 2005)

(Stancik et al., 2002). Glutamate and arginine decarboxylases are crucial in the acid resistance response in
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E. coli. Glutamate decarboxylase p (GadB) works together with an antiporter (GadC) to convert glutamate
to y-aminobutyric acid (GABA) (Foster, 2004) (Gut et al., 2006). Moreover, passive pH homeostasis
strategies that involve adaptation of surface proteins with residues containing high isoelectric points could
be found in many bacteria including H. pylori (Tomb et al., 1997). The positively charged surface proteins
act as proton repellents. The composition of porins and membrane lipids could also be used to reduce inward

proton leakage (Broadbent et al., 2010) (Hayes et al., 2006) (Kim et al., 2005) (Shabala & Ross, 2008).

However, H. pylori uses a different active strategy to overcome extreme pH fluctuations that could
be triggered during the transition between gastric starvation (pH 1) and digestive phase (pH 5) (Sachs et
al., 2003). This strategy known as periplasmic pH homeostasis utilizes the urease metalloenzyme,
consisting of two polypeptide subunits, UreA and UreB, to cleave urea into ammonia (NH3) and carbon
dioxide (COy). The inactive apo-urease, a heterodimer encoded by the ureAB operon (Labigne et al., 1991),
requires four chaperones encoded by the ureEFGH transcript for insertion of 24 nickel ions (Ni*") to

produce the final mature, active urease enzyme (Mobley et al., 1995) (Figure 1.2 A).

Although H. pylori can produce urea endogenously using its arginase activity (McGee et al., 2004),
urea uptake from the host can be further promoted by the acid-activated urea channel Urel, which is required
for colonization of the gastric mucosa (Mollenhauer-Rektorschek et al., 2002) (Weeks et al., 2000). The
crystal structure of Urel, which was recently solved (Strugatsky et al., 2013), has provided detailed insights
into the mechanism of urea uptake by this protein. The Urel channel starts to open at pH 6.2, and is fully
open when the pH is equal to or lower than 5.0 (Bury-Mone et al., 2001), allowing urea uptake only at an
acidic pH. The NH; and carbonic acid (H,COs3) that is produced by urease in the cytoplasm moves to the
periplasm via Urel and buffers the periplasm (H" + NH; — NH4") while the H,COs is converted to CO, by
the cytoplasmic B-carbonic anhydrase (Bury-Mone et al., 2008). The CO; diffuses into the periplasmic
space and is further converted into bicarbonate (HCO;5) by the periplasmic a-carbonic anhydrase
(Marcus et al., 2005). Together, the COo/HCO5™ and NH3/NH4" acid-base pairs provide efficient buffering
of the periplasmic space at pH 6 (Krulwich et al., 2011). To avoid excessive accumulation of ammonia and
thus over-alkalinization of the cytoplasm, CO, and ammonia are transported out of the cytoplasm into the

periplasmic space (Scott et al., 2010).

In line with the importance of urease in acid acclimation, apo-urease is constitutively expressed in
H. pylori (Akada et al., 2000) at high levels, with concentrations reaching about 10 % of the total cellular
protein content (Bauerfeind et al., 1997). Moreover, urease has been shown to be essential for H. pylori
colonization of the gastric mucosa and survival at acidic pH (Eaton & Krakowka, 1994) and is present in

all known gastric Helicobacter species (Solnick & Schauer, 2001).
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Figure 1.2: Periplasmic buffering and regulation of apo-urease by the ArsRS two-component system in
H. pylori. The signal of acidic pH is transduced by the ArsRS two-component system (TCS), which regulates ~ 109
genes including the ureAB genes, which encode the subunits of the urease apo-enzyme (ArsRS regulon). The urease
halo-enzyme converts urea into ammonia and carbonic acid. Urel release ammonia into the periplasmic space to buffer

the acidic pH with the help of bicarbonate produced from a- and B-carbonic anhydrase enzymes.

1.4 Regulation of acid-responsive genes by the ArsRS two component system

The small H. pylori genome (1.67 Mb) encodes relatively few transcriptional regulators, including only
three complete regulatory two-component systems (TCS) (Tomb et al., 1997) (Scarlato et al., 2001). In
general, the function of these systems in bacteria is to sense a particular signal in the environment and
trigger an appropriate adaptive response. TCS usually consist of a sensor kinase protein and a response
regulator protein. A conserved histidine residue at the C-terminal domain of the sensor kinase is usually
autophosphorylated in the presence of a certain stimulus. The cognate response regulator is often a
transcriptional regulator with an N-terminal receiver domain and a C-terminal DNA-binding domain. The

aspartic acid residue at the N-terminal receiver domain of the response regulator is modulated by the



phosphorylation state of the kinase. This in turn affects the DNA-binding activity of the response regulator

and elicits the appropriate gene expression changes for the environmental signal.

One of the TCS in H. pylori responsible for sensing the environmental pH is the ArsRS (Acid
responsive signalling) TCS (Beier & Frank, 2000) (Figure 1.2 B). The ArsRS TCS is important for acid
adaptation in the gut, since a mutant without the ArsS sensor kinase is unable to colonize a mouse infection
model (Panthel et al., 2003). This TCS is also negatively autoregulated, since, an ArsR binding site was
found downstream of the promoter and transcription start site of arsR (Dietz et al., 2002) and transcription
of the response regulator gene arsR is downregulated at a pH lower than 5 (Pflock et al., 2006).
Interestingly, while the sensor kinase gene arsS can be deleted without affecting in-vitro growth of
H. pylori, the response regulator ArsR is essential (Beier & Frank, 2000). The arsR gene cannot be deleted,
but can be rendered catalytically inactive by substituting the phosphate-accepting aspartic acid residue at
position 52 with asparagine (D52N) (Schar et al., 2005). This suggests that there are two distinct sets of
genes belonging to the ArsRS regulon: one that is regulated by the non-phosphorylated ArsR, which is
essential for growth, and a second that is regulated by the phosphorylated ArsR (ArsR~P) in response to
acid. This idea was experimentally supported by a recent study using the ArsRD52N mutant under acidic

and neutral conditions (Marcus et al., 2016).

A total of 109 members of the ArsRS regulon were identified by transcriptional profiling of a wild-
type and an arsS mutant strain (Pflock et al., 2006). 75 genes seemed to be activated by ArsRS, while 34
genes were negatively regulated by ArsR~P. In line with earlier observations that the promoter region of
ureAB and urelEFGH are regulated by ArsR~P (Pflock et al., 2004) (Pflock et al., 2005), all the genes
encoded within the urease operons were found to be positively regulated by ArsR~P. Besides the urease
operons, amiE, amiF, as well as genes encoding the two nickel-binding proteins HP1427 (Gilbert et al.,
1995) and HP1432 (Zeng et al., 2008) showed the highest positive regulation by ArsRS under acidic
conditions (Pflock et al., 2006). The amiE and amiF genes, which encode two aliphatic amidases
(Skouloubris et al., 2001), are part of the endogenous ammonia production pathway and are found in

Helicobacter species that are able to colonize the stomach (Bury-Mone et al., 2003).

Under acidic conditions, the solubility of metal ions such as nickel increases. Hence, the nickel-
dependent regulator NikR was reported to affect a subset of acid responsive genes (Contreras et al., 2003)
and may play a role in acid adaptation (Bury-Mone et al., 2004). The induced transcription of nikR under
acidic conditions (van Vliet et al., 2004b) is thought to be induced by increased bioavailability of nickel
ions under acidic conditions (van Vliet et al., 2004a). In addition, NikR is also negatively autoregulated

(Contreras et al., 2003). The ureAB (van Vliet et al., 2001) (van Vliet et al., 2002) and HP1432



(Muller et al., 2011) genes were shown to be also regulated by NikR in the presence of nickel. Moreover,
in vitro studies showed that NikR binds directly to the promoter of ureA (Delany et al., 2005) and HP1432
(Muller et al., 2011). Interestingly, the ArsRS TCS was recently reported to be regulated by the iron-
responsive ferric uptake regulator (Fur) via a metal-responsive DNA condensation mechanism
(Roncarati et al., 2016). Furthermore, NikR was reported to compete with Fur for binding upstream of the

promoter region of arsR (Roncarati et al., 2016).

The levels of urease are regulated at multiple levels (Figure 1.3). First, the expression of the ureAB
operon mRNA is controlled by transcription factors such as ArsR and NikR in response to acid and nickel
(Contreras et al., 2003) (van Vliet et al., 2002). Additionally, the nickel-binding protein Mua represses the
expression of ureAB, presumably to prevent overproduction of ammonia, which is detrimental to cells
(Benoit & Maier, 2011). Next, ureB mRNA is post-transcriptionally downregulated by the cis-encoded
small RNA (sRNA, see Figure 1.7 below) 5’ureB-sRNA at neutral pH. This cis-encoded sSRNA induces
degradation of ureB mRNA by base-pairing, resulting in reduced levels of UreB (Wen et al., 2011). Finally,
urease activity is also controlled on the post-translational level via regulated loading of its essential cofactor
Ni*" (Cussac et al., 1992). In particular, the two histidine-rich proteins HP1427 (Hpn) and HP1432 (Hpn2),
which are unique to the gastric Helicobacter species, are known to affect urease activity. Due to the
presence of poly-Histidine residues, these proteins can bind to nickel and could serve as nickel storage
proteins (Gilbert et al., 1995). Both HP1427 and HP1432 are regulated by NikR (Muller et al., 2011).
HP1427 represent about 2 % of total proteins in H. pylori (Gilbert et al., 1995) and consists of 28 Histidine
(His) residues. HP1432 consists of 16 His residues with glutamine (Gln) residues enriched at the C-terminal
region. Both proteins can bind nickel with high affinity and other metal ions (zinc, cobalt, copper and
bismuth) at lower affinity (Rowinska-Zyrek et al., 2011) (Witkowska et al., 2011) (Witkowska et al., 2012)
(Chiera et al., 2013) (Zeng et al., 2011).HP1427 and HP1432 exist as a 20-mer and 22-mer protein
respectively. While each monomer of HP1427 binds 5 Ni** with a K4 of 7.1 uM (Ge et al., 2006b) a single
monomer of HP432 binds only 2 Ni*" with K4 of 3.8 uM (Zeng et al., 2008). Although in-vitro purified
HP1427 could form amyloid-like fibers and is cytotoxic to gastric epithelial cell cultures (Ge et al., 2011)
(Zhou et al., 2014), the existence of such fibers has yet to be shown in vivo. The metal binding capacity of
both proteins has been determined in vivo in E. coli by FRET and showed that Gln-rich domain do not
affect the metal binding activity (Chang et al., 2015). Expression of both proteins conferred protection
against nickel toxicity in E. coli (Zeng et al., 2008) (Ge et al., 2006a). In-vivo studies suggest that both
proteins protect H. pylori against nickel toxicity (Mobley et al., 1999) and play important roles in

colonization of animal infection models (Benoit et al., 2013) (Vinella et al., 2015). The multitude of



regulatory factors modulating the levels of urease underscores the importance of precise control of this

enzyme’s activity in response to nickel availability and pH levels.
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Figure 1.3: Regulation of urease expression at the transcriptional and post-transcriptional level as well as urease

maturation regulation in H. pylori.

1.5 Bacterial sSRNAs

The first bacterial regulatory RNAs were identified in the 1980s (Stougaard et al., 1981) (Mizuno et al.,
1984) but the importance of this class of RNAs in various cell processes and adaptive responses has only
been recognized rather recently (Papenfort & Vogel, 2010) (Storz et al., 2011). In many cases, these RNAs
have been found to be the missing links in bacterial regulatory pathways involved in fine-tuning of cell
metabolism (Oglesby-Sherrouse & Murphy, 2013), quorum sensing, virulence (Roberts & Scott, 2007), and

envelope stress (Chao & Vogel, 2016). Many of them have been discovered in various pathogenic and non-



pathogenic bacteria, resulting in numerous review articles detailing their regulatory mechanisms and
functions (Storz et al., 2011) (Waters & Storz, 2009) (Caldelari et al., 2013) (Svensson & Sharma, 2016).
In general, SRNAs can be categorized into four classes based on their regulatory mechanism (described in
more detail below, Figure 1.8): sSRNAs that directly modulate protein activity, CRISPR RNAs (clustered
regulatory interspaced short palindromic repeats), Cis-encoded base-pairing sSRNAs, and trans-encoded
base-pairing sSRNAs [104]. In addition, there are unique non-coding small RNAs that perform housekeeping
functions such as tmRNA, which acts as both a tRNA and an mRNA to rescue stalled ribosomes (Moore &
Sauer, 2007), 4.5S RNA, which is part of the signal recognition peptide (Herskovits et al., 2000), as well
as RNase P, which is involved in the processing of tRNAs and other RNAs (Kazantsev & Pace, 2006).

Bacterial sSRNAs are typically 50-200 nt in length. They usually do not code for proteins (non-
coding RNA), with a few exceptions such as RNAIII, SgrS, Psm-mec RNA, SR1 and Pel RNA that also
encode for small peptides (Balaban & Novick, 1995) (Wadler & Vanderpool, 2007) (Kaito et al., 2011)
(Gimpel et al., 2010) (Mangold et al., 2004). Most of the characterized SRNAs interact with their target
mRNASs by base-pairing to either activate or repress gene expression (Storz et al., 2011). A single SRNA
can regulate multiple target genes (Papenfort & Vogel, 2009). There are also SRNAs that are encoded within
the pathogenicity islands or virulence plasmids of various pathogenic bacteria (Pichon & Felden, 2005)
(Padalon-Brauch et al., 2008) and some of these SRNAs can also regulate genes from the core genome

(Pfeiffer et al., 2007).
1.6 Mechanisms of regulation by sRNAs
1.6.1 cis-encoded sRNAs

The cis-encoded sSRNAs (asRNAs) are encoded on the opposite DNA strand of their target RNA and thus
often share an extensive region of complementarity (75 nucleotides or more) to their targets (Wagner et al.,
2002). Both the sSRNA and its target are transcribed independently of each other from opposite directions.
The first identified asRNAs were found to control the copy number of mobile genetic elements by inhibiting
primer formation and/or transposase translation (Brantl, 2007). Subsequent studies revealed asRNAs that
are part of specific toxin-antitoxin (TA) systems (TA type I) (Brantl & Jahn, 2015). In this case, the asRNA
functions as the antitoxin, which base-pairs with the toxin mRNA in order to inhibit its translation and

additionally promote degradation of the transcript (Jahn & Brantl, 2013).

In general, asRNAs can exert either negative or positive regulatory effects on their target
(Georg & Hess, 2011) (Thomason & Storz, 2010). An asRNA can be encoded complementary to the 5’UTR

of its target gene to repress translation initiation (Figure 1.4 A). For example, the constitutively expressed



SymR asRNA in E. coli overlaps with the 5’UTR of sSymE mRNA and prevents translation of SymE, an
SOS-response protein (Kawano et al., 2007). It is not clear whether the mRNA degradation that ensues is
triggered directly by base-pairing with SymR or if it is a secondary effect due to the lack of protection from
actively translating ribosomes. Some asRNAs have been reported to trigger premature transcription
termination of their target mRNA upon binding to its 5’UTR (Figure 1.4 B). In Shigella flexneri, the icsA
mRNA, which encodes for a virulence protein, is regulated by the asRNA RnaG (Giangrossi et al., 2010).
The 5°UTR of icsA forms an anti-terminator hairpin structure that allows the mRNA to be transcribed in
the absence of RnaG. Binding of RnaG to icSA mRNA promotes formation of a terminator hairpin structure,
leading to transcription termination and formation of a truncated mRNA that does not encode the entire
iCSA open reading frame (ORF). Moreover, there are also asRNAs that are expressed antisense to coding
regions of mRNAs (Figure 1.4 C). The IsiA protein is part of the iron stress response regulon of
Synechocystis PCC6803, and is regulated by the asRNA IsrR (Duhring et al., 2006). The asRNA is
transcribed constitutively on the opposite strand of iSiA in the middle of the ORF. Both RNAs exist as
mutually-exclusive species. However, when iSiA mRNA and IsrR are present simultaneously, they are

rapidly co-degraded via an unknown mechanism.

Although negative regulation is a common mode of regulation for SRNAs, RNA duplex formation
can also lead to mRNA stabilization (Figure 1.4 D). In E. coli the GadY asRNA is encoded on the opposite
strand of its target’s 3’UTR (gadX) (Opdyke et al., 2004). The downstream gene of gadX is gadW. The
bicistronic gadXW mRNA is unstable, and binding of GadY to gadX forms a duplex, which is cleaved by
RNase IIT and promotes separation of gadXW into individual transcripts. The processed gadX and gadwW
mRNASs are more stable compared to gadXW (Tramonti et al., 2008). The GadY asRNA is an interesting
sRNA within the context of this thesis due to its role in acid adaptation. Further details regarding the
physiological role of this asRNA is covered in the “Physiological roles of SRNAs” section.

Despite the large number of asRNAs that have been observed consistently in various bacterial
transcriptome studies, it is still unclear whether all of these asRNAs are just pervasively transcribed due to

transcriptional noise, or play actual regulatory roles (Wade & Grainger, 2014).

10



Negative regulation Positive regulation

Complementary to Complementary to Complementary to
5‘UTR ORF 3‘UTR

& | hE)

RNases

i EPPTEEL 4 Unstable
8 mRNA

RNAP  Anti-terminator
RNA structure
\a—aﬁsg’ m @
e

' +“—'
+ sRNA + sRNA + sRNA +sRNA

Terminator

& Bhaces ~ structure RNases? Riase I
o T e > ( e
= b ""Q’%ﬁ BESLD *D WXS

Dissociation of transcription complex

A. Translation inhibition

and mRNA degradation B. Transcription termination| C. mRNA degradation D. mRNA stabilization

Figure 1.4: Mechanisms of post-transcriptional regulation by cis-encoded sRNAs. (Left red panel) An asRNA
can negatively regulate its target by binding antisense to the 5’UTR or ORF of its target mRNA and induce translation
inhibition, transcription termination or mRNA degradation. (Right panel) An asRNA can positively regulate target

mRNAs by binding antisense to the 3’UTR of its target mRNA to stabilize the transcript.

1.6.2 trans-encoded sRNASs

In contrast to asRNAs, trans-encoded sSRNAs (also commonly referred to as just “sRNAs”) are encoded in
a chromosomal locus that is distant from their targets (Figure 1.5). They share only limited complementarity
with their target RNAs. Comparative analysis of many sRNAs in enterobacteria that require the RNA
chaperone Hfq for proper function showed that these sSRNAs have a modular structure. Most of these SRNAs
have a short 6-7 nt single-stranded region termed the “seed region”, which is required for interaction with
target mRNAs (Papenfort et al., 2010), followed by an AU-rich Hfq binding site and finally a transcription
terminator loop [101]. In some cases, this base-pairing can be imperfect, with intervening non-
complementary bases, allowing sSRNAs to act as global regulators by interacting with multiple mRNAs
(Valentin-Hansen et al., 2007) (Bejerano-Sagie & Xavier, 2007) (Masse et al., 2007), a role that was once
thought to be performed solely by transcription factors. Moreover, a single mRNA can be targeted by

multiple SRNAs, increasing the robustness of the regulatory network (Valentin-Hansen et al., 2007).
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In general, trans-encoded sRNAs can either repress or activate their target mRNAs. Most of these
sRNAs repress protein levels post-transcriptionally by base-pairing at the 5’UTR region, which contains
ribosome binding site (RBS) and start codon of their respective targets. This interferes with translation
initiation and/or elongation of the target protein (Gottesman, 2005) (Figure 1.5 A). Small RNAs can also
target regions that are further upstream or downstream from the canonical RBS region. For example, the
GcevB sRNA can inhibit translation of its target gltl mRNA by binding at a C/A-rich translation enhancer
element at -57 to -45 upstream of the start codon (Sharma et al., 2007). On the other end of the spectrum,
the MicC sRNA can target up to the 26™ codon in the coding region of its target mMRNA to promote mRNA
degradation by RNase E (Pfeiffer et al., 2009). This promotion of degradation is an indirect since non-
translating mRNAs are not protected by ribosomes (Deana & Belasco, 2005) (Figure 1.5 B). Additionally,
sRNAs such as SgrS and RyhB can promote degradation of target mRNAs by exposing the otherwise
hidden RNase E cleavage sites (Morita et al., 2005) (Bandyra et al., 2012).

A subset of sSRNAs can activate target mRNAs by increasing their translation or stability
(Papenfort et al., 2015). One of the earliest discovered of these mechanisms is termed anti-antisense control
(Figure 1.5 C). In this situation, the long 5’UTR of the mRNA forms a structure that inhibits translation,
typically by sequestering the RBS in stable secondary structures. Binding of a SRNA at an upstream region
of the UTR increases the translation rate by disrupting such inhibitory secondary structures. The binding of
a sRNA at sites upstream of the RBS promotes structural rearrangements, which increase the access of
ribosomes to the RBS (Frohlich & Vogel, 2009). One such example is the DsrA sRNA that is induced by
an increase in temperature. This SRNA binds to the 5’UTR of the rpoS mRNA, which encodes the
alternative sigma factor o-S, and promotes its translation (Lybecker & Samuels, 2007). Small RNAs can
also stabilize their target mRNAs by blocking the access of their 5’UTR to ribonucleases (Figure 1.5 D).
For example, the FasX sRNA of Streptococcus base-pairs with the 5’UTR of the ska mRNA and prevents
its degradation by RNases (Ramirez-Pena et al., 2010). This further promotes the translation of the ska
mRNA, which encodes a secreted virulence factor streptokinase. In Salmonella enterica, the RydC sRNA
protects its target cfa mRNA encoding the cyclopropane fatty acid synthase, from RNase E degradation by
blocking the cleavage sites at the 5’UTR region.

Importantly, most of the known sRNAs can either be co-degraded with their targets (Masse et al.,
2003) or recycled to repress other mRNAs (Overgaard et al., 2009). Moreover, there are also SRNAs that
can function as both an activator and a repressor. In fact, the same sRNA can use up to four distinct
mechanisms (catalytic degradation, coupled degradation, RBS sequestration without degradation, and

activation by revealing the RBS) to regulate different target mRNAs (Feng et al., 2015).
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Figure 1.5: Mechanisms of post-transcriptional regulation by trans-encoded sRNAs. trans-encoded sRNAs are
encoded in a chromosomal locus that is distant from their targets. These sSRNAs negatively regulate their targets by
binding to the 5’UTR or the ORF of their targets to promote translation inhibition and/or mRNA degradation. (Right
green panel) Positive regulation by sSRNAs is achieved by binding to the S’UTR of mRNAs to increase their translation
or stability.

1.7 Regulatory networks involving SRNAs
1.7.1 Feedforward loop

Bacteria often encounter environmental fluctuations in their respective habitats and have evolved recurring
regulatory network motifs to respond to these stimuli (Shen-Orr et al., 2002) (Alon, 2007). One of the most
common network motifs found in nature is the so-called feed-forward loop (FFL) (Mangan & Alon, 2003).
Such loops typically consist of two transcription factors (X and Y) that act in a hierarchical manner to
regulate the expression of a third downstream gene (Z) (Milo et al., 2002). There are eight possible
configurations of FFLs (Figure 1.6 A). These loops can be divided evenly into coherent (C1, C2, C3, C4)
and incoherent (I1, 12, 13, 14) FFLs (Mangan & Alon, 2003). Coherent FFLs feature both X and Y to
synergistically regulate Z while incoherent FFLs consist of X and Y acting antagonistically to regulate Z
(Mangan & Alon, 2003). Coherent FFLs have been proposed to act as persistence detectors by delaying
response times while incoherent FFLs have been shown to act as pulse expressors by accelerating response
times in transcription networks (Mangan & Alon, 2003). Interestingly, eukaryotic microRNAs

(Gurtan & Sharp, 2013) and bacterial SRNAs (Beisel & Storz, 2010) (Papenfort et al., 2015) have been
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reported to replace the role of transcription factors (X or Y) in these networks. A post-transcriptional
regulation is inserted into the FFL when X or Y is replaced by sRNAs and therefore are known as mixed
FFLs (Mangan & Alon, 2003) (Mank et al., 2013). These confer tight controlled inhibition or activation of
target genes (Shimoni et al., 2007). Moreover, mixed FFLs also reduce response time compared to protein-

based regulators due to the absence of a translational step (Shimoni et al., 2007).

In E. coli, the expression of ompF and ompC encoding outer membrane proteins are regulated
directly by the transcriptional regulator OmpR (Egger et al., 1997) (Chen et al., 2004). Additionally, OmpR
directly activates expression of MicF and inhibits MicC, both of which post-transcriptionally repress ompF
and ompC respectively. ompF is repressed by OmpR and MicF leading to increased inhibition of ompF
while ompC is activated by OmpR and by de-repression of MicC (Aiba et al., 1987) (Chen et al., 2004). In
both cases, OmpR and the sSRNAs act on the target mRNAs synergistically in the form of coherent FFLs.
In S. aureus, the RNAIIT sRNA directly activates hla mRNA encoding for hemolysin a and represses the
Rot transcription factor. Inhibition of Rot by RNAIII increases transcription of hla since Rot represses hla
(Morfeldt et al., 1995) (Boisset et al., 2007). Although the hierarchy of transcription factor and sSRNA has
been exchanged in this example, they nevertheless act as coherent FFL. A similar coherent FFL was recently
found in Salmonella in the form of RprA/c® system, which regulates the ricl mRNA (Papenfort et al.,
2015). Examples of SRNAs involved in incoherent FFLs include the RpoE/RybB (Gogol et al., 2011) and
PrrA/PcrZ systems in E. coli and Rhodobacter respectively (Mank et al., 2012). The PrrA/PcrZ system
contributes to the regulation of photosynthetic genes where PcrZ counteracts the expression of the

photosynthetic genes at post-transcriptional level (Mank et al., 2012).
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Figure 1.6: Structure of coherent and incoherent FFL motifs. (A) Eight different possible combinations of FFLs
as described by Alon and co-workers (Mangan & Alon, 2003). X and Y represent upstream genes that control a

third downstream gene, Z. (B) Examples of mixed FFLs in bacteria. The grey boxes refer to transcription factors while

black boxes represent SRNAs.

1.7.2 Other network motifs

Besides the feedforward loop circuit, SRNAs have been found in other network motifs such as the single-
input module (SIM), the dense overlapping regulon (DOR), and the feedback loop (Beisel & Storz, 2010).
In a SIM regulatory circuit, a single regulator coordinates the expression of multiple genes. For example,
the RyhB sRNA, which is regulated by the iron-responsive transcriptional regulator Fur, represses the
expression of at least 18 operons involved in iron-utilization pathways (Masse et al., 2005). Alternatively,
a sRNA can regulate multiple genes indirectly by regulating a master regulator as in the case of the OxyS
sRNA, which inhibits expression of fhlA, a transcriptional activator in order to downregulate operons
involved in formate metabolism (Altuvia et al., 1998). The DOR motif combines multiple SIMs that
respond to different environmental stimuli. In E. coli, the alternative sigma factor ¢° is regulated by four
different SRNAs: ArcZ, RprA, DsrA and OxyS (Altuvia et al., 1997) (Majdalani et al., 1998) (Majdalani et
al., 2002) (Papenfort & Vogel, 2009). These sSRNAs are expressed under different conditions, suggesting

that sSRNAs help to integrate different stress signals to a common stress regulator, 6°. Finally, sSRNAs can
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be incorporated into feedback loops to negatively regulate the expression of their own regulator. For
example, OmrA and OmrB sRNAs inhibit expression of their regulator, OmpR to autoregulate their amount

in each cell (Guillier & Gottesman, 2008).

1.8 Physiological roles of SRNAs

sRNAs play important biological roles in various cell processes such as metabolism, pathogenesis, and
adaptation to stress (Michaux et al., 2014). Under the cellular metabolism category, SRNAs have been
shown to participate in carbon, amino acid, and iron regulation. In E. coli, the Spot42 sSRNA controls sugar
metabolism by preventing translation of the galK mRNA to mediate discoordinate expression of the
galETKM operon, which encodes for enzymes that convert galactose to glucose-1-phosphate
(Beisel & Storz, 2011). Moreover, the amino acid metabolism can be controlled by sSRNAs as well. In
Salmonella for example, high concentration of glycine induces expression of GevB, a SRNA that targets
various mRNAs encoding for amino acid transporters (Pulvermacher et al., 2009) (Urbanowski et al.,
2000). Interestingly, GevB enhances the ability of E. coli to survive acidic conditions by upregulating the
translation of alternative sigma factor RpoS (Jin et al., 2009). In E. coli, RyhB is important for adaptation
to iron-limiting conditions (Richards & Vanderpool, 2011). This particular SRNA inhibits translation of
new iron-utilizing proteins, redirecting cellular iron usage and making iron available for essential proteins
(Masse & Gottesman, 2002) (Masse et al., 2003) (Masse et al., 2007). Moreover, SRNAs are capable of
regulating quorum sensing and biofilm formation. In Vibrio cholerae, at low cell density, the response
regulator LuxO induces expression of five sRNAs (Qrrl-5) (Bardill et al., 2011). These sRNAs act
redundantly to inhibit translation of three target genes involved in global regulation of V. cholerae
pathogenicity (Lenz et al., 2004) (Rutherford et al., 2011) (Hammer & Bassler, 2007). Recently, it was
reported that the Qrr SRNA uses up to four different mechanisms to regulate target mRNAs, each with
distinct regulatory strength and dynamics (Feng et al., 2015). Since sSRNAs participate in a wide range of
cellular processes, they can influence the ability of pathogenic bacteria to persist during infection. There
are also SRNAs that regulate expression of virulence factors. For example, the FasX sRNA in S. pyogenes
directly controls the expression of adhesins and secreted virulence factors (Ramirez-Pena et al., 2010) while
LhrA sRNA in Listeria monocytogenes regulates a chitinase gene, which contributes to pathogenesis in a
mouse model (Mraheil et al., 2010) (Mraheil et al., 2011).

Importantly, many sRNAs are usually expressed in response to different environmental stresses
(Hoe et al., 2013). Transcription of the OxyS sRNA is induced by hydrogen peroxide via the OxyR regulator
(Altuvia et al., 1997). OxyS in turn regulates the expression of flhA (Altuvia et al., 1998) and in the absence
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of OxyS, the cells have been shown to be more susceptible to hydrogen peroxide and show attenuated
colonization in a mouse model (Johnson et al., 2006). Under osmotic stress, many sRNAs in E. coli
including MicC, MicF, OmrA, OmrB and RybB are differentially expressed (Chen et al., 2004)
(Ramani et al., 1994) (Guillier & Gottesman, 2008) (Papenfort et al., 2006). For instance, deletion of RybB

results in increased resistance to envelope stress (Hobbs et al., 2010).

There are currently only two known cis-encoded sRNAs, which are related to the acid stress
response: 5’ureB-sRNA in H. pylori and GadY in E. coli. The glutamate-dependent (gad) system is the
most effective acid resistance system in E. coli (De Biase et al., 1999). GadA and GadB are two glutamate
decarboxylase isoforms essential for conversion of glutamate to GABA (Castanie-Cornet et al., 1999)
(De Biase et al., 1999). The gadA gene is encoded within a 15 kb acid fitness island (Hommais et al., 2004)
that also includes the GadY sRNA as well as the acid-responsive transcriptional regulators GadX and
GadW. Gady is highly expressed during stationary phase and at pH 5.5 (Tramonti et al., 2008). GadY base-
pairs at the 3’end of gadX mRNA and confer increased stability. This leads to accumulation of gadX which

upregulate expression of downstream acid resistance genes (Opdyke et al., 2004).

1.9 Target identification for SRNAs

Many experimental and computational approaches have been utilized to identify potential targets for SRNAs
(Vogel & Wagner, 2007). Computational predictions are the least labour-intensive approach, utilizing
various mathematical models and algorithms to identify potential base-pairings between SRNAs and target
mRNAs (Pichon & Felden, 2008). However, these in silico approaches often predict false positives,
depending on the software and parameters used for the prediction (Pain et al., 2015). To reduce the high
false positive rate, a new computational approach that combines phylogenetic information and target RNA
predictions was recently introduced (Wright et al., 2013). This method called CopraRNA (Comparative
Prediction Algorithm for sSRNA Targets), was shown to match microarray-based sRNA target prediction

and represents a significant improvement over previous in silico methods.

Early discovery of sRNA targets via experimental methods have often relied on constitutive
overexpression of sRNAs from strong promoters (Vogel & Wagner, 2007). Although this approach
successfully identified targets for many sRNAs (Sharma & Vogel, 2009), overexpression of SRNAs may
also be lethal for the cell in some cases such as overexpression of GevB in Salmonella (Sharma et al., 2007).
Comparison of the proteome profiles between sSRNA deletion and wild-type strains, resolved by either 1D

or 2D gel electrophoresis, has led to the identification of many targets. However, approaches that employ
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constitutive overexpression or deletion of a SRNA are unable to distinguish direct targets from secondary
targets. For example, constitutive overexpression of a sSRNA may alter the whole protein profile indirectly
leading to pleiotropic effects, especially if the target mRNA encodes a transcriptional regulator such as
RpoS in E. coli (Lease et al., 2004). To overcome this limitation, SRNAs have been pulse-expressed (10 to
15 minutes) in many bacteria such as E. coli or Salmonella to identify direct mRNA targets (Masse et al.,
2005) (Papenfort et al., 2006). This system capitalizes on the strong, but tightly regulated, arabinose-
inducible promoter to overexpress the sSRNA just long enough to induce degradation of the direct target
mRNA but stop short at triggering changes in protein levels that may lead to secondary effects. This pulse-

expression system however is still lacking in many bacteria including H. pylori.

The in-vivo experimental methods described above are still limited to target identification for a
single SRNA at a time. Interestingly, a few recent studies have now utilized a global approach to obtain
global RNA inventories in various bacteria (Saliba et al., 2017). RIP-seq (native RNA immunoprecipitation
followed by RNA-seq) provides an overview on major RNA regulons. This method applies RNA-seq on
transcripts pulled-down via co-immunoprecipitation (colP) with an RNA binding protein (RBP)
(Chao et al., 2012). To further define the exact binding sites of the RBP, in-vivo UV treatment was
introduced to covalently cross-link RNAs to proteins prior to colP. This approach known as CLIP-seq
(cross-linking immunoprecipitation high-throughput sequencing) allows stringent purification steps and

reduces false-positive targets (Holmqvist et al., 2016).

To map global sSRNA-target interactions, two methods were recently developed (Melamed et al.,
2016) (Waters et al., 2016). These approaches were inspired by an earlier study on the miRNA interactome
in eukaryotes (Helwak et al., 2013) and capitalize on the ability to pull-down sRNA-target pairs by using a
tagged variant of either Hfq (Melamed et al., 2016) or RNase E (Waters et al., 2016). An RNA-RNA
ligation step (ligating the Hfg-bound sRNA to its mRNA target) immediately after the pull-down, followed
by stringent washing steps, ensures that direct interaction partners can be recovered with minimal bias.
These global approaches do not require any prior knowledge of the RNA sequences and provide specific
SRNA-target networks for each condition tested (Melamed et al., 2016). However, this approach requires a
known global RNA-binding protein, and will also not identify SRNA-mRNA interactions that are chaperone
or RNase-independent. Alternatively, to overcome the limitation of requiring a known RBP, MAP-seq
(MS2-affinity purification coupled with RNA-seq) was used to purify RNA binding partners that co-purify
with an MS2-affinity-tagged sSRNA of interest (Lalaouna et al., 2015). GRIL-seq (global small non-coding
RNA target identification by ligation and sequencing) takes this approach a step further by expressing RNA
ligase in vivo to ligate a SRNA to its target(s) prior to capturing of the RNA pairs with a sSRNA-specific
oligonucleotide (Han et al., 2016).
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Understandably, a major drawback of these transcriptome-based target identifications is the
inability to directly discover effects on the translational level. To address this matter, ribosome profiling
(Ribo-seq), which can simultaneously provide information on total RNA and translation levels in vivo has
been used in bacteria to identify targets for sSRNAs (Guo et al., 2014) (Wang et al., 2015). Actively
translating ribosomes protects about 30 nucleotides of an mRNA from nucleases (Wolin & Walter, 1988).
The Ribo-seq technique is based on deep-sequencing of ribosome-protected mRNA fragments termed
ribosome footprints to estimate the rate of protein synthesis (Ingolia et al., 2009) (Brar & Weissman, 2015).
Although improvements in high-throughput techniques return many high-confidence targets, these SRNA-
target pairs nevertheless still require further validation to determine their regulatory mechanism and

physiological role in the cell.

1.10 sRNAs in Helicobacter pylori

In H. pylori, little is known about post-transcriptional regulation. Similar to 50 % of all sequenced bacteria,
H. pylori does not encode a homolog of the RNA chaperone Hfq, a key player in sSRNA-mediated regulation
in enterobacteria (Chao & Vogel, 2010) (Vogel & Luisi, 2011) and was therefore thought to lack
riboregulation alltogether. Moreover, a very limited number of regulatory RNAs were reported in H. pylori
prior to 2010 (Xiao et al., 2009a) (Xiao et al., 2009b). However, a genome-wide differential RNA-seq study
in H. pylori strain 26695 identified more than 60 candidate sSRNAs (Sharma et al., 2010), suggesting that
an uncharacterized layer of post-transcriptional riboregulation is present in this pathogen

(Pernitzsch & Sharma, 2012).

To date, only two trans-encoded sSRNAs (RepG and CncR1) and two cis-encoded sSRNAs (5’ureB-
sRNA and IsoA1) have been characterized in H. pylori. RepG (HPnc5490) controls levels of the TIpB
chemotaxis receptor by a novel mechanism involving interaction with a variable homopolymeric G-rich
targeting sequence in the leader of the tlIpB mRNA (Pernitzsch et al., 2014). This particular SRNA can
mediate both repression and activation of tIpB depending on the length of the G-repeat. The other sSRNA
CncR1 (HPnc2630) is encoded within the cag pathogenicity island and binds directly to fliK mRNA
encoding a flagellar checkpoint protein. Although CncR1 negatively regulates motility of H. pylori, this
effect is likely indirect through regulation of 6-54-dependent genes (Vannini et al., 2016). While the first
cis-encoded sRNA 5’ureB-sRNA regulates urease expression, the recently characterized IsoAl acts as an
RNA antitoxin in a Type I TA. The expression of the AapA1l toxin is inhibited via blocking of translation
and subsequent degradation of the aapAl mRNA promoted by binding of IsoAl (Arnion et al., 2017).
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However, the function of the remaining SRNAs identified in the transcriptome analysis (Sharma et al.,

2010), including some sRNAs that were induced under acid, remain so far unknown.

1.11 Aims of this thesis

The importance of regulatory sRNAs in cellular processes and adaptive responses in bacteria are now
widely recognized. Most of the knowledge about bacterial SRNAs has been revealed by work in model
enteric organisms such as E. coli and Salmonella of the Gammaproteobacteria family. However, the SRNA
repertoire between different microorganisms is not conserved, even among closely related bacteria
(Updegrove et al., 2015). The Epsilonproteobacteria family includes important human pathogens such as
C. jejuni and H. pylori. Although many sRNAs have been discovered in these two members of this family
(Dugar et al., 2013) (Sharma et al., 2010), to date only a few of these SRNAs have been characterized.

ArsZ (HPnc2420) was originally identified in a transcriptome wide screen for regulatory RNAs in
H. pylori (Sharma et al., 2010). This sSRNA candidate is particularly interesting due to its abundance and
high conservation in many H. pylori strains. Moreover, the presence of an anti-Shine-Dalgarno sequence
within the single-stranded region of this SRNA indicates its potential to base-pair with target mRNA(s) and
is thus unlikely to be a cis-encoded SRNA. These features suggest that ArsZ may play important role(s) in
this highly specialized bacterium. However, the role of ArsZ in the biology of this pathogen was not yet
known. The focus of this work is to understand the physiological role of ArsZ and its underlying regulatory
mechanisms during acid adaptation in H. pylori by addressing its mRNA targets, and the phenotypes it

controls in the cell.
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2 Results

2.1 ArsZ is a highly conserved sRNA in H. pylori

ArsZ is a highly conserved, 105 nt-long SRNA that has been previously identified in H. pylori strain 26695
by differential RNA-seq (Sharma et al., 2010). The RNA secondary structure prediction tool mFold
(Zuker, 2003) indicates that ArsZ consists of a single-stranded region (SSR) flanked by a 5 hairpin (SL1)
and a 3’ terminator stem-loop (SL2) in H. pylori 26695 (Figure 2.1 A). The SSR of ArsZ contains a potential
anti-Shine-Dalgarno (SD) sequence “CTCCT” (indicated by blue letters in Figure 2.1 A), which could
potentially bind to the ribosomal binding site (RBS) of target mRNAs. This suggests that ArsZ might act
as a negative regulator of gene expression and competes with ribosome binding at target mRNA(s) at the
post-transcriptional level. Synteny analysis of arsZ flanking genes showed that the genomic location of
arsZ is highly conserved among diverse H. pylori strains. The arsZ gene is always encoded between the
glutamine synthetase (gInA) and dihydropicolinate reductase (dapB) (Figure 2.1 B). Moreover, a putative
urease-enhancing factor (blue arrows in Figure 2.1 B), HP0511, was identified downstream of arsZ in some
strains. A multiple sequence alignment of arsZ homologues including its promoter region showed that the
ArsZ nucleotide sequence is also highly conserved among different H. pylori species (Figure 2. 1 C).
Expression of ArsZ is driven by a housekeeping, sigma-80 promoter, which contains an extended -10 motif
(TGnTATAAT). Taken together, ArsZ fulfills many characteristics of a functional SRNA and the highly
conserved anti-SD sequence could potentially regulate target mRNA(s) in H. pylori.
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Figure 2.1: Conservation of ArsZ in diverse H. pylori strains. (A) The predicted secondary structure of ArsZ from
H. pylori strain 26695 using Mfold (Zuker, 2003). (B) Genomic location of arsZ. In all the investigated H. pylori
strains, arsZ gene (red) is flanked by a glutamine synthetase gene (HP0512) and an ORF encoding a dihydropicolinate
reductase (HP0510). Gene names in brackets refer to those in strain 26695. A urease-enhancing factor (blue) or a
hypothetical protein (black) are annotated upstream of arsZ in some H. pylori strains. (C) Multiple sequence alignment
of genes encoding non-redundant arsZ sRNA homologues from different H. pylori strains. The -35 and extended -10
regions of the promoter are boxed. The 105 nt-long ArsZ sRNA (grey) contains a potential anti-Shine-Dalgarno
sequence (yellow box) in a single-stranded region (SSR) flanked by a 5’ stem-loop (SL1) and a terminator loop (SL2).
The structure of ArsZ, as determined by in-line probing (Figure 2.1.10) and in silico predictions using Mfold
(Zuker, 2003) for the H. pylori 26695 homologue, is indicated below the alignment with brackets (base-paired regions)

and dots (single-stranded regions).

In this study, H. pylori strain 26695 preferentially served as the model strain. However, all
experiments requiring a gfp reporter gene were conducted in strain G27 because GFP expression is toxic
for strain 26695, according to previous observations (Pernitzsch et al., 2014). We first measured the levels

of the ArsZ sRNA in the two model strains over growth. In nutrient rich BHI-medium and under neutral
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pH conditions, northern blot analysis revealed that ArsZ is constitutively expressed from early log phase
(ODgoo 0f 0.2) to early stationary phase (ODgoo of 2.0) in both H. pylori strains 26695 and G27 (Figure 2.2
A). Using a standard curve generated by predetermined amounts of in-vitro transcribed ArsZ, an average
of 126 copies of ArsZ were estimated to be present in each H. pylori 26695 cell during mid-log growth
phase (Figure 2.2 B). The copy number of ArsZ is comparable to sSRNAs in enteric bacteria which is in the
range of 10 to 300 copies per cell (Frohlich et al., 2013) (Pfeiffer et al., 2007) (Frohlich et al., 2012),
suggesting that ArsZ is a relatively abundant sSRNA.

A B
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Figure 2.2: ArsZ is constitutively expressed during growth in rich medium at neutral pH. (A) Expression of
ArsZ in H. pylori strains 26695 and G27 at different growth phases [ODggo of 0.2 (early log), 0.4 (mid-log), 1.0
(stationary), and stationary (2.0)] in standard BHI media (pH 7) was determined by Northern blot analysis. (B)
Determination of ArsZ copy number in H. pylori 26695 over growth. Using Northern blot analysis, ArsZ levels at
chosen growth phases (ODgg 0f 0.4, 0.8, and 1.0) were compared to predefined amounts of in-vitro transcribed ArsZ.
The blot was probed for ArsZ, and the signal for the in-vitro transcribed ArsZ was used to create a standard curve. 5S

rRNA served as a loading control.

2.2 Bioinformatics-based ArsZ target prediction

The bioinformatics tool TargetRNA (Tjaden, 2008) was applied to predict potential mRNA targets for ArsZ
in H. pylori strain 26695. To reduce the number of false positive target mRNA candidates, the single
stranded region of ArsZ containing the anti-Shine Dalgarno sequence as well as 50 nt upstream and 20 nt
downstream of all mRNA translation start sites were used for prediction. Only target candidates with a p-
value threshold of < 0.01 were considered for further analysis A total of 21 mRNAs were predicted to be
targeted by the ArsZ sRNA. Among them, 14 genes have been reported to be regulated in response to acid
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(Sharma et al., 2010), five of which belong to the ArsRS regulon (Pflock et al., 2006). In line with the
settings chosen for the prediction parameters, ArsZ was predicted to bind 17 out of 21 predicted targets
within the Shine-Dalgarno region (Table 1). Overall, this in-silico target prediction indicated that ArsZ
might base-pair and thus, regulate several mRNAs belonging to the regulon of the acid-responsive ArsRS
TCS (Pflock et al., 2006) (Figure 2.3 and Table 1). This includes the best-scoring target, HP1432 mRNA,
which encodes a histidine- and glutamine-rich nickel-binding protein (also known as Hpn2). The low free
energy of hybridization (-27.2 kcal mol™) predicted for this interaction suggests that ArsZ has the potential
to form a stable 19-nt-long duplex with HP1432 mRNA in strain 26695. Due to the high sequence
conservation of the interaction sites, a similar interaction between ArsZ and HP1432 mRNA could be also

predicted for various other H. pylori strains (Figure 2.3 B).
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Figure 2.3: Bioinformatics-based target prediction for the ArsZ. (A) The top 21 mRNA targets of ArsZ as
predicted by TargetRNA using the single-stranded region of ArsZ in H. pylori strain 26695. (B) Sequence alignment
of the 5’UTR of HP1432 in various H. pylori strains. Only the 5’UTR and first three codons of HP1432 are shown.
The dashed lines indicate the predicted interaction site of HP1432 and ArsZ.
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Table 1: List of predicted ArsZ target mRNAs using TargetRNA (Tjaden, 2008). Targets in bold are also regulated
by the ArsRS TCS (Pflock et al., 2006) (Loh et al., 2010). TSS is the abbreviation for transcription start site.

Acid-induced
Gene Anti- | TSS (Sharma
Rank | Target | name Functional class p-value SD et al., 2010) Regulated by ArsRS
Transport and (Pflock et al., 2006)
1 HP1432 | hpn2 | binding protein 0.00005 | YES YES Activated
Transport and
2 HP1091 kgtP | binding protein 0.00025 | YES NO NO
Fatty acid and
phospholipid (Pflock et al., 2006)
3 HP0891 - metabolism 0.00069 | YES YES Activated
4 HP1193 - Energy metabolism | 0.00069 | YES NO NO
5 HP0139 - Hypothetical 0.00084 | YES YES NO
6 HP0896 | babA | Cell envelope 0.00084 | YES YES NO
7 HP1268 nuol | Energy metabolism | 0.00152 | YES NO NO
8 HP1413 - Hypothetical 0.00152 | YES YES NO
9 HP1086 | tlyA | Virulence 0.00186 | NO NO NO
10 HPO0052 - Hypothetical 0.00227 | YES YES NO
Amino acid
11 HP0695 | hyuA | biosynthesis 0.00278 | YES YES (Loh et al., 2010)
In operon with HP0954
(Pflock et al., 2006)
12 HP0953 - Hypothetical 0.00278 | YES YES Activated
Transport and (Pflock et al., 2006)
13 HP0243 | napA | binding protein 0.00338 | YES YES Activated
14 HP0920 - Hypothetical 0.00338 | YES YES NO
15 HP0926 - Hypothetical 0.00338 | YES NO NO
16 HP0993 - Hypothetical 0.00338 | YES YES NO
17 HPO0838 - Hypothetical 0.00412 NO NO NO
18 HP0263 | hpaim | DNA metabolism 0.00614 NO NO NO
19 HP0217 | cgtA | Cell envelope 0.00749 | YES YES NO
Fatty acid and
phospholipid
20 HP0371 | aacB | metabolism 0.00914 NO YES NO
21 HP0546 | cagC | Virulence 0.00914 | YES YES NO
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2.3 The ArsRS TCS regulates expression of ArsZ

Since several members of the ArsRS regulon were predicted to be targeted by the ArsZ sRNA, we reasoned
that the expression of the SRNA itself might also be controlled by the ArsRS TCS. The ArsS sensor kinase
is activated under low pH conditions and phosphorylates its cognate response regulator ArsR
(Pflock et al., 2004, Wen et al., 2006). As an initial screen, levels of ArsZ in individual mutants of arsS and
also flgS were checked on a Northern blot (Figure 2.4 A). FlIgS is a cytoplasmic sensor kinase that is
responsible for sensing extremely low pH (pH 2.5) (Wen et al., 2009). Already under neutral pH conditions,
a significant increase in ArsZ levels was only observed in the AarsS mutant background, suggesting that

ArsZ is specifically regulated by the ArsRS TCS.

To determine whether the phosphorylated form of the response regulator ArsR (ArsR~P) plays a
role in affecting expression of ArsZ, sSRNA levels were monitored in a H. pylori 26695 strain, in which the
response regulator cannot be phosphorylated (ArsR D52N) (Schar et al., 2005) as well as in the AarsS
mutant. ArsZ sRNA levels were almost three-fold elevated in the AarsS strain compared to WT at pH 5.5
(Figure 2.4 B, lanes 1-2, and Figure 2.4 C), suggesting that ArsZ is negatively regulated by ArsRS. A
weaker, but significant 1.5-fold up-regulation of the ArsZ sRNA was also observed in the ArsR D52N
mutant (Figure 2.4 B, lanes 1 and 3, and Figure 2.4 C), suggesting that phosphorylated ArsR represses ArsZ
expression in vivo. At neutral pH 7, a smaller regulation of ArsZ levels (1.6-fold and 1.3-fold) was observed

in the AarsS deletion strain and ArsR D52N, respectively.
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Figure 2.4: ArsZ is regulated by the ArsRS two-component system. (A) ArsZ expression in arsS and flgS deletion
mutant backgrounds was compared to the wild-type (WT) of H. pylori strain 26695 at pH 7. The asterisk next to the
strain number indicates that a 26695 strain background from the Dagmar Beier lab was used (see materials and
methods section for details). (B) ArsZ expression analyzed in an arsS deletion mutant and an ArsR D52N mutant
(unable to be phosphorylated), and compared to the wild-type strain (WT) at pH 5.5 and pH 7. All strains were grown
to an ODggp 0f 0.8. Total RNA was analyzed by Northern blot using a specific oligonucleotide for ArsZ. The expression
in each mutant strain was quantified and represented as fold-change relative to WT. 5S rRNA levels served as a
loading control. (C) Quantification of ArsZ expression in WT, arsS deletion mutant and an ArsR D52N mutant (shown
in B). Data are the average of three independent experiments, with error bars representing standard errors. The
Student’s t-test was used for statistical analysis. A single asterisk indicates a p-value of less than or equal 0.05; double

asterisks indicate a p-value of less than or equal 0.01; ns: not significant (p-value > 0.05).

Due to technical issues in our in-vitro DNasel footprinting assays, we were not able to show that
the arsZ promoter is a direct target of the ArsR response regulator. Therefore, transcriptional gfp reporter
fusions were chosen to investigate whether the activity of the arsZ promoter is affected by the ArsRS TCS

in vivo. In these, 144 nt upstream of the arsZ TSS (originated from H. pylori strain 26695) were fused to a
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gfp transcriptional reporter construct and introduced in the unrelated rdxA locus of both the WT strain and
the AarsS mutant of H. pylori strain G27 (Figure 2.5 A). As a negative control, the promoter region of the
tlpB gene, which is not regulated by the ArsRS TCS (Delany et al., 2002, Pflock et al., 2006), was fused to
the same gfp transcriptional reporter and also introduced into the WT and AarsS mutant strains. The
promoter region of the ureA gene, which is activated by the ArsRS TCS (Pflock et al., 2005), was included
as positive control. Western blot analysis revealed three-fold increased GFP protein levels in the AarsS
mutant when compared to the WT strain at pH 5.5 (Figure 2.5 B, lane 2-3) and pH 7 (Figure 2.5 B, lane 9-
10), confirming that the arsZ promoter is de-repressed in the absence of ArsS. In contrast, no significant
change in GFP protein levels was observed between the AarsS mutant and WT when gfp expression was
driven from the tIpB promoter (Figure 2.5 B, lanes 4-5 and 11-12). The strength of the ureA promoter was
about seven-fold downregulated in AarsS when compared to the WT strain (Figure 2.5 B, lanes 6-7) at
pH 5.5, but not at pH 7 (Figure 2.5 B, lanes 13-14). Northern blot analyses confirmed that ArsZ is
upregulated in all G27 AarsS background strains (Figure 2.5 B, lanes 3, 5, 7, 10, 12 and 14), similar to what
is observed in strain 26695 (Figure 2.4 B). Overall, these in-vivo results indicate that the expression of ArsZ
sRNA is repressed by the ArsRS TCS at low and neutral pH conditions. Referring to the conserved ArsRS
binding motif identified in the arsZ promoter region, this might be likely due to direct binding of the

response regulator.
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Figure 2.5: The promoter of ArsZ is de-repressed in the absence of the ArsS sensor kinase. (A) The promoter
region of arsZ from strain 26695 was transcriptionally fused to a gfp reporter gene and integrated into the H. pylori
G27 genome at the unrelated rdxA locus. As negative control, the promoter of tIpB was transcriptionally fused to gfp.
The promoter of ureA, which is known to be activated by the ArsRS TCS, was included as positive control. (B) Levels
of the GFP protein and ArsZ sRNA in the absence or presence of ArsS were analyzed by Western and Northern
blotting, respectively. Total protein and RNA samples were harvested from indicated wild-type and mutant strains
grown o log phase at pH 5.5 and pH 7. An anti-GFP antibody was used to monitor GFP protein levels, while GroEL
served as a loading control. The expression of ArsZ was quantified by Northern blot. 5S rRNA served as a loading

control.

Although ArsR is phosphorylated under low pH (Pflock et al., 2005, Wen et al., 2006) and we
observed a de-repression of the arsZ promoter in the absence of the ArsS sensor kinase (Figure 2.6), no
decrease in ArsZ sRNA levels was observed over growth in the H. pylori 26695 WT strain at pH 5.5 when
compared to pH 7 (Figure 2.4 B lanes 1 and 4). Despite H. pylori grows slightly slower at pH 5.5, all
samples were harvested at a similar ODsgo. Since the strains were grown at low pH during the whole

experiment, one possible explanation is that the acid-responsive system may have already achieved a
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steady-state level, thus masking any regulatory effect on ArsZ sRNA expression. To further illustrate the
dynamics of ArsZ regulation by low pH, presumably via the ArsRS TCS, expression of ArsZ sRNA was
monitored over a time-course of eight hours upon shift of the H. pylori 26695 wild-type and ArsR D52N
mutant strain from neutral pH to pH 5 (Figure 2.6). In WT, the levels of ArsZ were decreased by about
four-fold after two hours of acid exposure when compared to ArsZ levels before the shift of the bacteria to
low pH (time 0) and remained low for the following two hours. ArsZ levels then returned to initial levels
after eight hours of acid exposure. This is consistent with the absence of lowered ArsZ levels at pH 5.5
observed under steady-state conditions (Figure 2.4 B, lanes 1 and 4). Importantly, and in contrast to the
WT, only a slight decrease in ArsZ expression was observed in the ArsR D52N mutant (grey dotted line)
over time, suggesting that ArsZ is specifically repressed by phosphorylated ArsR in response to acid
exposure. In control experiments where the pH was kept constant at pH 7, ArsZ levels increased only
slightly over time in both WT and ArsR D52N (solid black and grey lines). Together, these results strongly
suggest that ArsZ is an acid-responsive SRNA regulated by the ArsRS TCS.
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Figure 2.6 ArsZ is regulated in response to low pH through the phosphorylated ArsR response regulator. All
strains were grown to an ODgg of 0.4 at pH 7. The medium was then either adjusted to pH 5.5 (dotted lines) or
maintained at pH 7 as a control (solid lines). ArsZ levels from various time points throughout the acid time-course
were quantified by Northern blot analysis (see also Figure S2). The fold-change is shown as the log, ratio of a specific
time point relative to the time point where medium pH was changed (0 hours). The data shown are the average of two

independent experiments, with error bars representing standard errors.
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2.4 In-vitro validation of ArsZ-HP1432 mRNA interaction

After clarifying ArsZ sRNA regulation, we further investigated the regulation of its predicted mRNA
targets. Inspection of the HP1432 mRNA leader, the best-scoring ArsZ target predicted by TargetRNA,
revealed a potential for extensive base-pairing between the SRNA and the ribosomal binding site (RBS) of
the mRNA (Figure 2.7 A). In particular, the potential anti-Shine-Dalgarno (SD) sequence of ArsZ forms
eight consecutive base-pair interactions with the RBS of the HP1432 mRNA, followed by a small bulge
and a second stretch of ten consecutive base-pair interactions covering up to 22 nt upstream of the HP1432
start codon. Electrophoretic gel mobility shift assays (EMSAs) with radiolabeled in-vitro transcribed ArsZ
and the unlabelled HP1432 5’UTR confirmed that both RNAs could bind each other (Figure 2.7 B, top left
panel). Vice versa, radiolabeled, in-vitro transcribed HP1432 5’UTR showed a similar shift with increasing
concentrations of the ArsZ sRNA (Figure 2.7 B, top middle panel). In contrast, HP1432 5°UTR did not
shift with the H. pylori RepG sRNA, which is not predicted to interact with HP1432, in vitro (Figure 2.7 B,
top right panel). Importantly, introduction of three consecutive point mutations (M3) into the predicted
ArsZ-HP1432 interaction site upstream of the RBS abolished sSRNA-mRNA interaction (Figure 2.7 B,
bottom left panel). Moreover, compensatory base-pair exchanges in ArsZ M3 and 5’UTR of HP1432

restored the shift (bottom right panel), confirming the specific interaction between the two RNA species.
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Figure 2.7 ArsZ interacts with the 5°UTR of HP1432 mRNA in vitro. (A) Predicted interaction between ArsZ and
the HP1432 mRNA using the TargetRNA program (Tjaden, 2008). The horizontal lines indicate the validated
interaction region from in-line probing assays (Figure 2.8). The Shine-Dalgarno sequence of HP1432 is boxed, and
the start codon (AUG) is underlined. The arrows indicate nucleotides used for compensatory base-pair exchanges
(“M3”). (B) EMSAs showing binding between ArsZ and the 5’UTR of HP1432 mRNA in vitro. T7-transcribed full-
length ArsZ and the 5’UTR of HP1432 mRNA plus its first ten codons were used. RNA* (~ 4 nM) was 5°-3?P-
radiolabeled. Corresponding point mutations (ArsZ M3 and HP1432 5’UTR M3, shown in (A) in blue and green

letters, respectively) were used to show specificity of the binding. Increasing concentrations of non-labeled RNA
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(8 nM, 16 nM, 125 nM, 250 nM, 500 nM, and 1000 nM) were incubated with the labeled RNA*. Unlabeled RepG

served as negative control. Arrowheads indicate shifted bands.

To map the precise position of the SRNA-mRNA interaction in vitro, in-line probing assays were
performed with radioactively-labeled ArsZ and the 5’UTR of HP1432 mRNA. In this assay, double-
stranded RNA regions are protected from spontaneous cleavage following extended incubation, while
single-stranded regions are susceptible to cleavage (Regulski & Breaker, 2008). The protected region
(Figure 2.8 A, lane 6, position 33 to 49) is indicative of RNA duplex formation and overlaps with the
predicted seed (region of at least seven consecutive base-pairs) and anti-SD region predicted to interact
with the HP1432 mRNA (Figure 2.7 A). This region of protection was lost when point mutations were
introduced into the 5°’UTR of HP1432 (Figure 2.8 A, lanes 7 and 8) or ArsZ (Figure 2.8 A, lanes 13 and
14). Protection was successfully restored by introduction of compensatory base-pair exchanges (Figure 2.8
A, lanes 15 and 16), demonstrating the specificity of the interaction between ArsZ and HP1432. Overall,
in-line probing analysis showed that ArsZ interacts with the SD region of HP1432 mRNA. This specific
interaction was further confirmed by vice versa experiments with the radiolabeled 5’UTR of HP1432
mRNA and unlabeled ArsZ (Figure 2.8 D), confirming ArsZ-dependent protection sites consistent with the

above mentioned prediction (Figure 2.7 A).

To complement the in-line probing method, in-vitro structure probing was performed using
commercially available RNase III on radiolabeled ArsZ with unlabeled 5’UTR of HP1432. RNase T1,
which only cleaves G residues at single stranded regions, and lead (II), which cleaves single stranded RNA
non-specifically, were included as additional controls. In the absence of HP1432, RNase III cleaves all the
predicted double-stranded regions of ArsZ (Figure 2.8 B, lane 10). Addition of HP1432 produced an
additional RNA duplex region, which was also cleaved by RNase III (Figure 2.8 B, lanes 11 and 12). The
absence of cleavage by lead at these regions further confirms that these regions are indeed double-stranded.
Vice versa experiments using the radiolabeled 5S’UTR of HP1432 mRNA with unlabeled ArsZ showed
similar RNase III cleavage patterns (Figure 2.8 E). The in-vitro structure probing data fits the RNA-RNA
interaction predicted by the RNAstructure tool (Reuter & Mathews, 2010) (Figure S3). Thus, the in-vitro
experiments further confirmed that the interaction between ArsZ and HP1432 occurred at the single-

stranded region of ArsZ (Figure 2.8 C) and HP1432 (Figure 2.8 F).
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Figure 2.8 In-line and structure probing maps the precise interaction site between ArsZ and HP1432 mRNA in
vitro. (A) In-line probing assay of radiolabeled ArsZ with HP1432 or HP1432 M3. Radiolabeled ArsZ (~ 4 nM ) was
mixed with increasing concentration of either HP1432 or HP1432 M3 and incubated for 40 hours under mild alkaline
conditions to allow spontaneous RNA cleavage. Cleavage products were separated on a 10% polyacrylamide-urea
sequencing gel and visualized by phosphorimaging. The numbers on the left indicate the position of guanine residues
of ArsZ that are cleaved by RNase T1. The dotted vertical line (33 to 49) indicates the interaction site between ArsZ
and HP1432. (D) Vice versa experiment was performed with radiolabeled HP1432 5°’UTR and unlabeled ArsZ. End-
labeled HP1432 or HP1432 M3 RNA was incubated with increasing concentrations of unlabeled ArsZ in in-line buffer.
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(B) Structure probing assay of radiolabeled ArsZ (~ 4 nM) with HP1432 and the vice versa experiment (E) with
radiolabeled HP1432 5’UTR. Samples were treated with either RNase T1 (cleaves after single-stranded guanines),
lead (IT) acetate (cleaves single-stranded regions), or RNase III (specific for double-stranded regions). The vertical
lines next the blots indicate region is cleaved by RNase III in the presence of both ArsZ and HP1432 5°UTR. Minus
(-): labelled RNA without addition of cold RNA; Ctrl: untreated control; T1: RNase T1; OH: alkaline ladder.
Secondary structures of ArsZ (C) and the 5’UTR of HP1432 (F) validated by in-line probing and in-vitro structure
probing. White arrows indicate RNase T1 cleavage sites, green arrows indicate lead (II) cleavage sites, black arrows

mark RNase III cleavage sites, and red circles mark RNA cleavage sites from the in-line probing assay.

2.5 ArsZ negatively regulates HP1432 protein by masking its ribosomal binding site

Base-pairing sSRNAs that interact with the RBS of target mRNAs often repress target mRNA translation.
An in-vitro translation system using purified E. coli ribosomes was used to test whether ArsZ represses
translation of HP1432 mRNA Incubation of in -vitro-transcribed mRNA representing the 5’UTR of
HP1432 from strain 26695 fused to GFP with this cell-free translation system resulted in the appearance of
an HP1432::GFP fusion protein, which was detected by Western blotting (Figure 2.9, lane 1). The addition
of increasing amounts of in vitro-transcribed ArsZ to the reactions resulted in decreased 1432::GFP protein
levels (Figure 2.9, lanes 2 to 5), indicating that ArsZ blocks the translation of the 1432 mRNA in vitro.
Furthermore, addition of three consecutive point mutants (M3) ArsZ or the unrelated RepG sRNA in excess
did not markedly reduce translation of the reporter protein when compared to wild-type ArsZ (Figure 2.9,
lanes 1,6 and 7), confirming the specificity of 1432 regulation by ArsZ. Translation inhibition by ArsZ was
also not seen when point mutations (M3) were introduced into the HP1432::gfp fusion mRNA (Figure 2.9,
lane 11). Finally, the loss of ArsZ regulation upon introduction of point mutations into one of the RNA
species was restored by compensatory base-pair exchanges (Figure 2.9, lane 10). RepG-mediated regulation
of tIpB::gfp fusion mRNA (Pernitzsch et al., 2014) were used as positive control and likewise showed

repression (Figure 2.11, lanes 7, 11, 12 to 14).
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Figure 2.9 ArsZ masks the ribosome binding site of HP1432 mRNA to inhibit translation in vitro. An in-vitro
translation assay with purified E. coli ribosomes (PURExpress) was used to reconstitute post-transcriptional regulation
by ArsZ on HP1432 mRNA. The RepG sRNA and its target, the chemotaxis receptor tIpB mRNA, were included as
a positive control. The 5‘UTR of either HP1432, HP1432 M3, or tlpB were translationally fused to a GFP reporter
gene and in-vitro transcribed. The indicated molar ratio/excess of ArsZ, ArsZ M3, or RepG over mRNA-gfp are
indicated. An anti-GFP antibody was used to monitor GFP levels. An anti-S1 ribosomal protein served as a loading

control.

In order to validate the direct interaction between ArsZ and HP1432 in vivo, we made use of an
E. coli two-plasmid reporter system previously developed to validate SRNA-mRNA interactions in
enterobacteria (Urban & Vogel, 2007) (Corcoran et al., 2012). ArsZ was cloned under an arabinose-
inducible promoter (psap-ArsZ) in a plasmid (pPT106-1) and co-transformed with a compatible plasmid
carrying HP1432 under control of the constitutive Pieto promoter (pHP1432, pPT42-1) in E. coli strain
Topl0 (Figure 2.10 A). The HP1432 protein contains a stretch of six consecutive histidine residues.
Therefore, an anti-6xHis antibody was used to specifically detect this protein in the following Western blot
analyses (Zeng et al., 2008). Because no homologs of the ArsZ sRNA or HP1432 protein have been
identified in enterobacteria, E. coli Top10 provides a clean bacterial host background to investigate ArsZ-
mediated regulation. In the absence of arabinose, no ArsZ was expressed (Figure 2.10 B, lane 5).
Introduction of the pgap-ArsZ plasmid slightly reduced HP1432 mRNA levels in the absence of arabinose
(Figure 2.10 B, lane Sane 5). Albeit not detected by Northern blot analysis, slightly reduced HP1432 mRNA
levels could be due to leaky expression of ArsZ. Nevertheless, the emphasis of this experiment is on the
post-transcriptional regulation of ArsZ on HP1432. After 1 hour of pulse-expression of ArsZ by addition
of arabinose, two-fold and four-fold reduced HP1432 mRNA and protein levels were detected, respectively
(Figure 2.10 B, lane 6). All together, these experiments further support that ArsZ masks the RBS of HP1432
mRNA, leading to its translational repression. Moreover, the decreased in mRNA levels (Figure 2.10 B,
lane 6) suggest that high levels of ArsZ might indirectly destabilize transcript of HP1432 since less
translated HP1432 mRNA is not protected by translating ribosomes.
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Figure 2.10: ArsZ regulates HP1432 on the protein and mRNA level in E. coli Top10. (A) Schematic
representation of the two plasmids used to co-express ArsZ and HP1432 in the E. coli Top10. (B) E. coli cells
containing either only HP1432 under the control of PLtetO promoter (pHP1432), or in combination with ArsZ under
the pgap promoter (PgapArsZ), were grown to an ODggo of 1.0. Expression of ArsZ was induced with 0.02% arabinose
for 1 hour prior to sample (RNA and protein) collection. The expression of ArsZ and HP1432 mRNA was quantified
by Northern blot analysis. 5S rRNA served as a loading control. Anti-6xHis antibody was used to monitor HP1432

protein levels, while GroEL served as a loading control.

2.6 ArsZ represses translation of HP1432 mRNA in H. pylori in vivo

The in-vitro experiments as well as reconstitution of the two-plasmid system in E. coli provided evidence
that ArsZ potentially represses HP1432 at the protein and/or mRNA level in H. pylori. To further
characterize the influence of ArsZ on HP1432 mRNA expression in vivo, arsZ deletion (AarsZ), its
complementation (Casz), and ArsZ overexpression (OE-ArsZ) mutants were constructed in H. pylori strain
26695 and tested for their potential to affect HP1432 protein levels. Under steady-state conditions at pH
5.5 HP1432 protein levels decreased two-fold upon ArsZ over-expression. However, ArsZ overexpression
did not affect HP1432 mRNA levels (Figure 2.11, lanes 1 and 4). This suggests that ArsZ might post-
transcriptionally repress HP1432 translation initiation in vivo, rather than affecting mRNA turnover.
Surprisingly, HP1432 mRNA levels were downregulated in the AarsZ mutant (Figure 2.11, lane 2).
Nevertheless, HP1432 mRNA levels could be restored to wild-type levels upon providing a wild-type copy
of arsZ under the control of its native promoter at the unrelated rdxA locus (Figure 2.11, lane 3). HP1432

protein levels were not affected by the deletion of arsZ (Figure 2.11, lane 2).
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Figure 2.11: Effect of ArsZ on HP1432 protein levels under steady-state conditions in H. pylori. H. pylori 26695
wild-type (WT), deletion of arsZ (AarsZ), complementation of AarsZ (Carz), and ArsZ overexpression (extra copy in
rdxA locus, OE-ArsZ) mutants were grown to an ODggp of 0.4 at pH 5.5. The expression of ArsZ and HP1432 mRNA
was quantified on a Northern blot. 5S rRNA served as a loading control. Anti-6xHis antibody was used to monitor

HP1432 protein levels, while GroEL served as a loading control.

Similar levels of the HP1432 protein in the AarsZ mutant relative to wild-type (Figure 2.11, lane
2) suggested that deletion of the arsZ sRNA might indirectly impact on HP1432 transcription, which in
turn, masks its effect on HP1432 mRNA translational regulation. This hypothesis was further investigated
in H. pylori strain G27 carrying a GFP transcriptional reporter for the HP1432 promoter (Figure 2.12 A).
In the GFP transcriptional strain background, absence of ArsZ (AarsZ) is expected to decrease the GFP
levels while the strains with GFP translational fusion act as controls since the effect of losing ArsZ was not
observed at protein level of HP1432 (Figure 2.11, lane 2). GFP reporter protein levels of H. pylori G27
carrying the transcriptional Pi43-ureA-5’UTR::gfp fusion were significantly decreased (two-fold) upon
deletion of arsZ (Figure 2.12 B and Figure 2.12 C, dark grey bars), indicating that the promoter activity of
HP1432 is indeed affected by the deletion of arsZ. In contrast, no significant change in the GFP protein
levels was observed in the translational 1432::GFP reporter fusion (Pi43,-1432-5’UTR::gfp) between the
wild-type and AarsZ mutant (Figure 2.12 C, light grey bars). This confirms that, despite lower level of
HP1432::gfpmut3 mRNA were observed in the absence of ArsZ, more translation occurred upon sRNA

deletion, thereby maintaining similar levels of GFP relative to wild-type (Figure 2.11, lanes 1 and 2).
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Together, these observations support that ArsZ represses translation of the mRNA encoding HP1432 in
H. pylori in vivo.
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Figure 2.12: Deletion of arsZ reduces activity of the HP1432 promoter. (A) The native promoter region of HP1432
(of strain 26695) was fused either transcriptionally or translationally to a gfp reporter gene and reporter fusion
constructs were introduced into the rdxA locus of H. pylori strain G27 wild-type or AarsZ background. The Scheme
illustrates characteristics of used reporter fusions. (B) Cultures were grown at pH 5.5 and an anti-GFP antibody was
used to monitor GFP reporter protein levels on a Western blot. GroEL served as a loading control. ArsZ levels in the
corresponding total RNA was analyzed on a Northern blot and levels of 5S rRNA served as a loading control. (C)
Relative GFP levels on Western blots from three independent experiments were quantified with error bars representing
standard errors. The Student’s t-test was used for statistical analysis. Asterisks indicate a p-value of less than or equal

0.05; ns: not significant (p > 0.05).
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The downregulation of the HP1432 promoter activity in the AarsZ mutant (Figure 2.12) showed
the complexity of HP1432 regulation. In addition to effect caused by arsZ deletion, HP1432 expression has
been described to be regulated by various transcription factors, including ArsR (Pflock et al., 2006), NikR
(Contreras et al., 2003) and Fur (Gancz et al., 2006) (Figure 2.13 A). To provide evidence that ArsZ
regulates HP1432 at the post-transcriptional level, rather than through indirect transcriptional effects,
promoter exchange experiments were performed to uncouple HP1432 translational and transcriptional
control from each other. The 5’UTR of HP1432 mRNA was translationally fused to GFP and placed under
the control of the promoter of the unrelated chemotaxis receptor TlpB (Delany et al., 2002) in its
endogenous gene locus (Figure 2.13 B). The tIpB promoter is not affected by acid stress. This GFP reporter
fusion was investigated in the wild-type, AarsZ deletion and ArsZ M3 complementation mutant background
of H. pylori strain G27. An about two-fold increase in GFP protein levels was observed in the absence of
ArsZ (Figure 2.13 C, lanes 3-4). This indicates that the 5’UTR of HP1432 is sufficient to mediate regulation
by ArsZ, even when the mRNA is expressed from a heterologous promoter. Similarly, disruption of base-
pairing between ArsZ and the HP1432 mRNA via point mutations introduced into ArsZ (ArsZ M3) resulted
in a similar, two-fold increase in GFP reporter levels (Figure 2.13 C, lane 5). Likewise, introduction of
point mutations in the 5’UTR of HP1432 mRNA (HP1432 M3) also increased levels of the GFP reporter
two-fold (Figure 2.13 C, lane 6), which was not further increased upon deletion of arsZ (Figure 2.13 C,
lane 7). Importantly, the compensatory base-pair exchange (ArsZ M3 and HP1432 M3; Figure 2.13 C, lane
8) successfully restored GFP reporter levels to that of the “WT” (PupsHP1432) strain. Taken together, these
observations strongly support that HP1432 is regulated by the ArsZ sRNA at the post-transcriptional level.
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Figure 2.13: ArsZ represses HP1432 at the post-transcriptional level. (A) The promoter region of HP1432 is
regulated by three transcription factors in response to three different signals (Pflock et al., 2006) (Contreras et al.,
2003) (Gancz et al., 2006) (Delany et al., 2005). (B) The HP1432 promoter was exchanged to the unrelated tIpB
promoter, which is not affected by acid. Under the control of the tIpB promoter, the 5‘UTR of HP1432 or HP1432 M3
was fused to gfp and introduced at the native HP1432 locus (top panel). The point mutant version of ArsZ (ArsZ M3)
was introduced at the rdxA locus of a AarsZ background strain (middle panel). (C) H. pylori strain G27 carrying
indicated GFP reporter fusions and sSRNA mutants (arsZ deletion or ArsZ M3) were grown to exponential growth
phase and RNA as well as protein samples were collected. The expression of ArsZ was inspected on a Northern blot
by using an ArsZ-specific probe (ArsZ) and another probe which binds to ArsZ at a region upstream of the base-pair
exchange (M3) region (ArsZ*). 5S rRNA served as a loading control. An anti-GFP antibody was used to monitor GFP

reporter levels, while GroEL served as a loading control.
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2.7 ArsZ affects HP1432 mRNA stability

While steady-state levels of HP1432 mRNA in H. pylori 26695 were slightly affected (1.2-fold
downregulated) by arsZ over-expression (Figure 2.11, lane 4), rifampicin stability assays showed that ArsZ
over-expression in fact destabilizes HP1432 mRNA levels by at least 1.6-fold, reducing its half-life from
more than 32 minutes (Figure 2.14 A, solid line) to 20 minutes (Figure 2.14 A, dotted line). The rifampicin
assay also showed that HP1432 mRNA is slightly more stable in AarsZ when compared to WT. These
results are consistent with translational repression of HP1432 by ArsZ. Non-translating mRNAs are less
protected by ribosomes and therefore, are more sensitive to endo- or exonucleolytic attacks, resulting in
shorter mRNA half-life. A similar destabilization effect on HP1432 mRNA was observed in H. pylori strain
G27 (Figure 2.14 B). Taken together, these results support the conclusion that ArsZ post-transcriptionally
represses HP1432 mRNA by direct base-pairing interactions with its single-stranded targeting region to the
RBS of the HP1432 mRNA.
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Figure 2.14: ArsZ affects the half-life of the HP1432 mRNA. The half-life (t;2) of HP1432 mRNA was determined
after inhibition of transcription by rifampicin treatment in H. pylori strains 26695 (A) and G27 (B) in WT, AarsZ, and
ArsZ overexpression (OE-ArsZ) mutants at pH 5.5. Strains were grown to an ODgg of 0.4 and RNA samples were
taken before and at indicated time points after rifampicin treatment. Analysis of HP1432 mRNA levels was done by
Northern blot quantification. The half-life of HP1432 mRNA was determined to be the time point at which 50 % of

its “starting” mRNA levels remained.

2.8 Introduction of a stable stem-loop enables strong overexpression of ArsZ

Unlike many sRNAs which can be easily overexpressed using strong promoters, initial attempts to

overexpress ArsZ from strong H. pylori promoters, such as the repG and ureA promoters, were not
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successful (Figure 2.15 A). It might be possible that ArsZ adopts unstable RNA conformations upon high
expression. Manual inspection of the first stem-loop of ArsZ (ArsZ-SL1) revealed this stem-loop could be
unstable due to its low GC content (Figure 2.15 B). Thus the stability of ArsZ might be increased by
exchanging SL1 with another stem-loop of similar length (27 nt), but higher stability. One stem-loop that
meets both criteria is the stem-loop 1 of RepG (RepG-SL1) (Figure 2.15 B). It was reported that RepG-SL1
is not involved in target regulation, however significantly affects SRNA stability (Pernitzsch et al., 2014).
The ArsZ-SL1 was replaced by the RepG-SL1, resulting in the slightly shorter hybrid construct RepG-SL1-
ArsZ. This hybrid sSRNA was placed under the control of RepG promoter in the rdxA locus of H. pylori
strain 26695 and Northern blot analysis revealed that we could successfully overexpress ArsZ by five-fold
relative to WT (Figure 2.15 C). HP1432 mRNA levels were about two-fold decreased upon this strong
overexpression of ArsZ, which nicely recapitulates previous experiments (Figure 2.14) and further
demonstrate that ArsZ also destabilizes the HP1432 mRNA. HP1432 protein levels decreased by four-fold

in line with earlier results that ArsZ post-transcriptionally repress translation of HP1432 mRNA.
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Figure 2.15: ArsZ is difficult to overexpress by standard approaches. (A) The expression of ArsZ from two strong
H. pylori promoters, PrepG and PureA, was quantified on a Northern blot. (B) Secondary structure for ArsZ and the
chimeric RepG-SL1-ArsZ. Lower table indicates the free energy, length and GC content of the first stem loop of each
SRNA. (C) The expression of chimeric RepG-SL1-ArsZ under RepG promoter was quantified by Northern blotting.

42



5S rRNA served as a loading control. Anti-6xHis antibody was used to monitor HP1432 protein levels, while GroEL

served as a loading control.

2.9 ArsZ forms a coherent feed-forward loop with ArsRS to regulate HP1432 in response to
low pH

Both the in-vitro and in-vivo data indicate that the H. pylori SRNA ArsZ represses HP1432 at the post-
transcriptional level. Moreover, expression of ArsZ itself appears to be repressed in response to low pH by
the ArsRS TCS (Figure 2.6). Also, previous studies reported that the HP1432 promoter is also positively
regulated by ArsRS at low pH (Pflock et al., 2004). These observations suggest that ArsZ, together with
the ArsRS TCS, might form a coherent feed-forward loop (C-FFL) to regulate HP1432 expression in H.
pylori. Coherent FFLs involve two regulators that act synergistically on the same downstream target gene
(Mangan & Alon, 2003). Specifically, in the type- 4 FFL (C4-FFL), a regulator both directly activates a
target gene, and represses a repressor of the same target gene (Figure 2.16 A). In this model, for the H.
pylori target gene HP1432 at pH 5.5, phosphorylated ArsR would simultaneously directly activate the
transcription of HP1432 mRNA as well as repress the transcription of its translational repressor, ArsZ.
Since ArsZ is repressed transiently after low pH shift by ArsR-P (Figure 2.6), the dynamics of ArsZ
regulation of HP1432 upon exposure to acid were explored. Specifically, levels of ArsZ, HP1432 mRNA,
and HP1432 protein were quantified following downshift to pH 5.5. In WT, ArsZ was mildly
downregulated (Figure 2.16 B, black line) in the first hour after shift to acidic conditions, while HP1432
mRNA levels were upregulated, independent of ArsZ (Figure 2.16 B, grey lines). This is consistent with
repression of the SRNA and activation of the mRNA by the ArsRS TCS upon acidification of the pH.

Although no significant change in HP1432 mRNA levels was observed in the AarsZ mutant
compared to the WT (Figure 2.16 B), a more rapid increase in HP1432 protein levels was detected in AarsZ
mutant following acid exposure (Figure 2.16 C). This suggests that the levels of the HP1432 protein
increase upon exposure of H. pylori to low pH conditions, and the ArsZ sSRNA might serve as a delay switch
in the regulation of HP1432 by the ArsRS TCS under acid shock, thereby affecting the dynamics of HP1432
induction. Interestingly, the indirect activation of HP1432 promoter by ArsZ (Figure 2.16 A, dotted line
with arrow and Figure 2.12) was only observed after adaptation to low pH stress has occurred (overnight
growth, steady-state in pH 5.5). This network did not form during the process of rapid pH adaptation, since
the levels of HP1432 mRNA were not lower in AarsZ compared to WT (Figure 2.16 B, Figure S4). Hence,

ArsZ can additionally participate in an incoherent FFL after adaptation to low pH, giving rise to a non-
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standard FFL in which ArsZ can participate directly or indirectly in two different network configurations

depending on the state of acid stress adaptation.
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Figure 2.16: ArsZ forms a coherent feed-forward loop with ArsRS and HP1432. (A) A schematic diagram of the

proposed type-4 coherent feed-forward loop formed by ArsRS, ArsZ, and HP1432. The solid arrows indicate direct

interactions, while dotted arrows indicate indirect regulation. (B) Acid stress increases HP1432 mRNA levels in both

WT and AarsZ. Levels of HP1432 and ArsZ in WT, as well as HP1432 in AarsZ, were measured in total RNA

following shift of log-phase bacteria to acidic medium by Northern blotting. All strains were grown to an ODggo of

0.4 at pH 7. The medium was then adjusted to pH 5.5, and HP1432 mRNA and ArsZ levels from various time points

following the shift were quantified on a Northern blot. The fold-change was quantified as log, ratio of a specific time

point relative to the 0 hour time-point. The data are average of three independent experiments, with error bars

representing standard errors. (C) HP1432 protein levels increase more rapidly in AarsZ compared to WT.

Corresponding protein samples from (B) were analyzed by Western blotting for levels of the HP1432 protein with an

anti-6xHis antibody.

44



2.10 ArsZ modulates urease activity via repressing HP1432 under acid stress

H. pylori must tightly regulate urease activity in order to ensure rapid induction at low pH, but conversely
to limit its activity when the pH is neutral. The histidine-rich HP1432 protein is assumed to lower urease
activity at neutral pH by decreasing the levels of free Ni** cofactor available for urease activation (Seshadri
etal., 2007). In contrast, at low pH or under nickel-deficient conditions, the HP1432 protein releases nickel
and thus, contributes to a rapid increase in mature urease levels (Zeng et al., 2008) (Seshadri et al., 2007,
Ge et al., 2006a). These observations have given rise to the hypothesis that ArsZ might affect urease

maturation via regulation of nickel availability through its regulation of HP1432 protein levels.

To test this hypothesis, urease activity from various mutants after four hours of exposure to pH 5.5
or pH 7 were quantified by urease activity assay (Figure 2.17). Compared to the WT, elevated urease
activity was observed in AarsZ mutant at pH 5.5 and could be restored back to wild-type levels by
complementation of ArsZ in trans, while over-expression of ArsZ further decreased urease activity about
three-fold at low pH (Figure 2.17, dark grey bars). Moreover, lower urease activity in the AHP1432 deletion
mutant and no increase in urease activity in of the AHP1432 AarsZ double deletion mutant indicated that
the increase of urease activity in AarsZ is dependent on HP1432. Importantly, the ArsZ-dependent increase
of urease activity only observed under low pH, as only minor variations in urease activities were measured
among the different strains at neutral pH (Figure 2.17, light grey bars). These results suggest that ArsZ

influences halo-urease maturation in an HP1432-dependent manner upon shift to low pH.
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Figure 2.17: ArsZ modulates urease activity via regulation of levels of the nickel-binding factor HP1432.
Indicated H. pylori 26695 wild-type and mutant strains were grown to an ODsgo of 0.4 at pH 7. The medium was then

adjusted to pH 5.5. Protein samples were collected from indicated strains after either 4 hours of exposure to pH 5 or
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to neutral pH. The urease activity for these samples was quantified using method previously described (van Vliet et
al., 2001). The Student’s t-test was used for statistical analysis. A single asterisk indicates a p-value < 0.05; ns: not

significant (P > 0.05).

2.11 ArsZis required for downregulation of urease activity after acid stress

H. pylori induces urease activity in order to cope with acid stress, as the urease enzyme neutralizes
intracellular acid (Scott et al., 2002). Presumably, once an acid challenge has been neutralized, the urease
system returns to steady-state levels/activity in order to prevent over-alkalization, which could in principle,

also negatively affect bacterial fitness.

To determine the kinetics of urease regulation, the urease activity of WT, AarsZ, AHP1432, and a
AHP1432 AarsZ double mutant were measured at various time points under acidic stress conditions (Figure
2.18 A). In agreement with previous reports (Scott et al., 2002), urease activity gradually increased upon
exposure to acid in H. pylori 26695 wildytpe (Figure 2.18 A, solid black line). In contrast, the AarsZ mutant
(Figure, 2.18 A, dotted black line) showed a more rapid increase in urease activity relative to wild-type
after exposure to acid. To determine whether this increase in urease activity after exposure to acid was due
to increased expression of the urease protein, levels of UreA, a subunit of the urease complex were
quantified by Western blotting (Figure 2.18 B). No alterations in the UreA protein levels was observed,
neither upon deletion of arsZ nor following acid exposure. This suggests that the observed increase in urease
activity is specifically due to an increase in the fraction of active enzyme, presumably due to nickel cofactor
levels. Although the ureAB operon has been reported to be induced under acid (Pflock et al., 2005), it has
also been reported that the UreA protein levels remained similar to those under pH 7 — even after thirty
minutes of exposure to acid (Marcus et al., 2016). This is in line with the here described observations.
Relative urease activity of WT and AarsZ increased over time, reaching a maximum at four hours after acid
shift (Figure 2.18 C). After eight hours, however, the urease activity returned to pre-acid exposure levels in
WT. Interestingly, the levels of urease activity in AarsZ at the same time points were still at least two-fold
higher than in the WT, suggesting that the loss of ArsZ affected both the induction of urease activity
following acid exposure and the re-adaptation of urease activity to neutral conditions following

neutralization of the environment.
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Figure 2.18: Levels of urease activity of WT and AarsZ following shift from neutral to acidic medium at
extended time points. H. pylori 26695 WT and AarsZ were grown overnight to an ODso of 0.4 at pH 7. The medium
was then adjusted to pH 5.5, and at indicated time points, bacteria were harvested for total RNA and protein extraction.
(A) The urease activity for each strain at different time points was quantified using a method previously described
(van Vliet et al., 2001). (B) UreA protein levels remain unchanged, while HP1432 protein levels increase, following
exposure to acid. Samples were analyzed by Western blotting for the levels of UreA with an anti-UreA antibody.
GroEL served as a loading control. (C) Relative urease activity of WT and AarsZ following shift H. pylori 26695 cells

from neutral to acidic medium. The urease activity for each strain at different time points was quantified.

2.12 ArsZ confers a growth advantage after acid stress

Since high urease activity might lead to the production of ammonia levels high enough to be detrimental to
H. pylori cells, the fitness of WT, AarsZ and Carsz was inspected after eight hours of exposure to either pH
5.5 or pH 7. A significant, about three-fold decrease in cell fitness at pH 5.5 was observed in AarsZ deletion
mutant compared to WT after eight hours of acid exposure (Figure 2.19 A). The growth defect could be

rescued by complementing ArsZ expression in trans. In contrast, the AarsZ mutant showed no difference
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from WT under neutral pH conditions, suggesting that the survival phenotype was related to acid adaptation,

rather than a general survival defect.

The observed fitness defect of H. pylori 26695 AarsZ indicated that wild-type cells could
outcompete cells that do not express ArsZ. To test this hypothesis, growth competition experiments with
WT and AarsZ under pH 4 supplemented with 10 mM urea or neutral pH were performed. WT and AarsZ
contained streptomycin and erythromycin selectable antibiotics markers, respectively, to allow specific
recovery and quantification of each strain. Competition experiments revealed that the AarsZ mutant can
outcompete WT in the first two hours after pH stress, but loses this benefit after 8 hours (Figure 2.19 B).
The growth advantage at two hours after acid stress in AarsZ is in line with the higher urease activity
observed previously (Figure 2.18 A, C). Moreover, the increased urease activity in AarsZ, but not in WT,
after 8 hours of acid exposure possibly explains the growth advantage of WT cells over AarsZ mutant
bacteria at this later time point. Taken together, these data suggest that the ArsZ sRNA might play an
important role in modulating the levels of active urease by ensuring that the active enzyme is not over-
activated, as well as a timely return to pre-exposure levels once the environment of the bacterium has been

neutralized again.
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Figure 2.19: The sRNA ArsZ affects fitness of H. pylori following shift to acid pH. (A) Viability of WT, AarsZ
and Caz following shift to acidic medium. Cells were harvested immediately after exposure to pH 5.5 (Oh), and after
eight hours of acid exposure (8h). At each time point, the cells were serially diluted, spread on plates, and incubated
microaerobically for 3 to 5 days. Data are average of three independent experiments, with error bars representing
standard errors. The Student’s t-test was used for statistical analysis. Double asterisks indicate a p-value of less than
or equal 0.01; ns: not significant (p > 0.05). (B) Equal number of cells from WT and AarsZ were mixed and incubated
in BHI, pH 4 and supplemented with 10 mM urea or BHI, pH 7. At each time point, were serially diluted, spread on

selective antibiotic plates, and incubated microaerobically for 3 to 5 days. The ratio between WT and AarsZ were

48



calculated as relative CFU/ml. Data shown are the average of three independent experiments, with error bars

representing standard errors.

2.13 Evolution of the ArsZ sRNA and its target gene HP1432

The pH-dependent cell fitness advantage conferred by ArsZ is supported by the fact that there has been a
selective pressure to maintain arsZ in the genome of H. pylori strains after its initial acquisition. Since this
bacterium has been associated with humans for more than 100,000 years ago (Moodley et al., 2012), the
evolution of the ArsZ sSRNA was further investigated. A phylogenetic tree of selected Helicobacter species
was extracted from the PATRIC database (Wattam et al., 2014), which contains only completed genomes
of H. pylori and representative gastric species. Major evolutionary events are indicated on this unrooted
tree (Figure 2.20 A). About 100,000 years ago, H. pylori diverged into two major super-lineages, one which
includes two branches that are associated with hunter-gatherers in southern Africa (hpAfrica2, Figure 2.20
A, blue lines and pink circle) (Henn et al., 2011) and another branch which is associated all other H. pylori
strains including hpAfrical (Figure 2.20 A, black lines and grey circles) (Pot et al., 2001). H. acinonychis,
the closest known relative of H. pylori, emerged within the hpAfrica2 branch after a host jump from early
humans to big cats (Eppinger et al., 2006). About 60,000 years ago, H. pylori strains of the second branch
accompanied anatomically-modern humans during the out-of-Africa human migration event. This event
split this second branch into hpAfrical (Figure 2.20 A, dark grey circle) and all other non-African strains,
which includes hpEurope, hpAsia2, hspEAsia, hpSahul, and hspAmerind (Figure 2.20 A, light grey circle)
(Linz et al., 2007).

We next included the conservation of the ArsZ sRNA and HP1432 on a phylogenetic tree of
Helicobacter species, rooted to H. mustelae (a gastric pathogen of ferrets). The homologs of ArsZ and
HP1432 were determined from BLAST analysis with a cut-off E-value of 1 E-05 and minimum sequence
identity of 80 %. ArsZ seems to have emerged exclusively in the hpAfrical and non-African H. pylori
branch, as no orthologs of ArsZ were found in the hpAfrica2 branch or the non-pylori species (Figure 2.20
B, origin of ArsZ). Interestingly, ArsZ is found only in H. pylori species. In contrast, other H. pylori SRNAs
such as RepG (Pernitzsch et al., 2014) and HPnc4160 are not only limited to H. pylori species, which infects
human almost exclusively (Kusters et al., 2006). The target of ArsZ, HP1432, which arose from a gene
duplication event of another histidine-rich protein, HP1427, in the lineage leading to H. pylori and
H. acinonychis (Vinella et al., 2015) is present in both branches (Figure 2.20 B, origin of HP1432). The
ureAB operon encoding urease, which is required for successful colonization of the stomach, as well as the

housekeeping gene, 6S RNA, are present in all the gastric Helicobacter species.
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Figure 2.20: Evolution of the ArsZ sRNA and its target gene HP1432. (A) The unrooted phylogenetic tree of

H. acinonychis and H. pylori was extracted from the PATRIC database. The tree was manually curated in the iTOL

webserver (Letunic & Bork, 2007, Letunic & Bork, 2016) to retain only strains that have complete genome in the
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NCBI database (as of November 2015). The two super lineages are indicated as colored ovals (pink and dark/light
grey). The hpAfrical clade is a sub-branch of the second super lineage that evolved after the out-of-Africa human
migration event. (B) The phylogenetic tree in (A) was rooted to H. mustelae. All non-pylori gastric Helicobacter
species analyzed in this figure are indicated in grey text. Within the non-African strains, the phylogeography for each
strain is indicated. The right panel indicates the presence (red) or absence (white) of the indicated genes based on
BLAST analysis using a cut-off E-value of 1 E-05 and sequence similarity of at least 80 %. The asterisk indicates a

truncation in the arsZ gene. The grey and pink boxes corresponds to the circles in (A).

Next, the expression ArsZ and HP1432 was validated in a small subset of representative H. pylori
strains as well as H. acinonychis (Figure 2.20 B, strains in red). While Northern blot and Western blot
analysis confirmed that HP1432 is expressed in all the investigated strains, ArsZ is expressed exclusively
in the H. pylori strains (Figure 2.21 A). Strain-specific variations in expression levels of the ArsZ sRNA
and HP1432 mRNA could be due to differences in the binding affinity of the used probes for both RNAs
in the Northern blot. The presence of a conserved stretch of six consecutive histidine residues in all the
strains tested (sequence conservation see Figure 2.21 B) suggests that the anti-6xHis antibody has been

successfully used to detect HP1432.
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Figure 2.21: Expression of ArsZ and HP1432 in H. acinonychis and selected H. pylori strains. The expression of
ArsZ and HP1432 in various H. pylori strains grown to an ODsg of ~ 0.4 was quantified by Northern blot and Western
blot. 5S rRNA served as a loading control. Anti-6xHis antibody was used to monitor HP1432 protein levels. GroEL
served as a loading control. The additional bands below the GroEL are leftover signals from the anti-6xHis antibody.
(B) Multiple sequence alignment for HP1432 protein in different H. pylori strains investigated in (A). The conserved

stretch of six consecutive histidine residues, which is recognized by the anti-6xHis antibody, is indicated in a box.

Since ArsZ appears to have been acquired exclusively in the second branch of the Helicobacter
super-lineage (Figure 2.20 B), the genome organization of genes flanking arsZ in these strains was
compared to the corresponding genes of the first branch (hpAfrica2), which could represent the state prior
to acquisition of the arsZ gene. H. acinonychis and H. pylori SouthAfrica7 were chosen as representative
members of the hpAfrica2 branch, while H. pylori strains G27 and 26695 were selected as members of the
second branch. H. pylori J99 was included as a representative of the sub-branch hpAfrical (Figure 2.22 A).

Clusters of homologous genes upstream (magenta arrows) and downstream (orange arrows) of arsZ from
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these selected strains were aligned with the multiple genome alignment tool MAUVE (Darling et al., 2004)
and visualized with EasyFig (Sullivan et al., 2011). Within the hpAfrica2 branch, which does not contain
ArsZ, the homologous genes were inverted in H. acinonychis when compared to H. pylori SouthAfrica2.
The fragmented gene in H. acinonychis is a common feature of genomes of host jump strains (Eppinger
et al., 2006). Some genome rearrangement events appear to have occurred in H. pylori J99, including loss
of genes that are present in H. pylori SouthAfrica7 (pink, white, and black arrows) and inversion of a gene
cluster (magenta arrows). The arsZ gene (green arrow) is absent in H. pylori SouthAfrica7 and only
emerged in the intergenic region of this cluster of genes in H. pylori J99 (Figure 2.22 B). In line with a
previous report, genome rearrangement events can either form or erode sRNA genes
(Raghavan et al., 2015). After the split between into two super-lineages, arsZ may have been acquired by
H. pylori in the second lineage due to a genome rearrangement event involving a group of genes or in
combination with a horizontal gene transfer event. Although with some minor differences in exact genome
organization, members of the second super lineage have maintained similar genome organization and have

kept the arsZ gene.
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Figure 2.22: Conservation of genome organization in regions flanking arsZ in hpEurope and hpAfrical
compared to similar regions in hpAfrica2 isolates. (A) All colored genes indicate homologous genes based on
BLAST cut-off E-value 1 E-05 and minimum sequence similarity of 70 %. White arrows indicate non-conserved
genes. Clusters of homologous genes downstream and upstream of arsZ were colored orange and magenta,
respectively. The black connecting lines indicate conserved genomic organization, while red lines indicate gene
inversions. Blue box indicate region used for multiple sequence alignment in B. The synteny and conservation of the
flanking genes were derived from multiple genome alignments using the MAUVE tool (Darling et al., 2004). All the
figures were visualized and constructed using EasyFig (Sullivan et al., 2011). (B) Multiple sequence alignment of
DNA from the flanking region of arsZ in H. pylori SouthAfrica7 and J99.
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Interestingly, in two H. pylori strains (B8 and SIM180), the arsZ gene has been truncated by an
inversion of the cag PAI cluster (Figure 2.23 A, blue arrows). This suggests that after the acquisition of
arsZ, a second genome rearrangement event might have occurred during the acquisition of the cag PAI
cluster, which in turn, had led to the disruption of the gene encoding the sSRNA. Northern blot analysis
confirmed that the truncated arsZ in strain B8 is not expressed (Figure 2.23 B). Since the ArsZ binding site
remains intact in the 5’UTR of the HP1432 ortholog in B8 (Figure 2.23 C, upper panel) and the amino acids
sequence is highly similar to 26695, it might be possible to artificially regulate levels of HP1432 and urease
activity by introducing a copy of arsZ from H. pylori 26695. In agreement with this hypothesis, an about
two-fold reduction in HP1432 protein levels (Figure 2.23 B, lane 3 and 4) and a 1.5-fold reduction in urease
activity (Figure 2.23 D) was observed upon introduction of arsZ from 26695 into B8. The levels of HP1432
protein positively correlated with the levels of urease activity, in line with the model that HP1432 modulates
urease activity under acid stress conditions. Although the B8 strain is a Gerbil-adapted laboratory strain
(Farnbacher et al., 2010), a similar truncation pattern of arsZ was found in the draft genome of the parental
strain, B128 (McClain et al., 2009). The SIM180 strain was isolated from an Amerindian patient with
gastritis and hence, there is no clear link between the two strains. It remains to be answered as to why these

strains have lost ArsZ.
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hours at pH 5.5 were quantified on a Northern blot. 5S rRNA served as a loading control. An anti-6xHis antibody was
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used to monitor HP1432 protein levels. GroEL served as a loading control. (C) Multiple sequence alignment of DNA
(upper panel) and amino acid (lower panel) sequences of HP1432 in H. pylori strains 26695 and B8. (D) Protein
samples were collected from the indicated strains after either 2 hours of exposure to pH 5. The urease activity for these

samples was quantified as described previously (Figure 2.17).
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3 Discussion

3.1 Overall model for the regulation of HP1432 and urease activity by ArsZ in response to
pH downshift

Exposure to low pH is one of the main environmental stresses encountered by H. pylori during colonization
of the human stomach. The level of active urease plays a central role in ensuring its survival under acidic
conditions and continued colonization of the host (Eaton & Krakowka, 1994). Activity of the urease enzyme
does not only depend on the levels of apo-urease (i.e., the protein subunits), but also on the loading of the

protein with its essential nickel cofactor.

In the absence of a low pH signal, the TCS ArsRS is inactive and the ArsZ sRNA is not repressed
and thus abundantly expressed. High levels of ArsZ post-transcriptionally repress translation of the HP1432
mRNA. As the TCS is not active in this condition, via the SRNA the levels of the HP1432 mRNA are also
lower. Under acidic conditions, the Urel urea channel opens up allowing uptake of urea. The sensor kinase
ArsS undergoes autophosphorylation and activates ArsR. The phosphorylated response regulator ArsR then
simultaneously activates the transcription of the HP1432 mRNA while repressing expression of the SRNA
ArsZ. Both actions allow HP1432 protein levels to increase. In turn, higher expression of HP1432 under
low pH promotes activity of the urease enzyme. This could be achieved by to conceivable mechanisms.
Either by releasing nickel into the cell or by facilitating loading of nickel into the apo-form of urease. The
presence of nickel then increases the fraction of halo-urease, which cleaves urea into ammonia in order to

buffer and/or raise the cellular pH.
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Figure 3: Overall model for ArsZ regulation of HP1432 and halo-urease levels upon pH shift to 5.5. (Left panel):

At neutral pH, ArsRS is not active leading to de-repression of ArsZ and low expression levels of HP1432.
Constitutively expressed ArsZ represses translation of HP1432 mRNA. (Right panel): Low pH signal (H") activates
ArsRS, which simultaneously activates transcription of HP1432 while repressing expression of ArsZ. This switches
on the coherent feedforward loop that works synergistically to increase HP1432 protein levels. It should be noted that
ArsZ also affects expression of the HP1432 mRNA directly or indirectly by a so far unknown mechanism (grey dotted
line). At low pH, urea is imported into the cytoplasm via porins and Urel channels. Higher urease activity is promoted
by increased expression of HP1432 via a yet-to-be-established mechanism or by facilitating loading of nickel into
apo-urease. The active halo-urease cleaves urea into ammonia, which diffuses into the periplasmic space to buffer

and/or raise the cellular pH.

3.2 ArsZ is incorporated into the ArsRS TCS as a delay switch regulating HP1432

ArsZ forms a coherent feed-forward loop with ArsRS to regulate HP1432 in response to pH (Figure 2.16).
Upon pH downshift, the ArsRS TCS is activated and the phosphorylated ArsR regulator represses ArsZ
and also simultaneously activates transcription of the HP1432 mRNA. Both actions act coherently to
increase the transcription and translation of HP1432, rapidly increasing the pool of HP1432 protein.
Although such a loop typically consists of two transcription factors that act in a hierarchical manner to

regulate the expression of a third downstream gene (Milo et al., 2002), it has been established that genes

59



are not only regulated at the DNA/transcriptional level but also regulated post-transcriptionally at the RNA
level by bacterial small RNAs (sRNAs) in the form of mixed FFLs (Beisel & Storz, 2010)
(Papenfort et al., 2015).

The coupling of SRNAs and TCSs in mixed coherent FFLs is a common theme in many enteric
bacteria (Gopel & Gorke, 2012). Coherent FFLs have been proposed to function as persistent detectors of
environmental stimuli by incorporating a delay component into the regulatory pathway (Mangan & Alon,
2003). The architecture of coherent FFLs allows the SRNA component to act as a deferral mechanism in
the regulatory circuit. In E. coli, the MicF and MicC sRNAs form a type-4 (C4) and type-3 (C3) coherent
FFL, respectively with the EnvZ/OmpR TCS to regulate various outer membrane proteins in response to
osmolarity and cell envelope stress (Aiba et al., 1987) (Mizuno et al., 1984, Coornaert et al., 2010, Chen et
al., 2004, Guillier & Gottesman, 2008). Another sSRNA, Spot42, which regulates multiple metabolic genes
in response to high glucose, is part of a multi-output type-4 coherent FFL that has been proposed to reduce
leaky expression of target genes (Beisel & Storz, 2011). Spot42 maintains repression of target genes under
changing nutrient conditions. The here presented study revealed that ArsZ participates in a type-4 coherent
FFL that allows the specialized bacterium H. pylori to respond and adapt to its niche-specific challenge
(low pH). A constant signal of low pH for at least 2 hours is required to initiate repression of ArsZ
expression (Figure 2.6). Consistent with the role of coherent FFLs as a delay mechanism, translation of the
HP1432 mRNA increased more rapidly in a AarsZ mutant compared to the wildtype (Figure 2.16 C). This
presumably ensures that HP1432 protein levels do not abruptly change upon transient pH changes
encountered by the bacteria, and thus delays the increase in HP1432 levels until a sustained reduction in
pH is achieved. This way, the incorporation of the SRNA into the FFL “fine-tunes” the response of the
regulatory module to suit the needs of the bacterium in vivo. Same as MicF, MicC, and Spot42, ArsZ
participates as the “Y” component in the coherent FFL and is thus regulated by a transcription factor
(Figure 1.6). In contrast, there are SRNAs that act as the “X” component, giving rise to an SRNA-controlled
FFL instead of the usual transcription-factor-controlled FFL. Apart from the RNAIIl sRNA in S. aureus,
which regulates the expression of the transcription factor Rot (Figure 1.6 B), the RprA sRNA in Salmonella
also acts upstream of a transcription factor, the alternative sigma factor S (¢%). RprA participates in a type-
1 coherent FFL (C1) with AND-gate logic to directly and indirectly (via regulation of ¢°) modulate levels
of the Ricl conjugation inhibitor protein (Papenfort et al., 2015). Although the SRNA can act as a top-tier
transcription regulator, this configuration might not allow the SRNA to “sense” environmental signals
afforded by coupling of the SRNA to a TCS. In this aspect, expression of ArsZ is timely regulated by the
ArsRS TCS when required (i.e. only during acid adaptation).
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Besides the coherent FFL, very few examples where sSRNAs participate in mixed incoherent FFLs
exist. Incoherent FFLs have been proposed to speed up target gene activation. All three of the
experimentally validated mixed incoherent FFLs (PrrA/PcrZ sRNA, RpoE/RybB sRNA and PhoP/AmgR
SRNA systems) so far only involve type-1 incoherent FFL (I1) (Figure 1.6 B) (Mank et al., 2012)
(Gogol et al., 2011) (Lee & Groisman, 2010). Interestingly, after adaptation to low pH (overnight growth
in pH 5.5-adjusted media), ArsZ directly or indirectly activates the promoter of HP1432 (Figure 2.11, 2.12).
This gives rise to a mixed type-4 incoherent FFL (I4), a phenomenon that has never been described to
include a SRNA before. Although an I1 can be commonly found in transcriptional networks, the occurrence
of an 14 is very rare in E. coli (Mangan & Alon, 2003). The unique role of ArsZ to additionally participate
in the transcriptional regulation of its target, puts this particular SRNA into a non-standard FFL. During the
initial acid adaptation process (the first 8 hours of acid exposure), ArsZ functions exclusively as a delay
mechanism in a C4-FFL (Figure 2.16). However, after acid adaptation, the SRNA additionally participates
in an [4-FFL (Figure 2.12 and Figure S5). Further acid exposure after the initial acid adaptation phase, ArsZ
participates in both the I4-FFL and the C4-FFL(Figure S5). A potential role of ArsZ in the 14-FFL could

be to accelerate the production of HP1432 mRNA once the bacteria have adapted to the acidic environment.

Apart from feedforward loops, an interesting feature of transcriptional networks in H. pylori is the
use of negative interactions to constantly monitor the bacterium’s environment and provide a rapid response
upon transduction of regulatory stimuli (Danielli et al., 2010). Tt seems plausible that the ArsZ-HP1432
regulation adopts a similar strategy in the absence of low pH signals. At neutral pH the ArsRS TCS is not
active and thus the coherent feedforward loop is switched off. In this mode, ArsZ which is constantly
expressed at high levels is not repressed by ArsR~P. A ratio of ArsZ to HP1432 in favor of the SRNA allows
ArsZ to “silence” the expression of HP1432 and may play an important role in preventing overexpression
of HP1432 in the absence of acidic conditions. This is in line with the role of SRNAs as fine-tuners of gene

expression (Storz et al., 2011).

In summary, ArsZ is the first example of a single SRNA that can regulate the same target as part of
two different FFL configurations at transcriptional and post-transcriptional levels. C4-FFL is the major
regulatory circuit while I4-FFL comes into play once adaptation to acidic conditions has been achieved.
This study also characterized the first mixed FFL in the major human pathogen H. pylori contributing to
the understanding of how this bacterium can survive and colonize the harsh environment of the human

stomach.
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3.3 ArsZ provides the ArsRS TCS with a regulatory RNA arm to fine-tune urease

maturation

HP1432 is one of the three atypical histidine-rich proteins (the others being HspA and HP1427) encoded
by H. pylori strains. The numerous conserved histidine residues of these proteins are thought to be involved
in binding nickel cations (Kansau et al., 1996, Ge et al., 2006a, Zeng et al., 2008, Zeng et al., 2011, Gilbert
et al., 1995). While the HspA protein, a homologue of GroES, is a dedicated chaperone for [NiFe]-
hydrogenase maturation (Schauer et al., 2010), the paralogous HP1427 and HP1432 have been proposed to
comprise an intracellular nickel sink (Seshadri et al., 2007), releasing the ion at low pH for urease

activation, but sequestering Ni** at neutral pH (Ge et al., 2006a, Seshadri et al., 2007).

The urease enzyme is essential for H. pylori gastric colonization (Eaton & Krakowka, 1994), and
nickel-binding proteins such as HP1432 have been proposed to affect activation of urease at low pH. Two
important studies have provided in-vivo (Seshadri et al., 2007) and in-vitro (Zeng et al., 2008) evidence
that HP1432 releases nickel at pH 5. Moreover, a stomach colonization defect in a mouse model was
observed in the absence of either HP1432 alone (Vinella et al., 2015) or in a double deletion mutant of
HP1432 and HP1427 (Benoit et al., 2013, Vinella et al., 2015). The regulation of HP1432 by multiple
transcription factors (ArsR and NikR) underscores the importance of maintaining precise levels, or having

specific induction dynamics, of the HP1432 protein.

Although an asRNA (5’ureB-sRNA) was reported to regulate expression of the urease operon in
H. pylori by promoting premature transcription termination of the ureAB mRNA under acidic conditions
(Wen et al., 2013), the implications of such a regulation is unclear. For example, the 5’ureB-sRNA is
activated by the non-phosphorylated TCS regulator ArsR rather than its phosphorylated form, which is the
predominant form under acidic conditions (Wen et al., 2011). Moreover, the presence of this asRNA seems
to be strain specific (strain 43504) since 5’ureB-sRNA was not detected in the global transcriptome analysis

of the major H. pylori strain 26695 (Sharma et al., 2010).

The discovery that ArsZ post-transcriptionally represses HP1432 suggests that ArsZ provides an
additional layer of regulation to ensure that HP1432 is precisely regulated. Although the mechanism by
which HP1432 affects urease maturation is currently unknown, an increase in nickel content has been
positively correlated with an increase in urease activity (van Vliet et al., 2001). Tt is therefore conceivable
that ArsZ regulates HP1432 as a way to maintain precise levels of halo-urease by affecting nickel levels.
Importantly, the increase of urease activity in the absence of ArsZ is dependent on HP1432, suggesting that
nickel released from this protein is sufficient to modulate urease activity at pH 5.5. The delay mechanism

conferred by ArsZ may prevent a transient drop in pH from accidentally activating the urease maturation
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pathway. This may be important to prevent alkalization of the cytoplasm due to high ammonia production
under neutral conditions by urease (Clyne et al., 1995). While the exact mechanism of nickel release and
transfer from HP1432 to urease is still unclear and warrants further investigation, a possible route of nickel
transfer could be via protein-protein interaction between HP1432, the related nickel-binding protein
HP1427, and UreA. This hypothesis is supported by recent bacterial two-hybrid experiments that showed

direct interaction between these factors (Vinella et al., 2015).

Even though the urease protein is expressed at high levels (approximately 10 % of total cellular
protein), only 7 to 25 % of urease is present in the active form (Stingl & De Reuse, 2005). This suggests
that H. pylori might control urease activity via levels of halo-urease, in addition to transcriptional control
by numerous transcription factors, including ArsRS. It is possible that ArsZ provides ArsRS with an
additional regulatory arm to modulate the final step of the apo-urease activation pathway by controlling the

availability of nickel via HP1432.

The regulation of HP1432 by ArsZ in response to low pH seems to be conceptually similar to the
regulation of iron binding proteins by RyhB in response to iron availability by Fur in E. coli. Although
expression of both RyhB and ArsZ is regulated in response to environmental signals, these two sSRNAs in
fact use very different mechanisms to maintain homeostasis in the cell. At low iron conditions, RyhB is
derepressed by Fur leading to high expression of this SRNA (Masse & Gottesman, 2002). RyhB activates
the expression of genes that are important in the siderophore production pathway (Prevost et al., 2007)
(Salvail et al., 2010). Siderophores are low molecular weight iron-binding proteins, which are secreted into
the environment to scavenge for iron. The siderophore-iron complexes are transported back into the cell to
increase cellular iron concentration. The intracellular iron levels serve as a negative feedback to inhibit Fur
expression once iron homeostasis has been achieved (Prevost et al., 2007). In contrast, ArsZ is not a metal
responsive SRNA that is involved in metal homeostasis. ArsZ post-transcriptionally regulates the
expression of the nickel-binding protein, HP1432 to control the final maturation step of the metaloenzyme
urease. The conversion of urea to ammonia by the active urease enzyme to increase the pH is dependent on
the availability of nickel in the cell. Thus, it might be metabolically advantageous to utilize a SRNA to

rapidly fine-tune a nickel sponge protein for optimal levels of active urease.

ArsZ is the first example of a trans-acting SRNA that regulates a nickel storage protein to modulate
apo-urease maturation. This study adds a new concept of SRNA regulation by demonstrating that a SRNA
can indirectly regulate a metalloenzyme at the post-translational level. These findings may have important
implications in understanding the details of urease activation and hence the colonization capability of

H. pylori.
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3.4 Post-transcriptional regulatory mechanism of ArsZ

The two previously characterized trans-acting SRNAs (RepG and CncR1) in H. pylori negatively regulate
their targets. Similarly, this study reports the third trans-acting sSRNA, ArsZ and shows that its target
HP1432 is negatively regulated by this SRNA. However, all of the three SRNAs have very different post-
transcriptional regulation on their targets. RepG uses its C/U-rich loop to target the variable homopolymeric
G-repeat in the mRNA leader of TlpB, an acid-sensing chemotaxis receptor. Depending on the length of
this G-repeat, the translation of tIpB is post-transcriptionally regulated and can mediate both activation and
repression of tIpB (Pernitzsch et al., 2014). Contrary to that, CncR1 binds at multiple sites within the fliK
mRNA, encoding for a flagellar checkpoint protein. Although the exact mechanism of regulation of fliK by
CncR1 remains unclear, the authors could show that CncR1 post-transcriptionally represses translation of
the fliK mRNA (Vannini et al., 2016). In contrast, ArsZ binds exclusively at the RBS region of the HP1432
mRNA to post-transcriptionally repress its translation (Figure 2.9, 2.11). Thus, the regulatory mechanism
employed by ArsZ to regulate HP1432 is thematically similar to those reported in enteric bacteria
(Gottesman, 2005) whereby the translation of the target mRNA is repressed by a SRNA which titrates the
RBS away from ribosomes (Figure 1.5 A). This study shows that the direct mechanism to repress mRNA

translation by a SRNA exists in H. pylori as well.

It is important to note that unlike most SRNAs in many enteric bacteria that require Hfq for
productive interaction with their targets, H. pylori lacks the homolog of this important RNA chaperone.
None of the characterized sSRNAs in H. pylori has so far reported the requirement of an RNA binding protein
(RBP) for their regulation. It is possible that an unknown RBP may substitute the role of Hfq in H. pylori.
Alternatively, the role of Hfq might be altogether dispensable in H. pylori such as in the case of Gram
positive bacteria. It was proposed that the requirement for an RNA chaperone such as Hfq in terms of proper
sRNA function can be proportionately correlated with a smaller genome size, a lower GC genome content,
and a higher free energy of SRNA-mRNA base-pairing (Jousselin et al., 2009). The genome size of H.
pylori is at least 25 % smaller (1.6 Mb) compared to most gammaproteobacteria (~ 4-6 Mb). In addition,
its GC genome content is only 39 % compared to 50 — 67 % in the gammaproteobacteria clade
(Sittka et al., 2008) (Viegas et al., 2007) (Sonnleitner et al., 2008). In fact, genome size and GC content of
H. pylori is very similar to S. pyogenes (genome size of 1.8 Mb and GC content of 38 %)
(Kreikemeyer et al., 2001) and the cyanobacterium Prochlrococcus marinus (genome size of 1.6 Mb and
GC content of 31 %) (Axmann et al., 2005). While Hfq is absent in S. pyogenes, the genome of P. marinus
encodes for an Hfq homolog but it is completely dispensable for SRNA function in this bacterium.
Moreover, the free energy of ArsZ-HP1432 mRNA pair is -27.9 kcal/mol. This is comparable to the
RNAIII-spa mRNA pair (-22.5 kcal/mol) in S. aureus, which does not require Hfq (Huntzinger et al., 2005).
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Both pairs of SRNA-mRNA have extended base-pairing with 19 bp and 44 bp, respectively. These SRNA-
mRNA duplexes are much more stable compared to the ones form E. coli. For example, RyhB-sodB mRNA
interaction only involves 9 bp with a free energy of -5.5 kcal/mol and requires Hfq to enhance the rate of
duplex formation (Geissmann & Touati, 2004). Thus, it might be possible that Hfq or any other RNA
chaperone is dispensable in the duplex formation of ArsZ and HP1432 mRNA in H. pylori.

Interestingly, ArsZ is highly resistant to overexpression. Under native conditions (i.e. using WT
ArsZ), the maximum threshold for overexpression of ArsZ seems to be two-fold because ArsZ could not
be expressed under stronger promoters (Figure 2.15 A). It is possible that the levels of ArsZ need to be
strictly regulated, forcing the cell to immediately downregulate any attempts to overexpress ArsZ. One
possible mechanism of regulation could involve rapid degradation of ArsZ by ribonucleases when
extremely high levels of ArsZ are present. Indeed, substituting the original unstable stem-loop (SL1) of
ArsZ with the more stable stem-loop from the RepG sRNA successfully allows the chimeric ArsZ to be
overexpressed (Figure 2.15 B, C). This suggests that the native ArsZ has a built-in mechanism to prevent
its own overexpression. Other sSRNAs that have been shown to exhibit only week phenotypes in vitro and
are reluctant to overexpression, may likewise be central players in fine control of gene expression in bacteria

such as H. pylori.

Many sRNAs often use RNA decay as a post-transcriptional control of gene expression (Laalami
et al., 2014). sSRNA can regulate mRNA stability either by directly recruiting ribonucleases (RNases) to
their targets or indirectly via blocking translation, promoting degradation of ribosome-free mRNAs by
RNases. For example, the MicC sRNA binds to the coding sequence of ompD and promotes its direct
degradation by recruiting RNase E to the interaction site to initiate the mRNA decay (Pfeiffer et al., 2009).
Moreover, it was proposed that a 5° monophosphate group on MicC stimulates ompD cleavage by RNase
E (Bandyra et al., 2012). In bacteria that lack a homolog of RNase E, RNase III could directly participate
in mRNA degradation pathways mediated by sSRNAs. RNase III in particular has been shown to be involved
in SRNA-mediated regulation in diverse bacteria (Arraiano et al., 2010). This enzyme is involved in the
decay of various SRNA/mRNA duplexes (Vogel et al., 2004), resembling the RNA interference (RNA1)
mechanism of eukaryotic cells (Agrawal et al., 2003). Under in-vitro conditions, RNase III can cleave RNA
duplexes as short as 11 bp (Gan et al., 2006).

According to in-line probing data (Figure 2.8 A, D), ArsZ can form a 19 base-pair duplex with
HP1432, suggesting that this interaction could potentially be cleaved by RNase III. The in-vitro structure
probing data (Figure 2.8 B, E) falls in line with the RNA-RNA interaction predicted by the RNAstructure
tool (Reuter & Mathews, 2010) (Figure S3). This suggests that RNase III may play a role in the interaction
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between ArsZ and HP1432. In vivo, in the absence of RNase III, expression of both ArsZ and HP1432
mRNA increases about two-fold (Figure S6). Not all SRNAs were affected by the absence of RNase III.
For example, no increase in RepG levels was observed in a Arnc mutant compared to WT. Interestingly,
the protein levels of HP1432 decreased by three-fold in the Arnc background and were restored to WT
levels upon deletion of arsZ in the same background (Arnc AarsZ). One possible explanation for this
observation is that in Arnc, higher levels of ArsZ might be able to form duplex structures with the HP1432
mRNA, leading to decreased translation of HP1432 mRNA. Upon relieve of repression by ArsZ (Arnc
AarsZ), HP1432 mRNA can be translated. Although an RNA degradosome organized by RNase E is the
major ribonuclease that promotes degradation of many transcripts in enteric bacteria, RNase I1I has emerged
as an important endoribonuclease that controls RNA stability (Jaskiewicz & Filipowicz, 2008). It has been
proposed that RNase III can replace RNase E (Lalaouna et al., 2013). Since H. pylori lacks a homolog of
RNase E, RNase III might be a major player in sSRNA-mediated regulation in this bacterium. Although a
minimal degradosome consisting of RNase J was identified in H. pylori (Redko et al., 2013), a recent study
has shown that this ribonuclease is not likely to be involved in sSRNA-mediated regulation of gene
expression (Redko et al., 2016). Nevertheless, this study does not rule out the role of other RNases in the
regulation of ArsZ-HP1432.

3.5 ArsZ may have been acquired by modern H. pylori strains to regulate HP1432

The phylogeographic patterns of H. pylori have been associated with migration events throughout the
human evolution (Falush et al., 2003) (Moodley & Linz, 2009). Given the importance of precise urease
levels for successful host colonization, it can be postulated that there is a selective pressure for this
bacterium to preserve ArsZ. The slight growth defect observed in a AarsZ mutant after prolonged acid
exposure (Figure 2.1.21B) may provide a selective advantage for cells to retain ArsZ. This seemingly
limited phenotype associated with the absence of ArsZ is in fact in line with the regulatory, but not essential

roles of SRNA in bacteria (Updegrove et al., 2015).

It was proposed that SRNAs, which have only a single target and share extensive complementarity
with their target mRNAs, such as MicL in E. coli (Guo et al., 2014), might be young sRNAs from the
evolutionary point of view (Updegrove et al., 2015). The ArsZ and HP1432 pair is similar to the MicL-lpp
pair in this respect, where HP1432 is (so far) the only known target of ArsZ and shows extensive base-
pairing. This might suggest that ArsZ is a fairly young sRNA. Moreover, compared to RepG, which seems
to have emerged earlier in the phylogenetic tree of Helicobacter, ArsZ only appeared much later in the
evolution of H. pylori (Figure 2.20 B). This suggests that the evolution of ArsZ is closely tied to the
emergence of H. pylori strains in the non hpAfrica2 branch. HP1432 as the target of ArsZ emerged at the
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split of H. pylori into two super lineages (Figure 2.20 B) via a gene duplication event. This was proposed
to provide an additional gastric colonization advantage (Vinella et al., 2015). The gene encoding ArsZ may
have been acquired after the split to regulate urease levels via HP1432 in the H. pylori strains of the second
branch. The strains from hpAfrica2 infect members of geographically-isolated ancient African tribes, while
strains from the second branch spread and infects humans globally. Although the difference in diet and
lifestyle between these groups could explain the reasons as to why only members of the second branch
require precise urease regulation. However, further investigations are required to support this hypothesis.
Nevertheless, the requirement for a precise control of urease activity in the second branch was accomplished
by incorporating a sRNA, ArsZ to post-transcriptionally modulate levels of a histidine-rich protein,

HP1432.
3.6 Elucidation of the role of SRNAs in the dense overlapping regulatory networks

Like many bacteria, H. pylori encounters environmental fluctuations in its habitats and has evolved various
strategies to efficiently respond to these conditions. The genome of H. pylori is about four times smaller
than E. coli and contains only 17 transcription factors (Scarlato et al., 2001) compared to 210 transcription
factors in E. coli (RegulonDB April 2017, (Salgado et al., 2006). Contrary to the common belief that
bacteria with small genomes have simple regulatory networks, H. pylori has dense, overlapping
transcriptional regulatory networks (TRN) (Danielli et al., 2010). The four so far well-characterized
regulatory modules (termed as origons) in H. pylori are the heat shock stress response module, the flagellar
biosynthesis module, the acid acclimatization module, and the metal homeostasis module, which includes
iron and nickel homeostasis networks (Danielli et al., 2010). Moreover, the long sequential regulatory
cascades that are common in many bacteria to regulate processes such as biofilm formation (Martinez-
Antonio et al., 2008) are absent in H. pylori. Hence, shallow but dense overlapping regulatory networks at
the transcriptional level between metal-responsive regulation, acid regulation, and two other networks in
H. pylori have been suggested (Danielli et al., 2010). Shallow network architecture reduces the number of

cascade steps required to transmit a signal and enables bacteria to response more rapidly (Alon, 2007).

This unique network structure could complicate efforts to identify potential targets for fine-tuning
molecules such as SRNAs. A global proteomic approach was initially performed to identify potential targets
of ArsZ. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was used to compare the
proteome of wild-type and an arsZ deletion mutant (AarsZ) grown at either pH 5.5 or pH 7 (Figure S7 A).
This method failed to identify differentially expressed proteins between WT and AarsZ. Due to the technical
limitations of 2D-PAGE, which can only resolve abundant and soluble proteins (Petrak et al., 2008), it is

be possible that the targets of ArsZ are either weakly expressed or part of the insoluble fraction. A second
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approach using RNA-seq based transcriptome analysis offers higher sensitivity (Figure S7 B). This
approach successfully identified HP1432 as a potential target (~5 fold downregulated in AarsZ). Besides
the RNA-seq method, computational approaches could be advantageous as a first-line screen for potential
targets. Although in-silico methods may produce high rates of false positive targets, these predictions can
be carefully curated and a small subset of these top targets can be simultaneously investigated in vitro for
potential base-pairing with the sRNA. Moreover, computational methods combining phylogenetic
information and target RNA predictions such as CopraRNA significantly reduce the number of false
positive targets (Wright et al., 2013). The identification of HP1432 as the top predicted target compliments
the RNA-seq results. This suggests that bioinformatics approaches can provide a high confidence target,

which could be further characterized exhaustively in vivo.

Moreover, it is useful to study the SRNA-mRNA interaction under dynamic conditions for targets
that are extensively regulated by various transcription factors. HP1432 is regulated at the transcriptional
level by three different transcription factors belonging to three different origons. Hence, the effect of losing
ArsZ may not be easily identified when studied under steady-state conditions, since a perturbed origon can
be effectively compensated for by other origons. This study shows that the physiological role of a SRNA
can be elucidated without artificially overexpressing the SRNA. Coupled with time-course experiments
under specific environmental signals, this approach allows the kinetics of a SRNA regulation to be studied

under more native conditions.
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4 Conclusions and outlook

This thesis showed that the small RNA ArsZ and its target mRNA HP1432 constitute yet another level of
urease regulation that contributes to adaptation to acidic pH by H. pylori, which is central to colonization
of the gastric environment. At otherwise neutral conditions, ArsZ represses HP1432 translation. The acid-
responsive ArsRS two-component system represses ArsZ transcription, allowing de-repression of HP1432
translation at low pH. ArsZ fine-tunes urease activity following a shift to low pH presumably by altering
nickel availability through control of expression of the nickel-binding protein HP1432. This precise
temporal control of HP1432 expression occurs via a coherent FFL, whereby ArsZ works in tandem with
the response regulator ArsR of the ArsRS acid-response TCS to allow appropriate activation of urease
activity. In-vitro and in-vivo experiments showed that ArsZ interacts with the ribosomal binding site of
HP1432 mRNA, repressing translation of HP1432. Following acid adaptation, ArsZ additionally

participates in a second incoherent FFL to activate the promoter of HP1432 via an unknown mechanism.

This thesis also provided new insights into the role of sSRNAs in FFLs in bacteria. First, ArsZ is
part of a non-standard FFL in which this single SRNA can participate in two different FFLs depending on
the state of adaptation towards a specific stress. Second, this work also revealed that a FFL can be employed
upstream of a metalloenzyme, possibly to filter environmental noise from the real signal. Third, this study
demonstrated that an SRNA can expand the repertoire of a TCS from typical transcriptional control to
additional post-transcriptional and post-translational control. It remains to be seen whether additional
sRNAs in H. pylori or other bacteria also mediate this “extended” post-translational TCS regulation.
Moreover, this study provided an interesting example of how a conserved sSRNA has co-evolved with its
target to regulate an important physiological aspect of a human pathogen. In a broader sense, many other
bacterial pathogens might employ similar strategies to manage fluctuating environmental signals during
transmission and colonization. Importantly, this study revealed that the characterization of a SRNA under
dynamic native conditions can help to elucidate the kinetics of regulation kinetics, which may be missed

under steady-state conditions.

The characterization of ArsZ has opened up interesting questions for future work. Although it was
demonstrated in this study that the promoter of HP1432 is either directly or indirectly affected by ArsZ, the
exact mechanism surrounding this mode of regulation is still unclear. Since the promoter of HP1432 is
regulated by three transcription factors (ArsR, NikR and Fur), one approach could be to inspect the
regulation of HP1432 in single, double, and triple deletion mutants of these regulators. Alternatively, a
transposon screen in a HP1432 promoter reporter strain could be performed to identify additional potential

regulators of HP1432 that might be responsible for the downregulation of its promoter upon deletion of the
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sRNA Combination of a mutation in this potential regulator could be then be combined with a AarsZ
mutation to show that this regulator is responsible for the downregulation. Moreover, a biochemical
“fishing” experiment could be performed using the promoter of HP1432 as a bait to pull-down its interacting
protein partners in vitro using the lysate of WT and/or a AarsZ mutant. Another interesting and speculative
possibility for the mechanism of the effect of ArsZ on the HP1432 promoter could involve direct binding
of ArsZ to the promoter region of HP1432 to form a RNA-DNA-DNA triplex. Recently, microRNAs were
reported to form triplexes with double-stranded DNA to regulate gene expression at sequence-specific sites
in eukaryotes (Paugh et al., 2016). Although relatively unknown in bacteria, this idea is well established in
the gene regulation of eukaryotic organisms (Bacolla et al., 2015) (Li et al., 2016).

Another aspect that requires further work is the question whether promoter of ArsZ is directly or
indirectly regulated by phosphorylated ArsR. Since in-vitro phosphorylation of ArsR was highly inefficient,
it may instead be possible to construct a mutant form of ArsR that behaves as if it is constitutively

phosphorylated, and use the recombinant protein for in-vitro DNase I footprinting experiments.

Although HP1432 is the only target of ArsZ so far, it might be possible that this SRNA regulates
additional targets which were not apparent by proteome or transcriptome analyses. There are two global
approaches that may be used to identify potential targets of HP1432 and could even complement one
another. The first method is the classical approach of pulse-overexpressing the sRNA, followed by
transcriptome-wide analyses, as has been used to identify SRNA targets in many enteric bacteria. However,
such a system has yet to be established for overexpression of SRNAs in H. pylori. The arabinose-inducible
system that is widely used in E. coli and many other bacteria may not work in H. pylori because this
bacterium only utilizes glucose as the sole sugar carbon source and lacks the cyclic AMP-based catabolic
repression system (Marais et al., 1999). Other inducible systems, such as the iron-responsive pfr promoter
(Delany et al., 2002), the plasmid-based IPTG-inducible lacl-pTac system (Boneca et al., 2008), and tet
inducible promoters (McClain et al., 2013) (Debowski et al., 2013) (Debowski et al., 2015) have been
reported in H. pylori. However, these inducible systems were mainly developed for the purpose of
generating conditional mutants and thus, the rate of induction was determined to be in the range of hours
(Boneca et al., 2008, Tjaden, 2008, Cancer, 1994), which is not ideal for rapid pulse-expression. A tet-
inducible promoter system that is suitable for rapid expression of SRNAs and mRNAs is currently being

developed by the author of this thesis (Tan HS & C. Sharma, unpublished data).

The second method is to use a GRIL-seq (global small non-coding RNA target identification by
ligation and sequencing) approach to ligate all interacting RNA partners of ArsZ in vivo by overexpression

of an RNA ligase, followed by deep sequencing to identify these targets (Han et al., 2016). This method is
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particularly appealing in bacteria such as H. pylori, which lack known global sSRNA-binding proteins such
as Hfq, since all other methods such as RIL-seq (RNA interaction by ligation and sequencing) or RNase E-
CLASH (cross-linking, ligation, and sequencing of hybrids) requires an RNA-binding protein as a bait to
pull down the SRNA-mRNA duplexes. The authors of the GRIL-seq method have combined the pulse-
expression of the SRNA of interest shortly after inducing the expression of T4 RNA ligase and used an
sRNA-specific oligonucleotide to recover SRNA-mRNA pairs. This system could be easily adapted for
H. pylori with the help of the aforementioned tet-inducible system to pulse-express ArsZ. An additional
inducible promoter such as the IPTG-inducible lacl¢-pTac system (Boneca et al., 2008) could be adapted

to conditionally drive the expression of the T4 RNA ligase in vivo.

In conclusion, this work demonstrated that ArsZ is an important SRNA that play a role in acid
adaptation of H. pylori. ArsZ is the first example of a trans-acting sSRNA that regulates a nickel storage

protein to modulate apo-urease maturation post-translationally.
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5 Materials and Methods

5.1 Materials

5.1.1 Equipment

Equipment and instruments Manufacturer
analytical balances TE64, TE601 Sartorius
Bio-Link BLX 254 UV-Crosslinker Peqlab

cell culture hood, HERASafe Thermo Scientific
Celltron Shaker Infors HT
centrifuge Eppendorf 5415R Eppendorf
centrifuge Eppendorf 5424 Eppendorf
centrifuge Eppendorf 5810R Eppendorf
eraser for imaging plates FLA GE Healthcare
gel documentation system Gel iX Imager Intas

gel dryer Bio-Rad Model 583 Bio-Rad
heating block Eppendorf comfort Eppendorf
horizontal electrophoresis systems PerfectBlue Mini S, M, L Peqlab

hybridization oven UVP HB-1000

Thermo Fisher Scientific

imaging plate cassettes BAS 2325, 2340

Fujifilm

imaging System Image Quant LAS 4000

GE Healthcare

incubator for E. coli, HERAcell (Kendro)

Thermo Scientific

incubator for H. pylori liquid cultures, HERAcell 150i

Thermo Scientific

incubator for H. pylori plates, Galaxy 170R Eppendorf
Orbital Shaker NB-101S RC N-BIOTEK
PCR machine, T3 thermocycler Biometra
phosphorimager Typhoon FLA 7000 GE Healthcare
photometer Ultrospec 3100 pro Cell Density Meter GE Healthcare
Pipetman P10, P20, P200, P1000, P5000 Gilson

power supplies peqPOWER E250, E300 Peqlab

Retsch MM400 ball mill Retsch
Rotamax 120 Heidolph
rotator — SB2 STUART STUART
scanner for protein gels, HP Scanjet 7400c HP

semi-dry electroblotter PerfectBlue SEDEC M Peqlab

shaker 37 °C room, SM-30 Biihler
SORVALL centrifuge RC5B Thieme Labortechnik
spectrophotometer NanoDrop 2000 Peqlab

tank electroblotter PerfectBlue WebS, M Peqlab
thermal cycler MJ Mini Bio-Rad
Thermo Mixing Block MB-102 BIOER
vacuum pump KnF LAB
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vertical electrophoresis systems PerfectBlue Twin S, ExW S, L

Peqlab

vertical sequencing gel system CBS SG-400-20

C.B.S. Scientific

Victor3 1420 multilabel counter

Perkin-Elmer

Vortex-Genie 2

Scientific Industries

waterbath, GFL Hartenstein
5.1.2 Consumables

Items Manufacturer

boxes (plastic), 20.5 x 20.5 cm or 9.5 x 20.5 cm Hartenstein

boxes (metal), 10 x 21 cm Hartenstein

cell culture flasks 25 cm? PAA, Corning

cell culture flasks 75 cm? PAA, Corning

Cellstar serological pipets (plastic) 5 ml, 10 ml, 25 ml, 50 ml Greiner bio-one

chromatography columns Biorad

cotton swaps DELTALAB, Stein

cover slips Hartenstein

dewar canister Hartenstein

Erlenmeyer glass flasks 250 ml, 11 DURAN, SIMAX

G-25, G-50 MicroSpin columns GE Healthcare

Gilson pipets 10 ul, 20 pl, 200 pl, 1000 pl Gilson

glass beads (2.85 — 3.35 mm) for plating of CFU/ml Roth

glass bottles Schott

glass test tubes and lids Roth

hard-shell PCR plates 96-well Biorad

Hybond-XL membrane for nucleic acid transfer GE Healthcare

imaging plate cassettes BAS 2325, 2340 Fujifilm

L-shape bacteriology loops VWR

object slides Hartenstein

PCR tubes 8 x 0.5 ml

Thermo Scientific

petri dishes Corning
Phase Lock Gel (PLG)-tubes, 2 ml 5 Prime
Pipetboy accu-jet pro BRAND
pipet tips Sarstedt
PolyScreen PVDF Transfer Membrane PerkinElmer
racks for PCR tubes / reaction tubes Hartenstein
reaction tubes 1.5 ml, 2.0 ml Sarstedt
reagent and centrifuge tubes 15 ml, 50 ml Sarstedt
safe-lock tubes 1.5 ml, 2.0 ml Eppendorf
spectrophotometer cuvettes BRAND
sterile filters (0.20 um pore size) Sarstedt
tube holder 15 ml, 50 ml Hartenstein
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Whatman paper ALBET LabScience
5.1.3 Reagent and chemicals
2 x gel loading buffer IT (RNA) Ambion
10 x RNA structure buffer Ambion
1 x alkaline hydrolysis buffer Ambion
20 x SSC (saline sodium citrate buffer) Sigma
acetic acid (100 %) Roth
acetone Roth
agarose Roth
albumin Fraktion V (BSA) Roth
ampicillin sodium salt Roth
chloramphenicol Roth
DEPC-water Roth
Difco-agar BD
dimethyl sulfoxide (DMSO) Roth
dithiothreitol (DTT) Roth
ethanol Roth
ethanol (absolute for analysis) Merck
ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) Merck
formamide (99.5 %) Roth
formaldehyde (37 %) Roth
gentamicin sulfate Roth
glycerol (99 %) Sigma
GlycoBlue™ Ambion
hydrochloric acid (HCL, 32 %) Roth
isopropanol Roth
kanamycin sulfate Roth
lead (I1)-acetate Roth, Fluka
magnesium chloride Roth
Midori Green Nippon Genetics GmbH
milk powder (blotting grade) Roth

Mueller-Hinton media

Becton, Dickinson and

PAGE Blue staining solution

Thermo Scientific

PBS Gibco
phenol Roth
rifampicin Fluka
Roti-Aqua-P/C/1 Roth
Roti-Hybri-Quick Roth
Rotiphorese gel 40 (19:1) Roth
Rotiphorese gel 40 (37.5:1) Roth
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sodium carbonate (Na,CO3) Roth

sodium dodecyl sulfate (SDS) Roth

sodium hydroxide (NaOH) Roth

Triton-X100 Sigma

TRIzol Reagent Invitrogen

Tween® Roth

vancomycin sulfate Roth

yeast tRNA Ambion

y-P-ATP (**P; 222TBq (6000Ci)/mmol 370MBq (10mCi)/ml) Hartmann Analytic
5.1.5 Enzymes and size markers

Antarctic Phosphatase New England Biolabs

Calf Intestinal Phosphatase (CIP, 10 u/ul) New England Biolabs

Deoxyribonuclease (DNase I, 1 u/pl) Thermo Scientific

Dpnl (20 u /pl) New England Biolabs

Maxima Reverse Transcriptase

Thermo Scientific

Phusion High-Fidelity DNA polymerase (2 u/ul)

Thermo Scientific

Protease Inhibitor Cocktail (EDTA-free)

Roche

Ribonuclease III (RNase 111, 1.3 u/pl) New England Biolabs
Ribonuclease A (RNase A) Qiagen
Ribonuclease T1 (RNase T1, 1 u/ul) Ambion

Shrimp Alkaline Phosphatase (SAP, 1 u/ul)

Thermo Scientific

SUPERaseIN RNase Inhibitor

Ambion

T4 DNA Ligase (5 u/pl)

Thermo Scientific

T4 Polynucleotide Kinase (PNK, 10 u/ul)

Thermo Scientific

Taq DNA polymerase (5 u/ul) New England Biolabs
lysozyme Roth
restriction enzymes New England Biolabs

Gene Ruler 1 kb plus DNA ladder

Thermo Scientific

Gene Ruler 100 bp DNA ladder

Thermo Scientific

PageRulerTM Plus Prestained Protein Ladder

Thermo Scientific

pUC Marker Mix, 8

Thermo Scientific

5.1.6 Commercial Kits

Kits Manufacturer
MEGAscript T7 in vitro Transcription Ambion
NucleoSpin Plasmid Macherey-Nagel

NucleoSpin Gel and PCR Clean-up

Macherey-Nagel

Power SYBR GREEN RNA-to-CT™ 1-Step

Life Technologies
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PureExpress New England Biolabs
SequiTherm EXCEL™ II DNA Sequencing Epicentre

5.1.7 Antibodies

Antibody Origin | Dilution Manufacturer

polyclonal anti-GroEL rabbit 1:10,000 Sigma-Aldrich, # G6532-5ML
monoclonal anti-FLAG M2 mouse | 1:1000 Sigma-Aldrich # F3165
monoclonal anti-GFP antibody mouse | 1:1000 Roche, #11814460001
Monoclonal anti-poly-Histidine | mouse | 1:2000 Sigma-Aldrich, # H1029

ECL anti-mouse IgG, HRP- goat 1:10,000 GE-Healthcare, #RPN4201
ECL anti-rabbit IgG, HRP- donkey | 1:10,000 GE-Healthcare, #RPN4301

5.1.8 Strains, oligonucleotides and plasmids

The list of Helicobacter pylori and Escherichia coli strains used in this study are compiled in Table S1.
Plasmids are listed in Table S2. Oligodeoxynucleotides (Sigma) used for cloning, Northern blot probing,

and T7 transcription template generation are listed in Table S3.
5.1.9 Media and supplements

Lennox Broth (LB) medium:

10g tryptone or peptone
5¢g yeast extract

S5¢ NaCl

ad 1 1 H,O

LB-agar plates:
LB medium (see above)

1.5 % (w/v) Difco-agar

BHI medium:

36¢g Brain Heart Infusion medium

ad H>O 900 ml

add after autoclaving:

10 % (w/v) heat-inactivated fetal bovine serum

5 W/ml trimethoprim
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1 pg/ml nystatin

10 pg/ml vancomycin
GC Agar:

36¢g GC-agar

ad H>O 900 ml

add after autoclaving:

10 % (wW/v) donor horse serum
5 pl/ml trimethoprim
1 pg/ml nystatin

10 pg/ml vancomycin
1% (v/v) vitamin mix
SOC medium:

1 1 SOB medium
add 5 ml magnesium chloride

add 20 ml 1 M glucose
5.1.10 Buffers

30:1 ethanol/sodium acetate (pH 6.5):
30 parts of 100 % ethanol
1 part of 3 M sodium acetate (pH 6.5)

10 x DNA loading dye:

1.66 ml 1 M Tris-HCI (pH 7.5)
12 ml 0.5 M EDTA (pH 8.0)
0.05¢g bromophenol blue
0.05¢g xylene cyanol

60 ml glycerol

ad 100 ml H,O

2 x gel loading buffer II (RNA, GL II):
0.13 % (w/v) SDS
18 uM EDTA (pH 8.0)



95 % formamide
0.025 % (w/v) bromophenol blue
0.025 % (w/v) xylene cyanol

5 x native sample buffer:

50 % glycerol
0.02 % bromophenol blue
0.5x TBE buffer

5 x protein loading dye:

10g SDS pellets
31.3 ml 1 M Tris-HCI (pH 6.8)
50 ml glycerol

add 2.5 ml of 2 % (w/v) bromophenol blue
ad 100 ml H,O

1 x protein loading dye:

40 ml 5 x protein loading dye
10 ml 2MDTT
ad 200 ml H,O

2D PAGE - lysis buffer:

20 mM Tris-HCI pH 8.8
1 mM EDTA
40 U/mL DNase I

25 pg/mL RNase A
Protease Inhibitor

1 mM PMSF

2D PAGE - solubilization buffer:

™ Urea
2M Thiourea
4% CHAPS
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2D PAGE - equilibration buffer:

2.5 ml IM Tris-HCL pH 8.8
6M Urea

15 ml Glycerol

5ml 20 % SDS

ad 50 ml H,O

2D PAGE - running buffer:

25 mM Tris-HCL pH 8.8
192 mM Glycine
0.1 % SDS

2D PAGE - staining solution:

04¢g Coomassie Briliant Blue G-250
100 g aluminium sulfate-(14-18)-hydrate
200 ml ethanol (96 %)

47 ml orthophosphoric acid (85 %)

ad 2000 ml H,O

2D PAGE - destaining solution:

200 ml ethanol (96 %)
47 ml orthophosphoric acid (85 %)
ad 2000 ml H,O

agarose gel electrophoresis solution:

X % (W/v) agarose in 1 x TAE/TBE buffer

Chemiluminescence solution A:
0.1M Tris-HCI (pH 8.6)
0.025 % (w/v) luminol

Chemiluminescence solution B:

0.11 % (w/v)  p-coumaric acid (in DMSO)
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In-line probing colorless loading buffer:
10M urea
1.5 mM EDTA

In-line probing buffer (2 x):

100 mM Tris-HCI (pH 8.3)
40 mM MgCl,
200 mM KCl

PAA gel electrophoresis solution for western blots:

PAA gel for separation gel (10 ml) 12 % 15 %

1 M Tris “lower” buffer (pH 8.8) 3.75 ml 3.75 ml
40 % PAA solution (37.5:1 acrylamide/bisacrylamide) | 3 ml 3.75 ml
H,O 3.25ml 2.5ml
10 % (w/v) SDS 100 pl 100 pl
10 % (w/v) APS 75 ul 75 ul
TEMED 7.5 ul 7.5 ul
PAA gel for stacking gel (10 ml) 4%

1 M Tris “upper” buffer (pH 6.8) 1.25 ml

40 % PAA solution (37.5:1 acrylamide/bisacrylamide) | 1 ml

H,O 7.5 ml

10 % (w/v) SDS 100 pl

10 % (w/v) APS 150 pl

TEMED 15 pl

PAA gel electrophoresis solution for northern blots and sequencing gels:

PAA gel (500 ml, stock solution, 7 M urea) 4% 6 %

40 % PAA solution (19:1 acrylamide/bisacrylamide) 50 ml 75 ml
urea 210 g 210 g
10 x TBE buffer 50 ml 50 ml

1 gel (70 ml):

70 ml stock solution
700 pl 10 % (w/v) APS
70 ul TEMED
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PAA gel electrophoresis solution for gel-shift assays (native PAGE):

1 gel (70 ml, 6 % PAA):

10.5 ml 40 % PAA sol. (19:1)
3.5ml 10 x TBE

56 ml H,O

700 pl 10 % (w/v) APS

70 ul TEMED
Phosphorylation buffer (5 x):

250 mM Tris-HCI (pH 7.4)

25 mM MgCl,

250 mM KCl

5 mM DTT

Phosphate Buffered Saline (10 x):

80 g sodium chloride

2¢g potassium chloride

177 g disodiumhydrogen phosphate
272 g monopotassium phosphate
ad 800 ml H,O

adjust to pH 7.4

ad 1 1 H,O

RNA elution buffer:

0.1 M sodium acetate

0.1 % SDS

10 mM EDTA (pH 8.0)

RNA structure buffer (10 x):

100 mM Tris-HCI (pH 7.0)
IM potassium chloride
100 mM magnesium chloride
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SDS running buffer (10 x stock):

30275 g Tris base
144 ¢ glycin
10g SDS

ad 1 1 H,O

SSC (saline-sodium citrate) buffer (20 x stock):
1735 ¢g sodium chloride

88.2¢g sodium citrate

ad 800 ml H,O

adjust to pH 7.0 (using HCI)

ad 11 H,O

Stains-All:

30 ml Stains-All stock
90 ml formamide
ad 200 ml H,O

Stains-All stock:
0.03 g dissolved in 30 ml formamide

Stop mix:

95 % (v/v) ethanol (absolute)
5% (v/v) phenol

TAE buffer (50 x stock):

242 ¢ Tris base

51.7 ml acetic acid

100 ml 0.5 M EDTA (pH 8.0)
ad 11 H,O
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TBE buffer (10 x stock):

108 g
55¢

40 ml

ad 1 1 H,O

Tbf I buffer:
147 ¢

4975 ¢

373 ¢

ad 400 ml H,O

Tbf I buffer:

Tris base
boric acid

0.5 M EDTA (pH 8.0)

potassium acetate
manganese(Il)-chloride

potassium chloride

adjust pH to 5.8 (using CH;COOH)

add 75 ml glycerin

ad 500 ml H,O

Tbf II buffer:

2 ml 1 M MOPS

150 ml 0.1 M calcium chloride

8 ml 250 mM potassium chloride
30 ml glycerin

ad 200 ml H,O

TBS buffer (10 x stock):

24.11¢g Tris base

87.66 g NaCl

adjust to pH 7.4 (using HCI)

ad 1 leo

TBS-T buffer (1 x):

100 ml
1 ml

ad 11 H,O

10 x stock solution

Tween*
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TE buffer (1 x):
100 mM Tris-HCI (pH 8.0)
10 mM EDTA (pH 8.0)

Transfer buffer (10 x stock):

30g Tris base
144 g glycin
ad 1 leo

Transfer buffer (1 x):

100 ml 10 x stock solution
200 ml methanol
ad 1 1 H,O

Tris “lower buffer” solution:
1.5M Tris-HCI (pH 8.8)
0.4% (w/v) SDS

Tris “upper buffer” solution:
0.5M Tris-HCI (pH 6.8)
0.4% (w/v) SDS

Urease buffer:
50 mM HEPES (pH 7.5)
50 mM urea

Urease assay solution A:
3% (W/v) phenol

0.015% (w/v) sodium nitroprusside

Urease assay solution B (100 ml):
2 % (w/v) NaOH,
5 ml NaOCl



Western development solution:

2 mL chemiluminescence solution A
200 pl chemiluminescence solution B
6 uL 3% (v/v) H20O;

5.1.11 Sterilization

All media and solutions used in this study were sterilized by autoclaving for 20 min at 120 °C and 1 bar
prior to use. For heat-labile compounds, solutions were sterile filtered. Glassware was sterilized by heating

to 180 °C for a minimum of three hours.

5.2 Methods
5.2.1 Bacterial growth conditions

Helicobacter strains were grown on GC-agar (Oxoid) plates supplemented with 10 % (v/v) donor horse
serum (Biochrom AG), 1 % (v/v) vitamin mix, 10 pg ml"! vancoymcin, 5 pg ml” trimethoprim, and 1 pg
ml! nystatin. For liquid cultures, 15 or 50 ml Brain Heart Infusion medium (BHI, Becton, Dickinson and
Company) supplemented with 10 % (v/v) FBS (Biochrom AG) and 10 pug ml" vancoymcin, 5 pg ml™
trimethoprim, and 1 pg ml™' nystatin were inoculated with Helicobacter from plate to a final ODgoo of 0.02
—0.05 and grown under agitation at 140 rpm in 25 cm?® or 75 cm? cell culture flasks (PAA). Bacteria were
grown at 37 °C in a HERAcell 150i incubator (Thermo Scientific) in a microaerobic environment (10 %
CO2, 5 % O», and 85 % N»). E. coli strains were grown in Luria-Bertani (LB) medium supplemented with

100 pg ml™ ampicillin and/or 20 pg ml™' chloramphenicol whenever applicable.
5.2.2 General H. pylori genetic manipulation techniques

All H. pylori mutant strains listed in Table S1 were generated by homologous recombination into the
chromosome of PCR-amplified constructs, introduced by natural transformation as previously described
(Bury-Mone et al., 2001, Pernitzsch et al., 2014). In general, constructs containing ~ 500 bp of the up- and
downstream regions of the target region of the chromosome, flanking an antibiotic resistance cassette [either
the catGC chloramphenicol (Boneca et al., 2008), the aphA-3 kanamycin (Skouloubris et al., 1998), the
erm erythromycin (Dailidiene et al., 2006), or the aac(3)-1V gentamicin resistance cassette (Bury-Mone et
al., 2003)] were used (as described in detail below for each mutant construction). Either overlap PCR or

PCR products amplified from plasmids (Table S2) were used as donor DNA. Oligonucleotides used for
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cloning are listed in Table S3. Prior to natural transformation, recipient H. pylori strains were grown from
-80 °C frozen stocks for two passages, and then streaked into small circles on fresh non-selective plates.
After 6 hours of incubation at 37 °C under microaerobic conditions, 500 to 1000 ng of purified PCR product
was added to the cells, and they were additionaly incubated for 15 to 18 hours at 37 °C. Transformed cells
were then passed onto plates with the appropriate antibiotics for selection of the transformed DNA.
Genomic DNA (gDNA) from potential clones was purified using the NucleoSpin Plasmid kit (Macherey &
Nagel) and used for validation by PCR and Sanger sequencing (Macrogen).

5.2.3 Deletion of arsZ in H. pylori background strains 26695 and G27.

The arsZ gene was deleted in H. pylori strains 26695 and G27 (CSS-0065 and CSS-0066 for WT) by
replacement of the entire arsZ sequence with the erm erythromycin resistance cassette via overlap PCR.
Briefly, purified PCR products corresponding to ~ 500 bp upstream of arsZ (amplified with JVO-5198 /
CS0O-0161 on CSS-0065 gDNA for 26695; CS0O-0343 / CSO-0161 on CSS-0066 for G27) and ~ 500 bp
downstream of arsZ (JVO-5183 / CSO-0163 on CSS-0065; CS0O-0344 / CSO-0162 on CSS-0066), as well
as the erm cassette (obtained by PCR with CSO-0160 / CSO-0101 on H. pylori 26695 carrying a
chromosomal erm cassette [CSS-0163]) were mixed in an equimolar ratio and subjected to overlap
extension PCR using JVO-5198 / JVO-5183. PCR conditions for overlap PCR were as follows: 1 cycle of
[98°C, 3 min; 62°C, 1 min; 72 °C, 10 min; 98 °C, 1 min], 35 cycles of [98 °C, 15 s; 58 °C, 30's; 72 °C, 2
min], followed by 72 °C for 10 min. Primers were used at a final concentration of 0.06 uM (1/10" dilution
of the primer concentration used in standard PCR). Overlap PCR products were checked for size by agarose
gel electrophoresis, purified (Macherey & Nagel), and naturally transformed into the appropriate 26695 or
G27 recipient strain. Erythromycin-resistant clones were checked for deletion of arsZ by PCR on gDNA
using primers CSO-0309 / CSO-0094. Resulting positive clones, for transformation into WT backgrounds
0f 26695 and G27 were labeled CSS-0107 and CSS-0292, respectively.

5.2.4 Complementation of the AarsZ mutation and construction of an ArsZ over-expression strain

ArsZ expression in AarsZ was complemented in trans at the rdxA locus, which is commonly used for
genetic complementation of H. pylori (Goodwin et al., 1998, Pernitzsch et al., 2014). The previously-
described pSP39-3 plasmid (Pernitzsch et al., 2014) was used as a backbone to introduce arsZ into the rdxA
locus, along with a catGC resistance cassette for selection. The plasmid backbone was PCR-amplified from
pSP39-3 using primers CSO-0146 / CSO-0147. The arsZ gene, including its own promoter, was amplified
from H. pylori 26695 (CSO-0479 / CSO-0687 on CSS-0065) or G27 (CSO-0478 / CSO-0687 on CSS-
0066) gDNA. PCR products were then Clal- and Nhel-digested, ligated using T4 DNA ligase (NEB), and
transformed into E. coli TOP10. Colony PCR was performed with primers pZE-A / CSO-0205 on putative
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clones, and plasmids from positive clones were harvested with NucleoSpin Plasmid kit (Macherey &
Nagel). The resulting plasmids were termed pPT20-1 (Carsz from 26695) and pPT32-1 (Carz from G27).
For transformation into H. pylori, the rdxA-catGC-arsZ constructs were amplified from the respective
plasmids with CSO-0017 / CSO-0018 and introduced into strains CSS-0107 (26695 AarsZ), CSS-0292
(G27 AarsZ) and CSS-0213 (B8 WT) via natural transformation. Chloramphenicol-resistant clones were
checked for insertion of arsZ at the rdxA locus by PCR on gDNA using CSO-0207 / CSO-0205. Positive
clones from 26695, G27 and B8 were labeled CSS-2168, CSS-0816 and CSS-4446 respectively.

For over-expression of ArsZ in strain 26695 and G27, the ArsZ complementation construct
described above was introduced into the wild-type strain, CSS-0065 (26695) and CSS-0066 (G27),
providing an additional copy of arsZ resulting in strain CSS-2169 and CSS-0818, respectively.

5.2.5 Expression of ArsZ and RepG-SL1-ArsZ chimera under strong promoters

The pSP39-3 plasmid was used as a backbone to place arsZ and repG-SL1-arsZ chimera under the control
of the strong repG promoter (Pernitzsch et al., 2014). The plasmid backbones for the 2 different inserts
were PCR-amplified using primers CSO-0146 / CS0O-0232 and CSO-0146 / CSO-0060, respectively. The
arsZ gene was amplified with CSO-0476 / CSO-0480 or CSO-3320 / CSO-0687 on CSS-0065 gDNA
(26695 WT). PCR products were then Clal-digested, ligated together with T4 DNA ligase (NEB), and
transformed into E. coli TOP10. Colony PCR was performed with primers pZE-A / CSO-0480 or pZE-A /
CS0O-3320 on putative clones, and plasmids from positive clones were harvested with NucleoSpin Plasmid
kit (Macherey & Nagel). The resulting plasmids were termed pPT7-1 and pPT156-1, respectively. For
transformation into H. pylori, the construct was amplified from both plasmids with CSO-0017 / CSO-0018
and introduced into strain CSS-0107 (26695 AarsZ) via natural transformation. Chloramphenicol-resistant
clones were checked for insertion of arsZ at the rdxA locus by PCR on gDNA using CS0-0207 / CSO-
0205. Positive clones were labeled as CSS-0453 and CSS-4039, respectively.

For the expression of arsZ under the control of the ureA promoter, the backbone plasmids were
amplified from pPT3-1 using primers CSO-1781 / CSO-1266. The arsZ gene was amplified with CSO-
0477 / CSO-0687 on CSS-0066 gDNA (G27 WT). PCR products were then Clal-digested, ligated, and
transformed into E. coli TOP10. Colony PCR was performed with primers pZE-A / CSO-0687 and plasmids
from positive clones were harvested. The resulting plasmid was termed pPT66-1. The construct was

amplified from this plasmid with CSO-0017 / CSO-0018 and introduced into strain CSS-0292 (G27 AarsZ)
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via natural transformation. Chloramphenicol-resistant clones were checked for insertion of arsZ at the rdxA

locus by PCR on gDNA using CSO-0207 / CSO-0205. The positive clone was labeled CSS-2273.

5.2.6 Generation of single AHP1432 and double AHP1432 AarsZ mutants

The HP1432 gene was deleted in strain CSS-0065 (H. pylori 26695 WT) by replacement of the coding
sequence with the aphA-3 cassette, which confers kanamycin resistance, by overlap PCR. Purified PCR
products corresponding to ~ 500 bp upstream (CSO-0675 / CSO-0676 on CSS-0065) and ~ 500 bp
downstream of HP1432 (CSO-0677 / CSO-0470 on CSS-0065), as well as the aphA-3 cassette (HPK1 /
HPK2 on H. pylori carrying a chromosomal aphA-3 cassette [CSS-0169]), were mixed at an equimolar ratio
and subjected to overlap extension PCR as described above using primers CSO-0675 / CSO-0470. The
resulting PCR products were purified and used for natural transformation of CSS-0065. Kanamycin
resistant clones were checked by PCR on extracted gDNA using CSO-0734 / CSO-0023, and a resulting
positive clone was labeled CSS-0691. To create the double deletion mutant of AHP1432 AarsZ, the AarsZ
deletion construct was amplified from CSS-0107 by PCR using primers JVO-5198 / JVO-5183,
transformed into CSS-0691, and verified by PCR using CSO-0309 / CSO-0094. The resulting positive clone
was termed CSS-3333.

5.2.7 Construction of a transcriptional fusion of the ureA promoter to gfpmut3

The promoter region of ureA was transcriptionally fused to gfpmut3 and the 5S’UTR of ureA. The linker
region upstream of the gfpmut3 gene, which was originally present in pPT3-1 (Pernitzsch et al., 2014,
Carpenter et al., 2007), was removed by inverse PCR using the primer pair CSO-0594 / CSO-0683. The
resulting plasmid carries the promoter region of ureA, 5’UTR of ureA and gfpmut3. The PCR product was
digested with Nhel, ligated, and transformed into E. coli TOP10. Colony PCR was performed with CSO-
0411/ CSO-0789 and the plasmid of a positive clone was saved as pPT65-1. The PureA::gfpmut3 construct
was then amplified from pPT65-1 with CSO-0017 / CSO-0018 and transformed into G27* (CSS-0050).
Chloramphenicol-resistant clones were checked by PCR using primers CSO-0207 / CSO-0205, and a
positive clone was labeled as CSS-4001.

For the construction of ureA transcriptional fusion to gfpmut3 in the AarsS background, the

PureA::gfpmut3 transcriptional fusion escribed above was amplified with CSO-0017 / CSO-0018 from
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pPT65-1 and transformed into CSS-0051 (AarsS). A resulting positive clone, verified by PCR with CSO-
0207 / CSO-0205, was termed CSS-4003.

5.2.8 Construction of a transcriptional fusion of the arsZ promoter to gfpmut3

The promoter region of arsZ was transcriptionally fused to gfpmut3 and the 5°UTR of ureA. The 144 bp
promoter region of arsZ was amplified from strain CSS-0050 (WT / G27*) gDNA using primers CSO-0411
/ CS0-3317. The plasmid backbone was amplified from pPT65-1, which contains the 5’UTR of ureA fused
to gfpmut3, using the primer pair CSO-3316 / CSO-0146. Both PCR products were digested with Clal,
ligated, and transformed into E. coli TOP10. Colony PCR was performed with CSO-0411 / CSO-0789 and
the plasmid of a positive clone was saved as pPT150-1. The ParsZ::gfpmut3 construct was then amplified
from pPT150-1 with CSO-0017 / CSO-0018 and transformed into CSS-0050 (WT / G27%).
Chloramphenicol-resistant clones were checked by PCR using primers CSO-0207 / CSO-0205, and a
positive clone was labeled CSS-4009.

For the construction of arsZ transcriptional fusion to gfpmut3 in the AarsS background, the
ParsZ::gfpmut3 transcriptional fusion described above was amplified with CSO-0017 / CSO-0018 from
pPT150-1 and transformed into CSS-0051 (AarsS). A resulting positive clone, verified by PCR with CSO-
0207 / CSO-0205, was termed CSS-4011.

5.2.9 Construction of a transcriptional fusion of the tlpB promoter to gfpmut3

The 5’UTR of ureA fused to gfpmut3 was amplified from pPT65 using primers CSO-3316 / CSO-0441.
The plasmid backbone was amplified from pPT150-1, which contains the promoter of tIpB, using the primer
pair CSO-1772 / CS0O-0443. Both PCR products were digested with Notl, ligated together, and transformed
into E. coli TOP10. Colony PCR was performed with pZE-A / CSO-0789 and the plasmid of a positive
clone was saved as pPT152-1. The PtlpB::gfpmut3 construct was then amplified from pPT152-1 with CSO-
0017 / CSO-0018 and transformed into CSS-0050 (WT / G27%*). Chloramphenicol-resistant clones were
checked by PCR using primers CSO-0207 / CSO-0205, and a positive clone was labeled as CSS-4013.

For the construction of tIpB transcriptional fusion to gfpmut3 in the AarsS background, the
PtlpB::gfpmut3 transcriptional fusion described above was amplified with CSO-0017 / CSO-0018 from
pPT152-1and transformed into CSS-0051 (AarsS). A resulting positive clone, verified by PCR with CSO-
0207 / CSO-0205, was termed CSS-4015.
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5.2.10 Construction of translational and transcriptional fusions of the HP1432 promoter to

gfpmut3

For the construction of the HP1432 translational fusion to gfpmut3, the 160 bp promoter region of HP1432,
including the RBS and first ten codons, was amplified (CSO-0736 / CSO-0737) from gDNA of 26695 WT
(CSS-0065) and fused to the second codon of gfpmut3. The plasmid backbone, containing gfpmut3, was
amplified with primers CSO-0146 / CSO-0683 from pPT3-1. Both PCR products were Clal- and Nhel-
digested and ligated together, resulting in the plasmid pPT22-1. The HP1432::gfpmut3 translational fusion
was then amplified from this plasmid with primers CSO-0017 / CSO-0018 and transformed into CSS-0066
(H. pylori G27 WT). The resulting clones were checked by PCR as described above for the HP1432

transcriptional fusion to gfpmut3, and a positive clone was saved as CSS-0713.

For the construction of the HP1432 transcriptional fusion to gfpmut3, the plasmid backbone
including the promoter of HP1432 was amplified from pPT22-1 using CSO-0110 / CSO-0443. The 5S’UTR
of ureA fused to gfpmut3 was amplified from pPT65 using primers CSO-3316 / CSO-0441. Both PCR
products were digested with Notl, ligated, and transformed into E. coli TOP10. Colony PCR was performed
with pZE-A / CSO-0205 on putative clones and the plasmid of a positive clone was termed pPT151-1. The
HP1432::gfpmut3 transcriptional fusion construct was then amplified with CSO-0017 / CSO-0018 and
transformed into CSS-0066 via natural transformation. Chloramphenicol-resistant clones were checked for
insertion of the reporter by PCR on gDNA using CS0O-0207 / CSO-0205, and a positive clone was labeled
CSS-4005.

For the introduction of AarsZ into HP1432 transcriptional- or translational- gfpmut3 fusion
backgrounds, the arsZ deletion construct was amplified from CSS-0292 by PCR with CS0-0343 / CSO-
0344 and transformed into CSS-4005 (transcriptional gfpmut3 fusion background) and CSS-0713
(translational gfpmut3 fusion background), respectively. Putative clones were checked by PCR with CSO-
0309 / CSO-0094, and the resulting positive clones were labeled CSS-4007 and CSS-0723, respectively.

5.2.11 Exchange of the HP1432 promoter for the tlpB promoter in the HP1432::gfpmut3

translational fusion

A construct containing the translational fusion of the 5’UTR of HP1432 to the gfpmut3 gene was amplified
(CSO-1255 / CSO-1257) from pPT22-1. The plasmid backbone was amplified (CSO-1772 / CSO-0443)
from pSP109-6 containing the tIpB promoter. Both PCR products were digested with Notl, ligated together,
and transformed into E. coli TOP10. The primer pair pZE-A / CSO-0789 was used to check putative clones
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by colony PCR and the plasmid of a positive clone was termed pPT86-1. Next, the catGC chloramphenicol
resistance cassette was exchanged with the gentamicin resistance cassette by introducing the
HP1432::gfpmut3 fusion from the tlpB promoter construct (amplified with CSO-0581 / CSO-1255 on
pPT86-1) into a plasmid backbone that carries the gentamicin resistance cassette (amplified with CSO-0146
/ CSO-0443 on pBA4-2). Both PCR products were digested with Clal and Notl, ligated together, and
transformed into E. coli TOP10. Colony PCR was performed with primers pZE-A / CSO-0789 to identify
a positive clone (termed pPT105-1). Finally, the construct containing the translational fusion of HP1432 to
gfpmut3 under control of the tlpB promoter including the newly-integrated gentamicin cassette was
amplified with CSO-0581/ CSO-0313 on pPT105-1. This construct was fused to the PCR-amplified (CSO-
2901 / CS0O-0792) plasmid backbone (from pPT28-1) carrying the flanking region of HP1432 locus. The
Clal- and BamHI-digested PCR products were ligated and transformed into E. coli TOP10. Colony PCR
was performed with pZE-A / CSO-0789 and the plasmid of a positive clone was labeled pPT142-1. The
construct was amplified with CSO-0790 / CSO-0793 and transformed into CSS-0066 (H. pylori 26695 WT)
via natural transformation. The cells were passed onto chloramphenicol plates, putative clones were

checked by PCR on gDNA using CSO-0734 / CSO-0789, and a positive clone was labeled CSS-3335.

For the introduction of AarsZ into the HP1432 promoter exchange background, the arsZ deletion
construct was amplified from CSS-0292 with the primer pair CSO-0343 / CSO-0344 and transformed into
CSS-3335. Putative clones were checked by PCR with primers CSO-0309 / CSO-0094, and a resulting

positive clone was termed CSS-3337.

5.2.12 Compensatory base-pair exchanges in the S°UTR of HP1432 and ArsZ

Three consecutive base-pair exchanges were introduced into the 5’UTR of HP1432 in plasmid pPT142-1
by inverse PCR with the mutagenic primers CSO-2878 / CSO-2879. Following Dpnl-digestion of the
amplicon and transformation into E. coli TOP10, putative clones were checked by sequencing (CSO-0206)
and the plasmid from a positive clone was termed pPT147-1. The mutagenized HP1432 construct was
amplified from this plasmid with CSO-0790 / CSO-0793 and transformed into CSS-0066.
Chloramphenicol-resistant clones were checked by PCR on gDNA using CSO-0734 / CSO-0789. A positive
clone was labeled CSS-3341.

For introduction of AarsZ into this CSS-3341 background, the arsZ deletion construct was
amplified from CSS-0292 by PCR using primers CSO-0343 / CSO-0344 and transformed into CSS-3341.
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Erythromycin-resistant clones were checked by PCR with primers CSO-0309 / CSO-0094, and the resulting
positive clone was labeled as CSS-3343.

The compensatory base-pair exchange in ArsZ was performed by inverse PCR on pPT32-1 with the
mutagenic primers CSO-2880 / CSO-2881, Dpnl digestion of the template plasmid, and transformation into
E. coli TOP10. The mutagenized ArsZ construct was amplified from the resulting plasmid (pPT108-1) with
CS0O-0017 / CSO-0018 and transformed into either CSS-3337 or CSS-3343 to generate strains CSS-3339
and CSS-3345, respectively. Both strains were check by PCR (CSO-0205 / CSO-0207) and sequencing
(CS0O-0206).

5.2.13 Construction of point mutant versions of ArsZ and 5°UTR of HP1432 in H. pylori strain 26695

as templates for in-vitro transcription

Three consecutive base-pair exchanges were introduced into ArsZ via inverse PCR on pPT20-1 with the
mutagenic primers CSO-3217 / CSO-2881, Dpnl digestion of the template plasmid, and transformation into
E. coli TOP10. Putative clones were checked by sequencing (CSO-0206) and the plasmid from a positive
clone was termed pPT138-1.

The HP1432 gene including 160 bp upstream of the transcription start site and 100 bp downstream
of the stop codon was amplified with primers CSO-0736 / CSO-0110. The backbone plasmid was amplified
with primers CSO-0146 / CSO-0147 from pSP39-3. Both PCR products were digested with Clal and Ndel,
ligated, and transformed into E. coli TOP10. Colony PCR was performed with pZE-A / CSO-0110 on
putative clones and the plasmid of a positive clone was termed pPT34-1. Three consecutive base-pair
exchanges were introduced into the 5’UTR of HP1432 in plasmid pPT34-1 by inverse PCR with the
mutagenic primers CSO-2878 / CSO-3216. Following Dpnl-digestion of the amplicon and transformation
into E. coli TOP10, putative clones were checked by sequencing (CSO-0206) and the plasmid from a

positive clone was termed pPT153-1.

5.2.14 Construction of two plasmids system for validation of interaction of ArsZ and HP1432 in E.

coli

The HP1432 gene was amplified from gDNA of CSS-0065 (26695 WT) with primers CSO-1257 / CSO-
1299. The backbone plasmid was amplified from pXG-10-sfGFP (Corcoran et al., 2012) using primers
pZE-STOP-Xbal / pZE-tetO. Both PCR products were digested with Xbal, ligated, and transformed into E.
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coli TOP10. Colony PCR was performed with pZE-A / CSO-1299 on putative clones and the plasmid of a
positive clone (CSS-2189) was termed pPT42-1.

The arsZ gene was amplified with CSO-0477 / CSO-1298 on CSS-0065 gDNA (26695 WT). The
backbone plasmid was amplified from pPT33-1 with JVO-0900 / JVO-0901. Both PCR products were
Xbal-digested, ligated, and transformed into E. coli TOP10. Colony PCR was performed with primers
pBADfw / CSO-1298 on putative clones, and plasmids from positive clones were harvested and termed
pPT106. This plasmid was transformed into CSS-2198 and verified by colony PCR using primers pBADfw
/ CS0O-1298. One positive clone was termed CSS-4448.

5.2.15 Determination of ArsZ in-vivo copy number

The copy number of ArsZ was estimated in vitro by comparing total RNA corresponding to 0.5 ODgoo of
wild-type H. pylori strain 26695 to serial dilutions of in-vitro transcribed ArsZ on Northern blots hybridized
with ArsZ probe. Calculation for RNA per cell were based on number of viable cells per ODsoo as described

in (Sittka et al., 2007).

5.2.16 Total RNA preparation

H. pylori cells were grown in liquid culture to mid-exponential growth phase (ODgoo 0.4 — 0.6) and culture
volumes corresponding to a total of ~ 4 ODggo, were mixed with 0.2 volumes of stop-mix (95 % ethanol
and 5 % buffer-saturated phenol, v/v), snap frozen in liquid N> and stored at —80 °C until RNA extraction.
Frozen cell pellets were thawed on ice and re-suspended in lysis solution containing 600 pul of 0.5 mg/ml
lysozyme in TE (Tris-EDTA) buffer (pH 8.0) and 60 pl 10 % SDS. Bacterial cells were lysed by incubating
the samples for 1-2 minutes at 64 °C. Afterwards, total RNA was extracted using the hot-phenol method
described previously (Sharma et al., 2010).

5.2.17 Northern blot analysis

For Northern blotting, 5-10 pg of total RNA was separated on 6 % (v/v) polyacrylamide (PAA) gels
containing 7 M urea and electro-blotted onto Hybond-XL nylon membranes (GE-Healthcare). Following
transfer, RNA was UV cross-linked to the membrane prior to hybridization at 42 °C with **P’ end-labeled
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DNA oligonucleotides in Roti-Hybri-Quick hybridization buffer as described previously (Urban & Vogel,
2007). The blots were quantified using Aida software (Raytest).

5.2.18 2D gel electrophoresis

Cells were grown in liquid culture at pH 5.5 or pH 7 to mid-exponential growth phase (ODso 0.4 — 0.6)
and 25 ODsoo of cells were pelleted. The cells were lysed with 4 ml lysis buffer, followed by sonication and
centrifuged at 13,000 x g, 4 °C for 20 min. Supernatant were subjected to ultracentrifugation at 100,000 x
g, 4 °C for 1 hour. The resulting supernatant was precipitated with TCA (trichloroacetic acid) and re-
suspended in 150 pl solubilization buffer. Approximately 150 pg of total protein were separated on a 24cm
IEF strip (pH 3.0 — pH 10.0 NL). Upon completion of the first dimension run, the IEF strips were
equilibrated with equilibration buffer. Subsequently, the IEF strip was loaded onto a 12.5 % PAA gel and
sealed with a sealing buffer. The gel electrophoresis lasted for 5-7 hours at 17 Watt per gel. The gel was
visualized with colloidal Coomassie staining (Dyballa & Metzger, 2009).

5.2.19 RNA stability assay

Cells were grown in liquid culture to mid-exponential growth phase (ODgoo 0.4 — 0.6) and treated with
rifampicin (final concentration of 500 pg ml™"). At the indicated time points (0, 2, 4, 8, 16, and 32 min) 5
ml of culture was mixed with 0.2 volumes of stop-mix (95 % EtOH and 5 % phenol, v/v), frozen in liquid
Ny, and stored at —80 °C until RNA extraction. Total RNA was subjected to Northern blotting, and the RNA
half-life was determined from the RNA decay rate analyzed by hybridizing the Northern blot with a
HP1432-specific DNA probe.

5.2.20 Western blot analysis

H. pylori cells was grown in liquid culture to mid-exponential growth phase (ODgoo 0.4 — 0.6) and cells
corresponding to 0.8 ODggo units were centrifuged at 16,000 x g at 4 °C for 1 min. Cell pellets were
resuspended in 80 pl of 1x protein loading buffer [62.5 mM Tris-HCI pH 6.8, 100 mM DTT, 10 % (v/v)
glycerol, 2 % (w/v) SDS, 0.01 % bromophenol blue]. Samples were boiled at 95 °C for 8 min and samples
corresponding to 0.1 ODggo were separated on a 12 % (v/v) SDS-PAA gels. For total protein analysis, the

gels were stained with PAGE-Blue (Thermo Scientific) according to the manufacturer’s instructions. For
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Western blot analysis, protein samples were transferred to a nitrocelluloase membrane (GE Healthcare) by
semidry blotting. A suspension of 10 % (w/v) milk powder in TBS-T were used to block the membranes
for 1 h. Primary monoclonal antibody (anti-Histidine [Sigma], anti-GFP [Roche] or anti-GroEL [Sigma])
was incubated with the membrane overnight at 4 °C. Membranes were washed with TBS-T, followed by
incubation with a secondary antibody (anti-mouse IgG [GE Healthcare] or anti-rabbit [GE Healthcare])
linked to horseradish peroxidase for 1 hour. Specific bands were detected by chemiluminescence using the

ECL-reagent and analyzed with a biomolecular imager (ImageQuant LAS 4000, GE Healthcare).

5.2.21 In-vitro transcribed RNA

The T7 promoter sequence was introduced into DNA templates by PCR using oligonucleotides and DNA
templates listed in Table S4. The MEGAscript® T7 kit (Ambion) was used to perform T7 transcription and
the resulting sequences of the T7 transcripts are listed in Table S5. The quality of in-vitro transcribed RNAs
was inspected by gel electrophoresis and subjected to 5° end labeling (*’P) as previously described

(Papenfort et al., 2006, Sittka et al., 2007).

5.2.22 Electrophoretic mobility shift assays (EMSA)

Gel-shift assays were performed as previously described (Pernitzsch et al., 2014). Increasing amounts of
unlabeled RNA (8 nM, 16 nM, 125 nM, 250 nM, 500 nM, and 1000 nM) were added to ~ 0.04 pmol 5’-end
labeled RNA (4 nM final concentration) in 10 pl reactions. Labeled RNAs and unlabeled RNAs were
denatured at 95 °C for 1 min and cooled on ice for 5 min. Following this, 10x RNA structure buffer
(Ambion) and 1 pg yeast RNA was added to the mixture incubated at 37 °C for 15 min. To stop the reaction,
3 ul of 5x native loading dye [0.5x TBE, 50 % (v/v) glycerol, 0.2 % (w/v) xylene cyanol and 0.2 % (w/v)
bromophenol blue] was added to each sample before loading immediately to a pre-cooled 6 % (v/v) native
PAA gel and electrophoresed in 0.5x TBE buffer. The gels were dried at 80 °C for 1 hour, exposed to a
phosphorimager screen, and analyzed using a Phosphorlmager (FLA-3000 Series, Fuji) and AIDA software
(Raytest).
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5.2.23 Invitro structure probing

In vitro structure probing assays were performed as described previously (Sharma et al., 2007, Pernitzsch
et al., 2014). Briefly, ~ 0.2 pmol of 5* end labeled RNA and unlabeled RNA (at a 10- or 100-fold excess)
were denatured at 95 °C for 1 min and cooled on ice for 5 min. Next, 10x RNA structure buffer and 1 pg
yeast tRNA were added to the labeled RNA followed by the unlabeled RNA and incubated at 37 °C for 10
min. Following binding, 2 pl of 0.01 U pl RNase T1 (Ambion) or 2 ul freshly prepared 25 mM lead(II)-
acetate solution (Fluka) was added and reactions were incubated at 37 °C for 3 min or 90 sec, respectively.
For RNase III assays, 1.3 U pl"' of enzyme (NEB) was added to the reactions in 1x structure buffer
containing 1 mM DTT and incubated at 37 °C for 6 min. RNase T1 ladders were generated by denaturing
~ 0.2 pmol labeled RNA in 1x structure buffer for 1 min at 95 °C and further incubated with 0.1 U pl’!
RNase T1 for 5 min. OH ladders were generated by the incubating ~ 0.2 pmol of labeled RNA in 1x alkaline
hydrolysis buffer (Ambion) at 95 °C for 5 min. The reactions were stopped by the addition of 12 ul RNA
loading buffer (95 % (v/v) formamide, 18 mM EDTA, and 0.025 % (w/v) SDS, xylene cyanol, and
bromophenol blue) and kept on ice. The ladders and samples were denatured at 95 °C for 3 min prior to
loading on 6 % (v/v) PAA/7 M urea sequencing gels in 1x TBE buffer. Following electrophoresis, the gels
were dried at 80 °C for 1 hour, exposed to a phosphorimager screen, and analyzed using a Phospholmager

(FLA-3000 Series, Fuji) and AIDA software (Raytest).

5.2.24 In-line probing

In-line probing assays were performed as previously described (Regulski & Breaker, 2008, Pernitzsch et
al., 2014). Briefly 20 nM (0.2 pmol) labeled RNA was incubated in absence or presence of 20 nM or 200
nM unlabeled sSRNA or 5’UTR of mRNA for 40 hours at room temperature in 1x in-line probing buffer (50
mM Tris-HCI, pH 8.3 at 20 °C, 20 mM MgCl,, and 100 mM KCI). RNase T1 and alkaline (OH) ladders
were generated as described above. Following incubation, 10 pl of colorless gel-loading solution (10 M
urea, 1.5 mM EDTA, pH 8.0 at 23 °C) was added to stop all the reactions, which were then kept on ice
prior to analysis. RNA cleavage patterns were resolved on 6 % (v/v) PAA gels under denaturing conditions

and visualized as described above.
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5.2.25 In-vitro translation assay

In-vitro translation reactions were performed using the PURExpress kit (NEB) according to the
manufacture’s protocol. Briefly, 1 pmol of in-vitro-transcribed mRNAs (HP1432::gfp or tlpB::gfp) were
denatured in the absence or presence of 1, 10, 50, and 100 pmol of ArsZ, or 100 pmol ArsZ M3 mutant
RepG (refer to figure legend for details) for 1 min at 95 °C and chilled on ice for 5 min. Prior to addition
of PURExpress mix, the mRNA and sSRNA were pre-incubated for 10 min at 37 °C. The translation reaction
was carried out at 37 °C for 30 min, and then 60 pl acetone was immediately added to the mixture to stop
the reaction followed by incubation on ice for 15 min prior to centrifugation at 10,000 x g at 4 °C for 10
min. Western blot analysis was used to quantify translation using anti-GFP and anti-mouse IgG (GE-

Healthcare) antibodies.

5.2.26 Urease activity assay

The Berthelot reaction (Cussac et al., 1992) was used to determine the urease activity of H. pylori cell
lysates as previously described with some modifications (van Vliet et al., 2001). Briefly, 0.5 to 1 ODsgo of
cells either grown at pH 5.5, pH 7, or after acid stress at specific time points were harvested by
centrifugation and washed twice with 50 mM HEPES buffer, pH 7.5. The cell pellets were immediately
snap frozen in liquid nitrogen and kept at -80 °C until analysis. The pellets were thawed for 5 min on ice
and immediately resuspended in 250 pl of 50 mM HEPES buffer pH 7.5. The cells were lysed by sonication
and lysates were clarified by centrifugation at 14,000 x g for 10 min at 4 °C. The protein concentration of
each sample was quantified with Bradford reagent (Carl-Roth) according to manufacturer’s protocol. Total
protein (1 pg) was mixed with 500 pl urease buffer (50 mM HEPES, pH 7.5, 50 mM urea) and incubated
for 10 min at 37 °C. Subsequently, 90 pl aliquots were mixed with 150 pl of solution A containing 3 %
(w/v) phenol, 0.015 % (w/v) sodium nitroprusside (Carl Roth), 150 pl of solution B containing 2 % (w/v)
NaOH, 0.2 % NaOCI, pH 13.5 and 750 pl of distilled water. The mixtures were incubated for 30 min at 37
°C for color development. The ODss of samples was then measured. A standard curve using known
concentrations of NH4Cl was used to infer the amount of ammonia present in each bacterial sample and

expressed as micromoles of urea hydrolyzed per minute per milligram of protein.
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5.2.27 Growth competition assay under acid stress

Cells were grown at pH 7 until ODggo ~ 0.5. Cells corresponding to 3 ODsgo were centrifuged at 500 x g at
room temperature for 3 min. Cell pellets were resuspended in either 6 ml BHI pH 4 supplemented with 3
mM urea or 6 ml BHI pH 7. 100 ul of this culture were serially diluted and plated on streptomycin and
erythromycin plates. Equal volume of WT and AarsZ from each culture condition were mixed and incubated
while shaking under microaerobic conditions. At the indicated time points (0, 1, 2, 4, 8, and 10 hour) 100
ul of culture was serially diluted and plated on streptomycin and erythromycin plates. Plates were incubated

microaerobically for 3 to 5 days. The ratio between WT and AarsZ was calculated as relative CFU/ml.

5.2.28 Bioinformatics analysis

The mfold program (Zuker, 2003) was used to predict the secondary structure of ArsZ in strains 26695 and
G27. The full-length sequence of ArsZ (105 nt) was used for this prediction, using default parameters.
TargetRNA program (Tjaden, 2008) was used to predict potential targets for ArsZ in strain 26695. The
single-stranded region of ArsZ inferred from the mfold prediction was employed, using default parameters.

A list of the top 21 targets is summarized in Table 1.

The phylogenetic tree of H. acinonychis and H. pylori was extracted from the PATRIC database
(Wattam et al., 2014). The tree was constructed based on core protein families within the Helicobacter clade
(under Taxanomy id 209 in PATRIC database). The tree was manually curated in the iTOL webserver
(Letunic & Bork, 2007, Letunic & Bork, 2016) to retain only strains that have a complete genome sequence

in the NCBI database (as of November 2015).

The synteny and conservation of the flanking genes of arsZ was derived from multiple genome
alignments using the MAUVE tool (Darling et al., 2004). All the figures were visualized and constructed
using EasyFig (Sullivan et al., 2011). All colored genes indicate homologous genes based on BLAST cut-
off E-value 1E-05 and minimum sequence similarity of 70 % to reference genes in H. pylori strain 26695.

White arrows indicate non-conserved genes.
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Supplementary Figure S1. The predicted interaction between ArsZ and its mRNA targets. The single stranded

region of ArsZ was used for target prediction. Region between 50 nt upstream (-50) and 20 nt downstream (+20) of
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target mRNA translation start site were used for prediction and a p-value threshold of < 0.01. The Shine-Dalgarno

sequences are underlined. The details of the targets are listed in Table 1.
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Supplementary Figure S2. ArsZ is regulated in response to low pH. ArsZ expression was compared in an ArsR
D52N mutant (unable to be phosphorylated), to the wild-type strain following acid stress at pH 5.5 (A) or maintained
pH 7 as control (B). Total RNA was probed for ArsZ on a Northern blot and quantified as fold-change relative to WT
(Figure 2.6). Levels of 5S rRNA served as a loading control.
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Supplementary Figure S3. Predicted intermolecular RNA-RNA interaction between ArsZ and 5° UTR of
HP1432 including first 5 amino acids using RNAStructure tool (Reuter & Mathews, 2010). The ribosomal binding
site (RBS) and start codon are indicated in red boxes. White arrows indicate RNase T1 cleavage sites, green arrows
indicate lead (II) cleavage sites, black arrows mark RNase III cleavage sites from structure probing assay (Figure 2.10

B, E). Red circles mark RNA cleavage sites from in-line probing (Figure 2.10 A, D).
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Supplementary Figure S4. ArsZ forms a coherent feed-forward loop. ArsZ expression was compared in an AarsZ
mutant, to the wild-type strain following acid stress at pH 5.5. Total RNA was probed for ArsZ and HP1432 mRNA
on a Northern blot and quantified as fold-change relative to WT (Figure 2.16 A). Levels of 5S rRNA served as a

loading control.
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Supplementary Figure S5. Acid stress after acid adaptation. Levels of HP1432 in WT and AarsZ were measured
in total RNA following shift of log-phase bacteria to acidic medium by Northern blotting. All strains were grown to
an ODgoo of 0.4 at pH 5.5. The acid adapted strains were transferred to fresh medium (pH 5.5), and HP1432 mRNA
levels from various time points following the shift were quantified on a Northern blot. The fold-change was quantified
as log, ratio of a specific time point relative to the 0 hour time-point. The data are average of two independent

experiments, with error bars representing standard errors
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Supplementary Figure S6. The role RNase III in ArsZ-HP1432 interaction in vivo. The expression of ArsZ,
HP1432, and RepG were quantified on a Northern blot. Levels of 5S rRNA served as a loading control. Anti-poly-

Histidine antibody was used to monitor HP1432 protein levels, while GroEL served as a loading control.
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Supplementary Figure S7. Global proteomic and transcriptomic analysis of WT and AarsZ strains for target
identification. WT and AarsZ strains (26695 background) were grown to an ODggo of 0.5-0.7 at pH 5.5 or pH 7. (A)
Soluble protein fractions of these samples were resolved on two-dimensional gels. Labelled proteins were identified
by comparison of the migration pattern of the gel to previously published work (Jungblut et al., 2000). Since samples
were resolved on separate gels, GroEL served as an internal standard. The gels are representative of three independent
experiments. No protein spots that were consistently regulated in all three experiments were observed. (B) Total RNA

was extracted and subjected to RNA-seq analysis. The correlation coefficient (r) between expression of all genes in

WT versus AarsZ is indicated on the graph.
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Supplementary Table S1. The list of bacterial strains used in this study.

Name
WT /26695

AarsZ

CArsZ

OE-ArsZ
AHP1432
AHP1432 AarsZ
rpsL

Prepc ArsZ AarsZ
Prepc RepG-
SL1::ArsZ
AarsZ

WT / G27

AarsZ

CArsZ
OE-ArsZ
Purea ArsZ
Pups 1432::gfp

Pups 1432::gfp
AarsZ

Pups 1432::gfp
AarsZ ArsZ M3

Pups 1432 M3::gfp

Pups 1432 M3::gfp
AarsZ

Pups 1432 M3::gfp
AarsZ ArsZ M3

Pupi432 UreA-
5’UTR::gfp
Pupias2 UreA-
5’UTR::gfp AarsZ
Prpiaz2 HP1432-
5’UTR::gfp
Pupiaz2 HP1432-
5’UTR::gfp AarsZ

WT /G27*

Genotype / Description

Wild-type, kindly provided by D. Scott
Merrell.

arsZ::erm

arsZ::erm, rdxA::arsZ::catGC
rdxA::arsZ::catGC
HP1432::aphA-3

HP1432::aphA-3, arsZ::erm

rpsL (K43R and K88R), recessive
streptomicyn resistance allele.
rdxA::Prepc-arsZ::catGC, arsZ::erm
rdxA::Prepc-repG-SL1::arsZ::catGC,
arsZ::erm

Wild-type, kindly provided by D. Scott
Merrell.

arsZ:.erm

arsZ::erm, rdxA::arsZ::catGC
rdxA::arsZ::catGC
rdxA::Purea-arsZ::catGC, arsZ::erm
HP143212P1|pB_
HP1432::5’UTR::gfpmut3::genta
HP1432::Pups-
HP1432::5’UTR::gfpmut3::genta,
arsZ:.erm

HP1432::Pupe-
HP1432::5’UTR::gfpmut3::genta,
arsZ::erm, rdxA::arsZ M3::catGC
HP1432::Pyps-HP1432::M3
5’UTR::gfpmut3::genta
HP1432::Pups-HP1432::M3
5’UTR::gfpmut3::genta, arsZ::erm
HP1432::Pyps-HP1432::M3
5’UTR::gfpmut3::genta, arsZ::erm,
rdxA::arsZ M3::catGC
rdxA::PHp1432 ureA-
5’UTR::gfpmut3::catGC
rdXAIZPHp1432 ureA-
5’UTR::gfpmut3::catGC, arsZ::erm
rdxA::PHp1432_
HP1432::5’UTR::gfpmut3::catGC
rdXAZZPHP1432_
HP1432::5’UTR::gfpmut3::catGC,
arsZ::erm

Wild-type, kindly provided by Dagmar
Beier.

122

Strain
number
CSS-0065
CSS-0107
CSS-2168
CSS-2169
CSS-0691
CSS-3327
CSS-0024
CSS-0453
CSS-4039
CSS-0066
CSS-0292
CSS-0816
CSS-0818
CSS-2273
CSS-3335

CSS-3337

CSS-3339

CSS-3341

CSS-3343

CSS-3345

CSS-4005

CSS-4007

CSS-0713

CSS-0723

CSS-0050

H. pylori
26695
26695
26695
26695
26695
26695
26695
26695
26695
G27
G27
G27
G27
G27
G27

G27

G27

G27
G27

G27

G27
G27
G27

G27

G27*

Resistance

Erm
Erm® Cm®
Cm®

Kan®
Kan® Erm®
Str?

Erm® Cm®
Erm® Cm®

Erm
Erm® Cm®
Cm®
Erm® Cm®
Genta®

Genta®
R

Genta®
Erm® Cm®

Genta®
Genta®
Erm
Genta®
Erm® Cm®
Cm®
CmRErm®
Cm®

CmRErm®



AarsS

Parsz UreA-
5’UTR::gfp

Parsz ureA-
5’UTR::gfp AarsS
Pups ureA-
5’UTR::gfp

Pups ureA-
5’UTR::gfp AarsS
Purea UreA-
5’UTR::gfp

Purea UreA-
5’UTR::gfp AarsS
WT /26695*

AarsS
AflgS

ArsR D52N

WT/ B8

CArsZ

WT / India7
WT /P12
WT / Shi470
WT /199
WT / HPAG1
WT/H.

acinonychis
TOP10

ArsR::Strep-tag
pHP1432
pHP1432, pBAD-
ArsZ

arsS::aphA-3, (Dietz et al., 2002)
rdxA::Parsz ureA-5’UTR-
gfpmut3::catGC

rdxA::Parsz ureA-5’UTR-
gfpmut3::catGC, arsS::aphA-3
rdxA::Pype ureA-5’UTR-
gfpmut3::catGC

rdxA::Pype ureA-5’UTR-
gfpmut3::catGC, arsS::aphA-3
rdxA::Pyrea ureA-5’UTR-
gfpmut3::catGC

rdxA::Pyrea ureA-5’UTR-
gfpmut3::catGC, arsS::aphA-3
Wild-type, kindly provided by Dagmar
Beier.

arsS::aphA-3, (Beier & Frank, 2000)
flgS (HP0244)::aphA-3; kindly
provided by Dagmar Beier.
arsR::aphA-3, cag_PAl::Parsr
arsRD52N::catGC,(Schar et al., 2005)
Wild-type, kindly provided by Rainer
Haas.

arsZ::erm, rdxA::arsZ::catGC
Wild-type, kindly provided by Steffen
Backert.

Wild-type, kindly provided by Thomas
Meyer

Wild-type, kindly provided by Steffen
Backert.

Wild-type, kindly provided by Thomas
Meyer

Wild-type, kindly provided by Steffen
Backert

Wild-type, kindly provided by Thomas
Meyer

mcrA A(mrr-hsdRMS-mcrBC) ®80lacZ
AMI15 AlacX74 deoR recAl araD139
A(ara-leu)7697 galU galK rpsL endAl
nupG from Invitrogen

arsR::Strep-tag
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CSS-0051
CSS-4009

CSS-4011

CSS-4013

CSS-4015

CSS-4001

CSS-4003

CSS-0038

CSS-0042
CSS-0041

CSS-0105

CSS-0213

CSS-4446
CSS-0099

CSS-0013

CSS-0173

CSS-0011

CSS-0102

CSS-0018

CSS-0296

CSS-2172
CSS-2189
CSS-4448

G27*
G27*

G27*
G27*
G27*
G27*
G27*
26695*

26695*
26695*

26695*
B8

B8
India7

P12
Shi470
J99
HPAGI
H.

acinonychis
E. coli

E. coli
E. coli
E. coli

Kan®
Cm®

Kan® Cm®
Cm®
Kan® Cm®
Cm®

Kan® Cm®

Kan®
Kan®

Kan® Cm®

Cm®



Supplementary Table S2. The list of plasmids used in this study.

Name

pPT3-1

pPT7-1

pPT20-1

pPT22-1

pPT28-1

pPT32-1

pPT33-1

pPT34-1

pPT42-1

pPT65-1

pPT66-1

pPT79-1

pPT86-1

pPT105-1

Description

Backbone plasmid for amplification of transcriptional
fusion of 5’UTR ureA to gfpmut3 in rdxA locus.

Plasmid for introducing ArsZ under promoter of RepG

Plasmid for complementation of arsZ deletion with
ArsZ in H. pylori 26695 in rdxA locus.

Plasmid for introducing translational fusion of HP1432
promoter to gfpmut3 in rdxA locus.

Backbone plasmid carrying 500 up- and downstream
flanking region of HP1432 for introduction of
promoter exchange and translational fusions in native
HP1432 locus.

Plasmid for complementation of arsZ deletion with
ArsZ in H. pylori G27 in rdxA locus.

Plasmid for expressing C-terminal Strep-tagged ArsR
(HPO166)

Plasmid for complementation of HP1432 deletion with
HP1432 in H. pylori 26695 in rdxA locus. Backbone
plasmid for nucleotide exchange in 5’UTR of HP1432.

Plasmid for expressing HP1432 under the control of
PLweto promoter in E. coli.

Plasmid for transcriptional fusion of ureA promoter to
gfpmut3 in rdxA locus.

Plasmid for expressing ArsZ under the promoter of
ureA.

Plasmid for DNase I footprinting on promoter of
HP1432.

Intermediate plasmid carrying translational fusion of
HP1432 to gfpmut3 under the control of tIpB promoter
in rdxA locus. Contains the catGC cassette.

Intermediate plasmid carrying translational fusion of
HP1432 to gfpmut3 under the control of tIpB promoter
in rdXA locus. Contains the gentamicin cassette.

124

Origin
pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp

p15A/
Amp®

pl5A/
Amp®

pl5A/
Amp®

pSC101

pl5A/
Amp®

pl5A/
Amp

pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp

Reference

(Pernitzsch et al .,
2014)

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pPT106-1

pPT108-1

pPT119-1

pPT138-1

pPT142-1

pPT147-1

pPT150-1

pPT151-1

pPT152-1

pPT153-1

pPT156-1

pBA4-2

pGD72-3

pSP39-3

pSP109-6

Plasmid for overexpression of arsZ under Pgap
promoter in E. coli.

Plasmid for complementation of arsZ deletion with
nucleotide exchange in ArsZ (ArsZ M3) in H. pylori
G27 in rdxA locus.

Plasmid for DNase I footprinting on promoter of arsZ.

Plasmid for complementation of arsZ deletion with
nucleotide exchange in ArsZ (ArsZ M3) in H. pylori
26695 in rdxA locus.

Plasmid for introducing translational fusion of HP1432
to gfpmut3 under the control of tIpB promoter in
HP1432 locus.

Plasmid for introducing translational fusion of base-
pair exchange in 5’UTR of HP1432 (HP1432 M3) to
gfpmut3 under the control of tlpB promoter in HP1432
locus.

Plasmid for introducing transcriptional fusion of arsZ
promoter to gfpmut3 in rdxA locus.

Plasmid for introducing transcriptional fusion of
HP1432 promoter to gfpmut3 in rdxA locus.

Plasmid for introducing transcriptional fusion of tipB
promoter to gfpmut3 in rdxA locus.

Plasmid for complementation of HP1432 deletion with
nucleotide exchange in 5’UTR of HP1432 (HP1432
M3) in H. pylori 26695 in rdxA locus.

Plasmid for introducing RepG-SL1::ArsZ chimera
under the promoter of repG in the rdxA locus.

Backbone plasmid for introducing HP1432::gfpmut3
fusion under the control of tIpB promoter to
gentamicin resistance cassette.

Backbone plasmid for introducing arsR under the
control of PBAD promoter. Contains Strep-tag.

Backbone plasmid for introducing ArsZ
complementation from H. pylori 26695 and G27 in
rdxA locus.

Backbone plasmid for introducing translational fusion
of HP1432-5’UTR to gfpmut3 into rdxA locus.
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pl5A/
Amp

p15A/
Amp

pl5A/
Amp

pl5A/
Amp

pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp

pl5A/
Amp

pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp

pl5A/
Amp®

pl5A/
Amp®

pl5A/
Amp®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

(Pernitzsch et al .,
2014)

(Dugar et al., 2016)

(Pernitzsch et al .,
2014)

(Pernitzsch et al .,
2014)



pXG-10-
sfGFP

Backbone plasmid for introducing HP1432 under the

control of Pitto promoter.

pSC101

CmR (Corcoran et al., 2012)

Supplementary Table S3. The list of oligodeoxynucleotides used in this study.

Name

CS0O-0003

CS0-0017

CS0-0018

CS0-0023

CS0-0052

CS0-0060

CS0-0094

CSO-0101

CS0O-0110

CS0-0146

CS0O-0147

CS0-0155

CS0-0160

CS0-0161

CS0-0163

CS0-0205

Sequence (5° 2 3°)
GAAAGGAGGGGGAGGT

GTTTTTTCTAGAGATCAGCCTGCCT
TTAGG

GTTTTTCTCGAGCTTAGCGCTTAAT
GAAACGC

CCACCAGCTTATATACCTTAGCA

CCTACTACAATTTCAATTCAAGGAG
CCTAA

CCAACCAAACCATAAGGAATG
CACCACTTATTCATGCTAAAACAAT

AAACACCCCCATAAGTGCAATTATG
GGGATAAATTACTTATTAAATAATT
TATAGCTATTGAAAAGA

GATTTCATTTTATAATGCAAAATCT
AACCAATTA

GTTTTTATCGATGTATGCTCTTTAA
GACCCAGC

GTTTTTCATATGCTCGAATTCAGAT
CCACGTT

ACCGTAGTAATGGTGGTGGT

AATTATACTAATTTTATAAGGAGGG
AAA

CTCCTTATAAAATTAGTATAATTTA
GGGCTTTATTATAGCAAAAATTATC

GTTTTTATCGATACTTTAATTGTAC
ATTTATGATAGTTAAGA

AATTACAACAGTACTGCGATGAGT
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Description

Northern blot probe for RepG

Cloning of arsZ complementation

Cloning of arsZ complementation
Verification of HP1432 deletion
Northern blot probe for ArsZ

Cloning of arsZ under repG promoter

Verification of arsZ deletion

Cloning of erm cassette

Cloning of HP1432 promoter to GFP fusion

Cloning of arsZ complementation

Cloning of arsZ complementation
In vitro transcription of HP1432 5’UTR

Cloning of erm cassette

Deletion of arsZ in H. pylori 26695 / G27

Deletion of arsZ in H. pylori 26695 / G27

Verification of arsZ complementation



CS0-0207

CS0-0232

CS0-0309

CS0O-0313

CS0-0343

CS0-0344

CSO-0411

CS0-0441

CS0-0443

CS0-0470

CS0-0476

CS0-0477

CSO-0479

CS0O-0480

CS0O-0581

CS0O-0585

CS0-059%4

CS0-0668

CS0-0675

AGTTCTGATTTCATGCCCTT

P~CTAACTAAAATTTCTCCTTTTATT
TTAGTT

GTTTTTGAATTCTTACTTATTAAATA
ATTTATAGCTATTGAAAAGA

GTTTTTGGATCCTAGAGATCCGCCA
TATTGTGT

TGGTAAGGACTACTAAAATCTTTGG

GGATTATGATGCTCAATCAATTG

GTTTTTATCGATACTTTAATCATGC
GTCTATGATA

GTTTTTTGCGGCCGCGGGAGTTAAC
TGCAGGTCTG

GTTTTTGCGGCCGCCTCGAATTCAG
ATCCACGTT

GTTTTTTCTAGATTTTAAGACAAAT
AATCAAAAAGCTA

P~CTAACTGAAATTGTTCATTTTATT
TTAG

P~CTAACTAAAATTTCTCCTTTTATT
TTAGTT

GTTTTTCATATGATACTTTAATTGTA
CATTTATGATAGTTAAGA

GTTTTTATCGATATTGCTAACGATT
AAGCTGTATT

GTTTTTATCGATTTATTATTTTATCT
TTAAGCCTAACTTAA

GTTTTTTGCTAGCAACAAGCTGAAA
TTATAGAACACCC

GTTTTTGCTAGCTGGGGTGAGTTTC
ATCTCA

TGAGCTTGTTGCTCTGCTTGT

CCTGGTAGCGATATAATAAGGC
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Verification of arsZ complementation

Cloning of arsZ under repG promoter

Verification of arsZ deletion

Cloning of tlpB::gfpmut3 fusion

Deletion of arsZ in H. pylori G27

Deletion of arsZ in H. pylori G27
Cloning of arsZ promoter-gfpmut3 fusion

In vitro transcription of HP1432::gfp and
tlpB::gfp

Cloning of tlpB GFP fusion

Deletion of HP1432

Cloning of arsZ under repG promoter

Cloning of arsZ under ureA promoter

Cloning of arsZ complementation

Cloning of arsZ under repG promoter

Cloning of tlp::GFP fusion

Cloning of tlp::GFP fusion

Cloning of ureA promoter to GFP fusion

Northern blot probe for HP1432

Deletion of HP1432



CS0-0676

CS0-0677

CS0-0683

CS0-0687

CS0-0732

CS0-0734

CS0-0736

CS0-0737

CS0O-0738

CSO-0790

CSO-0792

CS0O-0793

CSO-1055

CSO-1056

CSO-1057

CSO-1058

CSO-1110

CSO-1220

CTCCTAGTTAGTCACCCGGGTACGT
GTGCCATGATGACTCCTT

TGTTTTAGTACCTGGAGGGAATACA
ATATTGATTGGGGCGTTT

GTTTTTTGCTAGCAGTAAAGGAGAA
GAACTTTTCACTGGA

GTTTTTATCGATATGTTTTAATTCTT
TTTGTATAAATAATTC

GTTTTTGCTAGCGGGCTTTATTATA
GCAAAAATTATC

ACTTCCTTTTGCGTCATCA

GTTTTTATCGATTCTTTCCTTTTTAA
TGCAACTTCT

GTTTTTGCTAGCTTGTTGCTGTTGTT
GTTCATG

GTTTTTTGCTAGCACTAGCTAGGAT
TTCATTTTATAATGC

GTTTTTTCTAGACGTTTAAAACAAG
CCTGGT

GTTTTTGGATCCTGATTGGGGCGTT
TGT

GTTTTTCTCGAGAGATCTCGCCAAA
GAAATACA

GTTTTTCTCGAGGGAGAAACAGTAG
AGAGTTGC

AGCGCGTGGAGCCACCCGCAGTT

P-
GTATTCTAATTTATAACCAATCCCT

GTTTTTCTCGAGCTAAAACATTAAC
AAAGTTAATCGTT

GTTTTTCATATGACGGAGTTAAAAA
AGTTAGTTTAAAT

TTAATCTTGCCTTGTGTGATTAGT
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Deletion of HP1432

Deletion of HP1432

Cloning of HP1432 translational GFP fusion

Cloning of arsZ complementation

Cloning of arsZ promoter-GFP fusion

Verification of HP1432 deletion

Cloning of HP1432 transcriptional and
translational GFP fusion

Cloning of HP1432 translational GFP fusion

Cloning of HP1432 transcriptional GFP
fusion

Cloning of tlpB::GFP fusion

Cloning of tlpB::GFP fusion

Cloning of tIpB::GFP fusion

Cloning of arsR::strep-tag
Cloning of arsR::strep-tag

Cloning of arsR::strep-tag

Cloning of arsR::strep-tag

Cloning of HP1432 complementation

In vitro transcription of ArsZ



CSO-1252

CSO-1255

CSO-1257

CSO-1266

CSO-1298

CS0O-1299

CSO-1397

CSO-1772

CSO-1781

CSO-1810

CSO-1878

CSO-1879

CSO-1880

CSO-2878

CS0O-2879

CS0O-2880

CS0O-2881

CS0-2901

GTTTTTTTTAATACGACTCACTATA
GGCTAGCTAATGAGCTAGAATTTAA
A

GTTTTTGCGGCCGCTTATTTGTATA
GTTCATCCATGCC

P~CTAGCTAATGAGCTAGAATTTAA
A

GTTTTTATCGATCTCGAATTCAGAT
CCACGTTG

GTTTTTTCTAGAATGTTTTAATTCTT
TTTGTATAAATAATTC

GTTTTTTCTAGATTAAAAGCTAGGA
GTAGCCCT

GTTTTTGGATCCTCTTTCCTTTTTAA
TGCAACTTCT

AGCTGAAATTATAGAACACCCTT

GATGTAATTGTAGCAATGTTTTGAT
T

GTTTTTGGATCCGTATGCTCTTTAA
GACCCAGC

GTTTTTGGATCCTTTATATCCTTTTG
TTTTAAAATTTTT

GTTTTTGCGGCCGCATGTTTTAATT
CTTTTTGTATAAATAATTC

GTTTTTGCGGCCGCTTGTTGCTGTT
GTTGTTCATG

TAGAATTTAAATAAGAATTAAAGG
AGTCATCATGGCTA

ACTCCTTTAATTCTTATTTAAATTCT
AGCTCACTAGCTA

GCTCCTTGAATTCTTATTGTAGTAG
GGTTTACCACAC

CCCTACTACAATAAGAATTCAAGG
AGCCTAACTAAAATAA

GTTTTTATCGATAACATCTTTGAAT
GAAAAAAGCTATA
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In vitro transcription of HP1432 5’UTR

Cloning of tIpB GFP fusion

Cloning of tlpB GFP fusion

Cloning of arsZ under ureA promoter

Cloning of arsZ under Pgap promoter

Cloning of HP1432 under P\to promoter

Cloning of HP1432 for DNase I footprint
Cloning of tlpB GFP fusion

Cloning of arsZ under ureA promoter

Cloning of genes for DNase I footprint

Cloning of arsZ for DNase I footprint

Cloning of arsZ for DNase I footprint

Cloning of HP1432 for DNase I footprint

Site-directed mutagenesis of HP1432 5’UTR

Site-directed mutagenesis of HP1432 5’UTR

Site-directed mutagenesis of arsZ

Site-directed mutagenesis of arsZ

Cloning of tlpB::GFP fusion



CS0-2904

CSO-2957
CS0O-3316
CS0O-3317

CS0-3320
HPK1

HPK2
JVO-0485
JVO-0900

JVO0O-0901

JVO-5125
JVO-5126
JVO-5127

JVO-5183
JVO-5198
pBADfw
pZE-A

pZE-STOP-
Xbal

pZE-tetO

GTTTTTTTTAATACGACTCACTATA
GGCTAACTGAAATTGTTCATTTTAT
TTTAG

AATTCAAGGAGCCTAACTAAAATA
AA

CAACCTTGATTTCGTTATGTCT

P~GGGCTTTATTATAGCAAAAATTA
T

GCTCCTTGAATTGAAATTGTAGT

GTACCCGGGTGACTAACTAGG

TATTCCCTCCAGGTACTAAAACA

TCGGAATGGTTAACTGGGTAGTTCC
T

GGAGAAACAGTAGAGAGTTGC

TTTTTTCTAGATTAAATCAGAACGC
AGA

GTTTTTTTTAATACGACTCACTATA
GGATCCAACCATTCCTTATGGTT

AAAACAACCGCCAAGACA

GTTTTTTTTAATACGACTCACTATA
GGTGTTTGTTCTTTTGTTTCGTT

GGATTATGATGCTCAACCAATTA
TGGTAAGGGCTATCAAAGTCTT
ATGCCATAGCATTTTTATCC
GTGCCACCTGACGTCTAAGA

TAATCTAGAGGCATCAAATAAAAC
GA

GTGCTCAGTATCTCTATCACTGA
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In vitro transcription of ArsZ M3

Northern blot probe for ArsZ upstream of
base-pair exchange (ArsZ*)

Cloning of 5’UTR of ureA GFP fusion
Cloning of ArsZ promoter to GFP fusion

Cloning of arsZ under repG promoter
Amplification of aphA-3 cassette

Amplification of aphA-3 cassette
Northern blot probe for 5S rRNA
Cloning of arsZ under Pgap promoter

Cloning of arsZ under Pgap promoter

In vitro transcription RepG
In vitro transcription RepG
In vitro transcription tlpB::gfp

Deletion of arsZ in H. pylori 26695
Deletion of arsZ in H. pylori 26695
Cloning of arsZ under Pgap promoter

Colony PCR on pZE12-derived plasmids
Cloning of HP1432 under Pyio0 promoter

Cloning of HP1432 under Py to promoter



Supplementary Table S4. The sequences of T7 transcripts used for in vitro work. Compensatory base-pair

exchanges are marked in red while the ribosome binding site and start codon are in bold. The gfpmut3 gene

is marked in green.

Name

ArsZ

ArsZ M3

HP1432
5’UTR

HP1432
M3
5’UTR

HP1432::

ofp

DNA
template

CSS-0065

pPT138-1

CSS-0065

pPT153-1

pPT142-1

Oligo-
nucleotides

CS0-2904
CSO-1220

CS0-2904
CS0O-1220

CSO-1252
CS0-0155

CS0O-1252
CS0-0155

CS0O-1252
CS0-0441

Size of T7
transcript

(nt)
105

105

193

193

807

131

Sequence (5’ 2 3’)

CUAACUGAAAUUGUUCAUUUUAUUUU
AGUUAGGCUCCUUGAAUUGAAAUUGU
AGUAGGGUUUAUCACACUUGCCUUGU
GUUACUAAUCACACAAGGCAAGAUUA
A

CUAACUGAAAUUGUUCAUUUUAUUUU
AGUUAGGCUCCUUGAAUUCUUAUUGU
AGUAGGGUUUAUCACACUUGCCUUGU
GUUACUAAUCACACAAGGCAAGAUUA
A

CUAGCUAAUGAGCUAGAAUUUAAAUU
UCAAUUAAAGGAGUCAUCAUGGCACA
CCAUGAACAACAACAGCAACAACAGGC
UAACAGCCAACACCACCACCAUCACCA
UGCGCACCACCACCAUUACUACGGUGG
CGAACACCAUCACCAUAAUGCGCAACA
ACACGCCGAACAACAAGCAGAGCAACA
AGCUCA

CUAGCUAAUGAGCUAGAAUUUAAAUA

AGAAUUAAAGGAGUCAUCAUGGCACA
CCAUGAACAACAACAGCAACAACAGGC
UAACAGCCAACACCACCACCAUCACCA
UGCGCACCACCACCAUUACUACGGUGG
CGAACACCAUCACCAUAAUGCGCAACA
ACACGCCGAACAACAAGCAGAGCAACA
AGCUCA

CUAGCUAAUGAGCUAGAAUUUAAAUU
UCAAUUAAAGGAGUCAUCAUGGCUAG
CAGUAAAGGAGAAGAACUUUUCACUG
GAGUUGUCCCAAUUCUUGUUGAAUUA
GAUGGUGAUGUUAAUGGGCACAAAUU
UUCUGUCAGUGGAGAGGGUGAAGGUG
AUGCAACAUACGGAAAACUUACCCUU
AAAUUUAUUUGCACUACUGGAAAACU
ACCUGUUCCAUGGCCAACACUUGUCAC
UACUUUCGGUUAUGGUGUUCAAUGCU
UUGCGAGAUACCCAGAUCAUAUGAAA
CAGCAUGACUUUUUCAAGAGUGCCAU



GCCCGAAGGUUAUGUACAGGAAAGAA
CUAUAUUUUUCAAAGAUGACGGGAAC
UACAAGACACGUGCUGAAGUCAAGUU
UGAAGGUGAUACCCUUGUUAAUAGAA
UCGAGUUAAAAGGUAUUGAUUUUAAA
GAAGAUGGAAACAUUCUUGGACACAA
AUUGGAAUACAACUAUAACUCACACA
AUGUAUACAUCAUGGCAGACAAACAA
AAGAAUGGAAUCAAAGUUAACUUCAA
AAUUAGACACAACAUUGAAGAUGGAA
GCGUUCAACUAGCAGACCAUUAUCAAC
AAAAUACUCCAAUUGGCGAUGGCCCU
GUCCUUUUACCAGACAACCAUUACCUG
UCCACACAAUCUGCCCUUUCGAAAGAU
CCCAACGAAAAGAGAGACCACAUGGUC
CUUCUUGAGUUUGUAACAGCUGCUGG
GAUUACACAUGGCAUGGAUGAACUAU
ACAAAUAAAUGUCCAGACCUGCAGUU
AACUCCCGCGGCCGCAAAAAAC

HP1432
M3::gfp

pPT147-1

CSO-1252
CS0-0441

807

CUAGCUAAUGAGCUAGAAUUUAAAUA
AGAAUUAAAGGAGUCAUCAUGGCUAG
CAGUAAAGGAGAAGAACUUUUCACUG
GAGUUGUCCCAAUUCUUGUUGAAUUA
GAUGGUGAUGUUAAUGGGCACAAAUU
UUCUGUCAGUGGAGAGGGUGAAGGUG
AUGCAACAUACGGAAAACUUACCCUU
AAAUUUAUUUGCACUACUGGAAAACU
ACCUGUUCCAUGGCCAACACUUGUCAC
UACUUUCGGUUAUGGUGUUCAAUGCU
UUGCGAGAUACCCAGAUCAUAUGAAA
CAGCAUGACUUUUUCAAGAGUGCCAU
GCCCGAAGGUUAUGUACAGGAAAGAA
CUAUAUUUUUCAAAGAUGACGGGAAC
UACAAGACACGUGCUGAAGUCAAGUU
UGAAGGUGAUACCCUUGUUAAUAGAA
UCGAGUUAAAAGGUAUUGAUUUUAAA
GAAGAUGGAAACAUUCUUGGACACAA
AUUGGAAUACAACUAUAACUCACACA
AUGUAUACAUCAUGGCAGACAAACAA
AAGAAUGGAAUCAAAGUUAACUUCAA
AAUUAGACACAACAUUGAAGAUGGAA
GCGUUCAACUAGCAGACCAUUAUCAAC
AAAAUACUCCAAUUGGCGAUGGCCCU
GUCCUUUUACCAGACAACCAUUACCUG
UCCACACAAUCUGCCCUUUCGAAAGAU
CCCAACGAAAAGAGAGACCACAUGGUC
CUUCUUGAGUUUGUAACAGCUGCUGG
GAUUACACAUGGCAUGGAUGAACUAU
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ACAAAUAAAUGUCCAGACCUGCAGUU
AACUCCCGCGGCCGCAAAAAAC

RepG CSS-0065 | 87 JVO-5125 AUCCAACCAUUCCUUAUGGUUUGGUU
GGCACCGCUAAGAUUGAAGGGUCACC
JVO-5126 UCCCCCUCCUUUCCCUUUGUCUUGGCG

GUUGUUUU
tlpB::gfp | pSP109-6 | 914 JVO-5127 UGUUUGUUCUUUUGUUUCGUUUUCAA
ACAACCGGGUUUUAAUUUUGUUUUGU
CSO-0441 GCCACUCAUUUUUCGGGGGGGGGGGG

UGCAUUUAGAAGCUAAACUCUAAAAU
UAGGGUUUGACUUAAAAAUGAUUUAU
AGGAGAUAAAUGAUGUUUUCUUCAGC
UAGCAGUAAAGGAGAAGAACUUUUCA
CUGGAGUUGUCCCAAUUCUUGUUGAA
UUAGAUGGUGAUGUUAAUGGGCACAA
AUUUUCUGUCAGUGGAGAGGGUGAAG
GUGAUGCAACAUACGGAAAACUUACC
CUUAAAUUUAUUUGCACUACUGGAAA
ACUACCUGUUCCAUGGCCAACACUUGU
CACUACUUUCGGUUAUGGUGUUCAAU
GCUUUGCGAGAUACCCAGAUCAUAUG
AAACAGCAUGACUUUUUCAAGAGUGC
CAUGCCCGAAGGUUAUGUACAGGAAA
GAACUAUAUUUUUCAAAGAUGACGGG
AACUACAAGACACGUGCUGAAGUCAA
GUUUGAAGGUGAUACCCUUGUUAAUA
GAAUCGAGUUAAAAGGUAUUGAUUUU
AAAGAAGAUGGAAACAUUCUUGGACA
CAAAUUGGAAUACAACUAUAACUCAC
ACAAUGUAUACAUCAUGGCAGACAAA
CAAAAGAAUGGAAUCAAAGUUAACUU
CAAAAUUAGACACAACAUUGAAGAUG
GAAGCGUUCAACUAGCAGACCAUUAU
CAACAAAAUACUCCAAUUGGCGAUGG
CCCUGUCCUUUUACCAGACAACCAUUA
CCUGUCCACACAAUCUGCCCUUUCGAA
AGAUCCCAACGAAAAGAGAGACCACA
UGGUCCUUCUUGAGUUUGUAACAGCU
GCUGGGAUUACACAUGGCAUGGAUGA
ACUAUACAAAUAAAUGUCCAGACCUG
CAGUUAACUCCCGCGGCCGCAAAAAAC
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