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Abstract

Enterotoxigenic Escherichia coli (ETEC) is a major cause of diarrhoea, particularly for children
in developing countries, and is the most common cause of travellers' diarrhoea. The ETEC pathotype
is defined by the presence of at least one colonisation factor (CF) and either or both of two toxins,
the heat-labile (LT) and the heat-stable (ST) enterotoxins. In addition, a variety of accessory virulence
factors have been identified that aid in pathogenesis, but are not present in every strain of ETEC. CFs
are antigenically diverse and immunologically distinct, but many are transcriptionally controlled by a

conserved AraC-like regulator, Rns.

Rns activates transcription of its target genes by binding to curved, AT-rich regions of DNA in
the target promoter, releasing the global gene silencer H-NS, and allowing RNA-polymerase to
transcribe the target gene. Rns is part of a family of AraC-like virulence regulators which also
includes the master virulence regulators ToxT and RegA, from Vibrio cholerae and Citrobacter
rodentium respectively. These are master virulence regulators that control the expression of an
assortment of virulence genes. To date the complete Rns regulon has not been identified, and more

gene targets with an impact of ETEC virulence may yet be unidentified.

In order to identify all of the gene targets of Rns, mRNA-sequencing was performed on ETEC
strain H10407 and its isogenic rns negative mutant. This experiment identified four potential new
virulence targets that required the presence of Rns for full expression. These are the agn43, etpB,
yghJ and rtr genes which encode two autotransporter adhesins, a mucinase and the AraC-family
negative regulator (ANR) respectively. Results from further transcriptional assays suggest that Rns
directly activates the expression of etpB, yghJ and rtr but indirectly activates the expression of

agn43.



With antimicrobial resistance an increasing problem, alternative methods of bacterial
control are urgently required. Rns is absolutely required for the expression of CFs, an essential
virulence factor of ETEC, and this makes it an attractive drug target. With the aim of identifying an
inhibitor of Rns activity, and therefore of ETEC-induced diarrhoea, chemical compounds from two
sources (those from a commercial small molecule library as well as those from structure based and
computer-aided drug design) were screened for their ability to inhibit Rns activity. Several hit

compounds were identified and the ICso determined.
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1 Introduction

1.1 Disease caused by ETEC

1.1.1 Diarrhoeal disease burden worldwide

Diarrhoea is a leading cause of death for young children in developing countries, second only
to pneumonia in the infectious disease category (1, 2). The Global Burden of Disease (GBD) study
estimated that in 2013, diarrhoeal disease was responsible for over half a million deaths in children

under the age of five (1, 3).

Diarrhoea is usually defined as the passage of three or more loose or liquid stools per day.
Death from diarrhoea is primarily due to dehydration and electrolyte imbalance, and the significant
mortality of diarrhoea is compounded by secondary effects such as malnutrition and the related

developmental defects caused by repeated episodes of diarrhoea during early life (4).

One recent large-scale study, the Global Enteric Multicentre Study (GEMS), which collected
stool samples from children with and without diarrhoea from seven sites in Africa and South
America (The Gambia, Mali, Mozambique, Kenya, India, Bangladesh, and Pakistan), found that the
primary causes of moderate to severe diarrhoea in young children include rotavirus,

Cryptosporidium, Shigella, and enterotoxigenic Escherichia coli (ETEC) (5).

1.1.2 Pathogenic E. coli

E. coli is a well-known member of the commensal microbiota of humans and other animals,
as well as being a favourite ‘laboratory workhorse’ for use in research. But E. coli is also capable of
causing disease, including urinary tract infections, sepsis, and diarrhoea (6). E. coli strains become
pathogenic through the acquisition of virulence factors, often encoded on plasmids or other mobile

genetic elements.

Pathotypes of diarrhoeagenic of E. coli include enteropathogenic E. coli (EPEC),

enteroinvasive E. coli (EIEC) enteroaggregative E. coli (EAEC), enterohaemorrhagic E. coli (EHEC), and
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enterotoxigenic E. coli (ETEC). Each pathotype causes disease through a different set of virulence
factors, and the aetiology, symptoms, and severity of the disease they cause differs between
pathotypes. EPEC is a major cause of illness in infants in developing countries, as is ETEC, which is
also the most common cause of traveller’s diarrhoea (5, 7). EAEC is being increasingly detected as an
important pathogen worldwide (8). EHEC can affect people of all ages, and is the major cause of
haemorrhagic colitis and haemolytic uremic syndrome (HUS) (9). Each of these diarrhoeagenic

pathotypes is an important cause of disease within their own pathogenic niche.

1.1.3 ETEC as a cause of diarrhoea

ETEC is defined by its primary virulence factors, that is, the expression of at least one
colonisation factor (CF) and one or both of two enterotoxins, heat-stable toxin (ST) and heat-labile
toxin (LT). Accessory virulence factors have also been identified, which appear to play a role in
pathogenesis, but are not present in all ETEC strains. ETEC disease typically lasts 3-5 days, and the
severity ranges from mild diarrhoea to a severe cholera-like illness (10). ETEC primarily affects young
children, as natural immunity to specific ETEC strains develops from repeated exposure. Accordingly,
adults who live in regions where ETEC is endemic are generally not susceptible to the strains that are

circulating in the area (11, 12).

ETEC is also the leading cause of travellers’ diarrhoea (TD). In recent studies, incidence of TD
in Europeans visiting Africa, South-East Asia, or Latin America ranged from as low as 8%, to as high as
50% (7, 13-16). TD is rarely life-threatening in healthy adults, but may develop into long-term

gastrointestinal illness, and can trigger the onset of irritable bowel syndrome (17, 18).

As well as humans, ETEC naturally infects pigs and cows (19-22). Neonatal diarrhoea in pigs
is a significant source of economic loss for the industry. In some piggeries, routine antimicrobial
prophylaxis is used to protect piglets from diarrhoea, leading to high levels of antimicrobial

resistance (23). One vaccine is commercially available and others are being trialled in an attempt to

16



control diarrhoea in piglets without the use of antimicrobials (24, 25). In these trials, piglets are

protected by suckling milk containing antibodies from vaccinated sows (26).

1.2 The evolution of ETEC

The ETEC pathotype comprises a diverse group of E. coli strains, with a large range of O- and
H-serogroups, and sequence types (27, 28). Nonetheless, most ETEC belong to E. coli phylogenetic
groups A, B1 or C, and correlations between genetic background, serogroups, CFs and toxins do exist
(27-31). Escobar-Paramo et. al. originally suggested that the ETEC pathotype had arisen on many
occasions, as individual E. coli strains acquired virulence plasmids, and that a certain genomic
background was required for effective use of the ETEC virulence genes (29). A more recent study,
however, analysed whole genome sequences of 362 ETEC isolates, chosen specifically for their
diversity, and identified 21 relatively stable ETEC lineages, including five particularly successful
clades that have emerged in the past 200 years (28). Despite the diversity within the ETEC
pathotype, population structure clearly exists, and there is a robust relationship between

chromosomal background and precise CFs and toxin profiles.

Two strains of ETEC are commonly described as archetypal examples of the pathotype.
These are H10407, the first ETEC strain to be fully sequenced, and E24377/A, which has also been
fully sequenced, and which produces a different set of CFs and accessory virulence factors to H10407

(32, 33).

1.3 ETEC pathogenesis

In its simplest form, the pathogenesis of ETEC involves adherence to the intestinal
epithelium mediated by CFs, followed by the delivery of ST and/or LT to host cells. Accessory
virulence factors have also been identified that assist pathogenesis by improving adhesion,

increasing the efficiency of toxin delivery, and compounding the toxic effect of ST and LT.
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1.3.1 Colonisation factors

Over 25 different colonisation factors (CFs) that mediate adherence to human enterocytes
have been discovered. The prevalence of each varies in different geographical regions (31). Current
nomenclature designates CFs as CS1 through CS28 (for coli surface antigen), with the exception of
the prototypical ETEC CF, which is known as CFA/I and is distinct from CS1. The structure of several
CFs has been elucidated. They are generally fimbrial in nature and are comprised of a major subunit
that polymerises in a helix to form the length of a rod-like structure, capped with a receptor binding

domain, or with receptor binding ability throughout the structure (34).

The most common CFs seen in ETEC that infects humans are CFA/I, CS1-6, and CS21 (35).
CFA/I'is the archetypal CF of class 5 fimbriae, a class of ETEC CFs made up of some of the most
common CFs, including CFA/I, CS1, CS2, CS4, CS14, CS17 and CS19 (36-38). These fimbriae are
synthesised via the alternate chaperone pathway, and their operons consist of four genes: encoding
a chaperone, a major fimbrial subunit, an usher pore protein, and a minor fimbrial subunit (38). In
most cases, the genes for these proteins are carried on a plasmid which also encodes a gene
regulator for the CF operon. The fimbriae themselves are made up of repeating major subunits
arranged in a tight, rigid helix approximately 7 nm thick, and are capped with a minor subunit, the
adhesin of the fimbriae (39). This rigid helix is able to unwind in response to shear forces, increasing
the ability of class 5 CFs to remain attached to host cells (40). The minor subunit is required for
initiation of fimbrial biosynthesis. All proteins involved in the synthesis of these fimbriae possess an
amino-terminal signal sequence for Sec-dependent translocation into the periplasm and, once there,
the chaperone protein ensures that the structural subunits do not aggregate or degrade within the
periplasm, and are instead guided to the usher for correct assembly (41). In general, it appears that
although the major subunit tends to be the primary antigenic determinant, it is the minor subunit
that actually mediates adhesion to host cells. Importantly, these class 5 fimbriae, though closely
related genetically, are antigenically distinct, and the regions of the proteins that interact with the

host are under positive selection for mutation (42).
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Unlike CFA/I, which is often expressed alone, CS1-6 are usually seen expressed in specific
combinations. CS1 and CS2 are usually produced along with the fibrillae CS3, in either a CS1+3, or
CS2+3 pattern (43). CS4, 5, and 6 exist in a similar pattern, with CS4 and CS5 usually accompanied by
CS6. Unlike CS3, CS6 is also often found expressed alone, with neither CS4 nor CS5. Structurally, CS3
is a thin and flexible fimbriae (43). CS6 is a ‘unique’ class of CF, with no significant homology to any
other known CF. CS6 has two major fimbrial subunits, present in approximately equal proportions in
the final structure, which is a flexible fibre lacking the rod-like stability of most other ETEC fimbriae

(44, 45).

CS21, along with CS8, CS9 and CS16, are type IV pili, and are synthesised in a similar way to
the type Il secretion system (46). These CFs have a more complex structure and biosynthetic
pathway, with multiple accessory proteins involved in assembly, secretion, and anchoring of the
pilus to the outer membrane. CS21 pili are over 20 um long, much longer than most ETEC fimbriae,
and CS21 is also known as ‘longus’ for ‘long pilus’. CS21 is commonly produced by a variety of ETEC

serogroups, often in combination with other CFs, especially CFA/I and CS6 (47).

Immunity to each of these CFs develops naturally, and by adulthood most people who live in
regions where ETEC is endemic are protected from ETEC utilising the CFs that they have regularly
encountered throughout their lives. However, this immunity is rarely cross-protective, and this has
been a major stumbling block in the development of a comprehensive vaccine against ETEC.
Additionally, more and more CFs are being discovered, and in some epidemiological studies up to
half of the diarrhoeagenic ETEC strains analysed express an unknown CF (27, 35). This means that
any vaccine developed against the currently described CFs will still fail to protect against many

strains of ETEC.

19



1.3.2 Enterotoxins
Clinical isolates of ETEC may produce ST-only, LT-only, or both ST and LT. The relative
frequencies of different toxin profiles varies worldwide and in different studies, but both toxins are

important virulence factors in human disease (31, 48).

Two forms of ST exist. These are STh, a 19 amino-acid peptide first isolated in humans, and
STp, an 18 amino-acid peptide first isolated in pigs, but also pathogenic for humans (49, 50). 14
amino-acids are identical between STp and STh, and the toxins are antigenically and functionally
similar (51). Both mimic the endogenous hormone guanylin to activate guanylate cyclase in intestinal
epithelial cells (52). This leads to an increase in cyclic GMP in the enterocytes, which activates ion
channels, most importantly the cystic fibrosis transmembrane conductance regulator, causing a net
loss of chloride ions from the cells (53). Water osmotically follows this ion gradient into the lumen of
the gut, leading to watery diarrhoea. One important difference between ST and guanylin is the
presence of an extra cysteine pair in ST; guanylin has only two disulphide bridges while ST has three
(54). This third bond appears to lock the ST peptide into a conformation that activates guanylate
cyclase irreversibly. By contrast, guanylin allows guanylate cyclase to switch between active and

inactive conformations (55).

LT is very similar to cholera toxin in structure, function and antigenicity (56). It is an ABs
toxin, made up of one active subunit (LT-A) residing atop a ring of 5 identical binding subunits (LT-B)
(figure 1.1) (57, 58). The B subunits bind GM1 ganglioside and allow the A subunit entry into the cell,
where it activates adenylate cyclase to induce cyclic AMP (cAMP) production (60). As with ST, this
causes a net secretion of ions from intestinal epithelial cells. This is followed by water loss, in the

form of diarrhoea.
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Figure 1.1. The structures of the heat-labile and heat-stable toxins
A) Structure of the heat-stable toxin. Figure from Taxt et. al. 2010 (58). B) A ribbon diagram of
heat-labile toxin, with the A subunit (depicted in blue), and five identical B subunits. Figure from

Mudrak and Kuehn, 2010 (59).
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1.3.3 Accessory virulence factors
Despite the clear evidence of the requirement for CFs and enterotoxin for ETEC virulence,
other virulence factors have also been proposed. These are proteins that contribute to the virulence

of some strains of ETEC, but are not encoded by every member of the pathotype.

1.3.3.1 Adhesins

Tia is a 25 kDa non-fimbrial adhesin discovered in ETEC strain H10407 and shown in vitro to
allow E. coli to adhere to and invade some strains of cultured human intestinal epithelial cells (61-
63). The importance of Tia in ETEC pathogenesis has not been fully investigated, and traditionally
ETEC has never been seen to invade cells in vivo. However, Tia may contribute to virulence as a non-

fimbrial adhesin.

The tibCADB gene cluster was also discovered in H10407, and is also able to promote
invasion of intestinal epithelial cells by ETEC (61, 64). TibA is a 104 kDa auto-transporter which is
glycosylated by TibC, and which, aside from invasion, also mediates adhesion, and can self-associate
to mediate cell aggregation and biofilm formation (64-67). TibB contains a LuxR-like DNA-binding
domain, and, along with TibD, is expected to be involved in the transcriptional regulation of the
tibCA genes (68). Transcription of the tibDB genes themselves is stimulated by the cAMP receptor

protein (CRP) (68).

The etpBAC operon encodes a secreted adhesin, EtpA, which is glycosylated by EtpC and
leaves the cell via the membrane pore EtpB (69). After secretion, EtpA binds to intestinal epithelial
cells, and anchors ETEC to the host cell surface through interaction with the flagella (70). EtpA binds

to a conserved region on FliC, which has been suggested as a vaccine target (71).

EaeH is a chromosomally encoded protein, homologous to intimin of EPEC, which is
upregulated upon contact with intestinal epithelial cells and aids in the adhesion of ETEC to

enterocytes (72, 73).
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Finally, TleA is recently described as a serine protease autotransporter of Enterobacteriaceae
(SPATE)-family auto-transporter, with homology to the temperature-sensitive haemagglutinin (Tsh)
found in avian E. coli (74). TleA is able to confer upon previously non-adherent E. coli the ability to
adhere to Caco-2 cells, (although a tleA deletion mutant of ETEC strain 1766a did not lose this

ability), and may also have some effect on the host immune response (74).

1.3.3.2 The EAST-1 toxin

Enteroaggregative E. coli heat-stable toxin 1 (EAST-1), encoded by the astA gene, is a toxin of
EAEC that has also been found in ETEC and other enteric pathogens (75, 76). It displays a high degree
of homology to ST, and is thought to work through the same guanylate-cyclase C activation pathway
to increase intracellular cGMP and induce the secretion of ions and water into the intestinal lumen

(75).

1.3.3.3 Other accessory virulence factors

The small intestine secretes mucins to form a physical barrier that limits the access of
bacteria to the intestinal epithelium (77). ETEC encodes proteins that allow it to penetrate this
protective mucous layer. The most common mucin secreted in the human intestine is MUC2. ETEC
accessory virulence factors EatA and YghJ are mucinases, both of which can break down MUC2. Ygh)
is also able to break down MUC3, a mucin which remains bound to intestinal cells (78-81). This
allows for more efficient delivery of LT by exposing receptors on the intestinal epithelium. YghJ is

found in commensal as well as pathogenic E. coli, but is more highly expressed in pathogens (80).

CexE is a homologue of dispersin, a virulence factor of EAEC which is involved in assisting
adhesion by the AAF/I fimbriae (32). Dispersin is secreted by EAEC through the Aat transporter, and
remains on the cell surface, reducing the aggregation of bacteria and enhancing the efficiency of
binding to host cells (82, 83). A homologue of the Aat transporter is also encoded by E. coli H10407,

immediately downstream of cexE (32).
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Finally, bacterial dynamins, LeoA and LeoBC, have been identified in E. coli H10407 (84, 85).
These proteins are involved in membrane remodelling, and in H10407 they improve the secretion of

LT, most likely through the creation of outer membrane vesicles (84, 85).

1.4 Regulation of ETEC virulence genes

Intestinal pathogens such as ETEC can sense changes to their environment, and regulate the
expression of their genes accordingly. Virulence mechanisms are energetically expensive, and are
only useful to ETEC when the bacterium is in the small intestine, the site where the enterotoxins
have the greatest effect (86). As well as the wildly changing environment encountered as they move
through the gastrointestinal tract, ETEC also have to contend with the host immune system, share
resources with other bacteria, and survive in the external environment between human hosts.
Global gene regulators are those that enact broad changes of gene expression levels across the
genome, to help E. coli respond to these challenges. Many of these also affect the expression of
virulence genes. Global regulators which have been investigated in the context of ETEC virulence are

described below.

1.4.1 H-NS: A global repressor

H-NS is a global gene silencer which binds AT-rich regions of DNA and polymerises to form
long filaments along the DNA helix, preventing the formation of RNA-polymerase and inhibiting gene
transcription (87). Genes that have been introduced to the E. coli genome by horizontal transmission
often have a lower GC-percentage than the rest of the genome, and these tend to include virulence
genes (88). Newly acquired genetic elements may be detrimental to the cell, and so H-NS and other
global repressors have evolved to control the expression of these ‘foreign’ DNA sequences (89). H-
NS silencing can be displaced by the preferential binding to DNA by gene activators (90). With H-NS
no longer occluding the RNA-polymerase binding site, transcription of the target gene can occur. The
binding of H-NS to target DNA can also be relaxed by environmental conditions, such as high

temperatures and a high salt content (91).
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H-NS repressed genes include the toxins encoded by ETEC (table 1.1). H-NS represses the
transcription of eltAB (encoding LT) and both STs encoded by ETEC strain H10407, hstA (encoding
STh) and hstB (encoding STp) (92, 93). Upon entering a human host, ETEC encounters high
temperatures (37°C) and high salt content. Both of these signals reduce the ability of H-NS to bind
DNA, resulting in increased expression of toxins once ETEC enters a human host (94). In addition, the
transcription of hns is repressed upon contact with the intestinal epithelium, thus increasing the

expression of toxins at their site of activity (95).

1.4.2 Glucose starvation

A number of studies have investigated the effects of cAMP and its receptor protein, CRP, on
ETEC virulence regulation. Glucose starvation leads to an increase of cAMP, which in turn activates
CRP, a global transcriptional messenger (96). CRP-cAMP controls the regulation of a large number of
metabolic processes within E. coli, by binding to promoter DNA to activate or repress transcription

(97).

In H10407, CRP represses the transcription of e/tAB. One study has shown that CRP may be
able to directly bind the eltAB promoter and inhibit the formation of RNA-polymerase, thus
inhibiting transcription (93), while another study suggests that CRP does not repress eltAB directly
(98). In ETEC strain E24377/A, however, CRP has been shown to either activate PeltA transcription,
or have no effect on it at all (table 1.1) (93, 95). Another study suggests that, while CRP represses the
transcription and translation of eltAB, it actually increases the secretion of functional LT, presumably
through regulation of a secretion system (99). In both ETEC strains, CRP activates transcription of
hstA, but, in H10407, CRP represses transcription of hstB (table 1.1) (93). While CRP does affect the
expression of ETEC toxin genes, this effect is inconsistent between strains. This reflects the fact that
ETEC are of a diverse genetic background, and the regulatory systems that interact with virulence

may not be identical in every ETEC isolate.
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One accessory virulence factor, the tib operon, is positively regulated by CRP binding to the

promoter sequence (68).

1.4.3 Iron starvation and IscR
IscR is a regulator that responds to iron starvation, and activates virulence processes in a

range of pathogens, including E. coli H10407 (100-103). Iron starvation is a universal challenge for
bacteria that live inside humans, and is commonly utilised as an environmental signal for pathogens
to activate virulence processes (104). Through the activity of IscR, iron starvation leads to increased
transcription of cfaABCE and etpBAC, and decreased transcription of hstA, hstB, and leoA in E. coli
H10407 (table 1.1) (103). Interestingly, while the transcription of genes encoding LT is not directly
affected, LT secretion does decrease. This is likely to be an effect of the repression of leoA, which is
known to be involved in the secretion of LT. Based on this transcription profile, IscR may be active

during the early stages of ETEC pathogenesis, to increase colonisation before the toxins are required.

1.4.4 Bile salts

Bile acids are secreted by the small intestine, and are a known environmental signal used by
intestinal pathogens (105-107). Detection of bile salts results in an upregulation of h/itAB and astA in
H10407, but has no effect on the transcription of cfaABCE, etpBAC, or hstA (table 1.1) (108). In
E24377/A, however, the addition of bile salts to growth media results in increased transcription of
etpBAC, but has no effect on the transcription of hstA, hit, or astA (table 1.1). Bile salts also
downregulate the transcription of genes encoding CS1 (cooBACD) and CS3 (cstABCD), the CFs carried

by E24377/A.

1.4.5 Preconditioned media

The intestine is home to a wide variety of microorganisms. In an attempt to simulate some
of the inter-bacterial interactions that take place in that rich environment, the effects of growing
ETEC in media that had been preconditioned by the growth of other bacteria has also been

investigated. Media that have been preconditioned with a commensal strain of E.coli, an EPEC strain,
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or Shigella boydii all increase toxin expression by ETEC strain E24377/A (table 1.1) (108).
Interestingly, preconditioned media from pathogens, but not commensal E. coli, increased CS1 and
CS3 expression in E24377/A. Quorum sensing has long been associated with bacterial virulence, and
the interruption of quorum-sensing pathways has been shown to inhibit virulence regulation in
Pseudomonas aeruginosa, Staphylococcus aureus, and Vibrio cholerae, among others (109-111). It is

not surprising, therefore, that ETEC may also respond to the presence of other intestinal bacteria.

1.5 Rns, a virulence activator of ETEC

The global regulators described above influence the expression of virulence genes as part of
a broader influence on the transcriptome of E. coli. ETEC strains also possess a regulator dedicated

to the control of virulence mechanisms; the ‘master’ virulence regulator, Rns.

Rns, encoded by the 798 bp gene rns, was first discovered as a regulator of the CFs CS1 and
CS2 (112). Since then, homologous regulators have been found to control the expression of many
CFs across the ETEC pathotype (113-118). Rns-like regulators within the ETEC pathotype include
CfaD, the activator of CFA/I, and CsvR, the activator of CS4 and CS5. These three proteins share
approximately 80% pairwise identity. CfaD and Rns are particularly similar, with only 14 out of 266
amino-acid differences between them, giving a value of 95% pairwise identity. CfaD and Rns are

functionally interchangeable, and, for clarity, | will refer to both as ‘Rns’ within this thesis (119).

1.5.1 Structure

Rns is an AraC-like regulator (112). These regulators generally coordinate one of three types
of environmental responses: changes to carbon utilisation, a stress response, or virulence
mechanisms (120). AraC-like regulators are generally around 250 to 300 amino-acids in length, and
are defined by a conserved DNA binding domain of 100 amino-acid residues, usually in the C-
terminal domain of the protein (121). This DNA binding domain contains two helix-turn-helix (HTH)
motifs, at least one of which contacts the target gene DNA. This domain also mediates the activation

of gene transcription (122). AraC-like regulators also usually contain an N-terminal domain, joined to
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the C-terminal domain by a flexible linker sequence (121). In Rns, the linker sequence is made up of
residues 100 to 104, and this flexibility is essential, most likely to allow the N- and C-terminal
domains to move relative to each-other (123, 124). Most AraC-like regulators function as dimers,
and Rns has also been reported to dimerise (125). The N-terminal domain is often involved in
dimerisation and/or effector binding, and is absent from some family members. In the case of Rns, a
putative dimerisation domain, identified on the basis of on homology to the related regulator, RegA
from Citrobacter rodentium, is on the C-terminal side of the flexible linker sequence (figure 1.2)

(126). The function of the N-terminal domain is yet to be characterised.

AraC-like virulence regulators activate the expression of their target genes at the
transcriptional level, most commonly by counteracting the negative regulation by H-NS (127). Figure
1.3 is a ribbon-diagram of the Rns protein, with the DNA binding helices highlighted in red, the

putative dimerisation domain in blue, and the flexible linker sequence in orange.

1.5.2 Mechanism of action of Rns

The primary mechanism of action of Rns and its homologues is through anti-repression of
H-NS. Rns binds preferentially to specific sites within the promoter regions of its target genes,
displacing H-NS, and allowing RNA polymerase to bind and begin transcription (128). The orientation
of the Rns binding sites are highly variable, and in some cases Rns binds downstream of the

transcription start site (TSS) (115).

Rns binds to DNA by inserting its two HTH motifs into two adjacent segments of the major
groove of the DNA strand, along one face of the helix (figure 1.4) (129). Direct contact by Rns to the
DNA has been characterised at three thymine C5-methyl groups, where one thymine is on the
reverse strand of DNA, and so is annotated as an adenine in the binding consensus sequence AN¢TAT
(129). At some target promoters, Rns is able to bind to the sequence GN¢TAT. The binding site of Rns

is highly variable, which has made the identification of novel Rns targets difficult. Figure 1.5 shows
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Figure 1.3. The structure of Rns
A ribbon diagram of Rns in yellow with the helix-turn-helix DNA binding motifs in red, the
putative dimerization domain in blue, and the flexible linker in orange. This diagram was kindly

provided by Dr. Jessica Holien at the St. Vincent’s Institute of Medical Research.
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Figure 1.4 DNA binding by Rns

Diagram depicting the binding sites of Rns to Pcoo, promoter region of the operon encoding CS1.
Thymine residues which make contact with the Rns protein are indicated with black circles. Bases
which are protected from Dnase | activity by Rns binding are specified using standard

abbreviations, and bases which are degraded are marked with diamonds. Numbering is relative
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to the transcription start site of cooB. Figure from Munson et al, 1999 (129).
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Binding site Binding sequence Reference
cfaA site | TATTTTTG TATC (116)
cfaA site Il PGTTTTTTTATC (116)
rns site | CATTATAATATC (130)
rns site Il TATTATC TITATC (130)
rns site |l GAAAAACATATC (130)
cooB site | CATTTAAATATLC (129)
cooBssite I TATTTATTTATT (129)
cexE site | PGTTTTTITATC (116)
cexE site Il TATAAAATTATC (116)
nlpA site | GAAATGTGTATC (118)
nlpA site Il CATTTTTTTATC (118)
Consensus TATTTTTTTATC

Sequence logo

ATToce AlC

Figure 1.5. Sequence alighment of experimentally determined Rns binding sites
Alignment, consensus sequence and sequence logo of Rns binding sites which have been

determined by DNase | footprinting. The AN TAT sequence which makes contact with the Rns

protein is boxed. Sites of Rns contact which have been confirmed experimentally using uracil
interference assays are underlined. Nucleotides which match the consensus sequence are shown
in colour; while mismatches are shown in grey. The consensus sequence and sequence logo were

generated using Geneious® V7.1.7 (Biomatters).
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the experimentally determined Rns binding sites, with a consensus sequence and sequence logo as

determined by Geneious 7.1.7 (Biomatters Limited).

The environmental factors that Rns detects as a signal to initiate virulence mechanisms are
not known, although elevated temperatures relieve H-NS repression of Rns target genes (131). The
master virulence regulator of C. rodentium, RegA, is a homologue of Rns, and it is activated by
bicarbonate ions (132). Rns may interact with bicarbonate in the same way, or may respond to the

presence of another factor in the small intestine.

1.5.3 Rns target genes
Rns was originally identified as an activator of CS1 and CS2, but since its discovery in 1989,
more Rns target genes with virulence functions have been discovered. As shown in table 1.2, Rns-

like proteins appear to control the expression of nearly 50% of all known ETEC CFs.

Rns binding sites have been experimentally confirmed in the promoter regions of operons
encoding CFA/I, CS1, CS17, and CS19. In each case, Rns binds to a region overlapping the -35
sequence, as well as a second site approximately 100 bp upstream of the TSS (36, 116, 128, 129). In
the case of CS4 and CS5, gene activation is by a related Rns-like regulator, CsvR. As mentioned, the
pairwise identity between Rns and CsvR is approximately 80%, and they are able to substitute for

each-other with some loss of activity (133).

Searching the genome sequence of ETEC strain H10407 for possible Rns-binding sequences
revealed the Rns activation target cexE (116). CexE is a homologue of an EAEC protein, dispersin,
which assists in fimbrial adhesion (83). In both ETEC and EAEC, this protein is encoded on the same

plasmid as the regulator, along with a secretion system, aatPABC, used for export. Rns binds two
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TABLE 1.2 Known CFs of ETEC and their method of genetic regulation

CF Activated by an Rns-like regulator  Reference
CFA/I Yes (119)
cs1 Yes (112)
cs2 Yes (112)
CS3 Yes (114)
Cs4 Yes (133)
CS5 Unknown (133)
CS6 No (114)
Cs7 Unknown

CS8 Unknown

CS10 Unknown

Cs11 Unknown

CS12 Probable! Genbank Accession no. AY009096.1
CS13 Unknown

cs14 Yes (34)
CS15 Unknown

cs17 Yes (36)
Cs18 No (134)
Cs19 Yes (36)
€S20 Yes (135)
cs21 No (136)
CS22 Unknown

cs23 No (137)
CS26 Unknown

CS27 Unknown

CS28 Unknown

' An Rns-like gene is present downstream of the operon encoding CS12
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sites upstream of cexE, one between -33 and -44 (relative to the TSS), overlapping the -35

sequence, and another between -479 and -490 (116).

Rns and related regulators also auto-activate, increasing transcription from their own
promoter (138). This mechanism results in a rapid increase of Rns concentrations in the cell as soon
as the Rns response is triggered by an environmental cofactor. One Rns binding site is presentinrns
upstream (from -220 to -233, relative to the TSS) and two downstream (+36 to +49) and (+75 to +89)

of the TSS.

An Rns-activated gene with no clear link to virulence is yiiS, which is a part of the E. coli
stress response (117, 139). YiiS upregulation by Rns is less strong than what is seen with other Rns-
regulated promotors. Potential Rns binding sites have been identified directly upstream (from -166
to-177,-194 to -205, and -264 to -276, relative to the ATG translation start site) of yiiS, suggesting

that the gene is under direct regulation.

Only one gene has been reported as being repressed by Rns. This is nlpA, the product of
which is involved in the formation of outer membrane vesicles (118, 140). One Rns binding site
overlaps the start codon of nipA, restricting transcription by RNA polymerase, and another is
between 152 and 195 bp upstream of ATG. This second binding site is not required for repression

(118).

1.5.4 AraC-like negative regulators (ANRs)

Auto-regulation allows Rns and similar regulators to quickly increase the production of
virulence factors in response to an environmental stimulus. However, this establishes a positive-
feedback loop which must eventually be curtailed. A recent study investigating AggR, an Rns
homologue of EAEC, reported the protein Aar, whose synthesis is upregulated by AggR. Aar in turn
inhibits the transcription of aggR itself (141). In this way, AggR production begins to decrease
steadily after an initial period of rapid increase. A gene with significant homology to aar is present

immediately upstream of rns in ETEC strain H10407, previously annotated as ETEC_p948 1070, and
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referred to throughout this thesis as rtr, for Rns transcriptional repressor. Rtr is able to functionally
substitute for Aar to repress aggR (141). This family of proteins is named ANRs, for AraC-like

negative regulators, and has been identified in many pathogens which carry Rns homologues.

1.5.5 Master regulators of virulence

Homologues of Rns are found in many intestinal pathogens, including AggR of
enteroaggregative E. coli (EAEC), RegA of C. rodentium, ToxT of V. cholerae, and VirF of Shigella
flexneri (142-145). Like Rns, the major mechanism of action of these regulators is through de-
repression of H-NS (90, 120). Importantly, Rns homologues are ‘master’ regulators of virulence, and
coordinate the activation of multiple virulence determinants. For example, AggR activates fimbriae
and secretion systems in EAEC, ToxT of V. cholerae activates transcription of both cholera toxin and
the toxin co-regulated pilus (TCP), and RegA of C. rodentium regulates the transcription of multiple

fimbriae, secretion systems, and other putative virulence factors (143, 146, 147).

No in-depth analysis of the Rns regulon has been performed to identify its effect on the
entire ETEC genome, or to identify other virulence genes which may be under its control. It is likely
that other Rns target genes exist, and that a thorough analysis of the Rns regulon may identify
accessory virulence factors, whether novel or previously characterised, that form part of the Rns

response.

1.6 ETEC prevention and treatment

1.6.1 Treatment of ETEC

1.6.1.1 Treatment for childhood diarrhoea

In combating ETEC disease, treatment and prevention options are limited. The primary
recommended treatment for childhood diarrhoea is rehydration with reduced osmolarity oral
rehydration solution (ORS). This therapy focuses on limiting the effect of dehydration, rather than

targeting the cause of the infection (148). ETEC causes diarrhoea by inducing the secretion of sodium
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and chloride ions into the intestinal lumen and reducing their absorption, resulting in a loss of water
down the resultant osmotic gradient. ORS is designed to replace both the water and the sodium
chloride. The third core ingredient of ORS is glucose, which stimulates the sodium-glucose co-
transporter to increase the absorption of sodium ions (148-150). Finally, citrate is added to buffer
the acidosis that often accompanies dehydration (151). The low osmolarity of ORS is intended to
counteract the osmotic pressure building in the lumen of the intestine in response to the action of

the enterotoxins (152).

Zinc is another additive to ORT that is recommended by the World Health Organisation
(WHO). 10 to 20 mg of zinc per day, for 10 to 14 days, has been consistently shown to improve
disease outcomes in diarrhoea (153-156). Zinc is important in many physiological processes,
including the maintenance of the intestinal mucosa and fluid transport, the regulation of immunity,
and the reduction of oxidative stress (157). Zinc has also been shown to inhibit ion secretion in

response to cAMP induction by LT and cholera toxin (158, 159).

1.6.1.2 The use of antimicrobial agents to treat ETEC-associated diarrhoea

While antimicrobials may in some cases be effective in reducing the duration and severity of
infectious diarrhoea, there have been calls to restrict the antimicrobial treatment of ETEC infections,
particularly for TD, over fears that this practice contributes significantly to the development and
spread of antimicrobial resistant strains, while having only minor effects on symptoms (15, 160,
161). Ciprofloxacin and rifaximin can be effective, and are popular treatment options (162-166).
ETEC resistance to ampicillin, tetracycline, and erythromycin has been high in recent studies
worldwide, but resistance to ciprofloxacin and rifaximin is currently low according to most reports
(167-175). However, some studies have detected high levels of ciprofloxacin resistance. In 2011, 16
out of 17 ETEC strains isolated from an outbreak in India were resistant to ciprofloxacin, and in an
outbreak in Iran in 2013, the rate was 37.1% of 73 E. coli isolates (170, 171). In a study comparing

isolates collected in the early 2000s to those collected in the early 1990s, there was a significant
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increase in the proportion of ETEC strains that were resistant to nalidixic acid, ciprofloxacin,
trimethoprim/sulphamethoxazole, and amoxicillin/clavulanate (176). Antimicrobial-resistant
bacteria are becoming such a threat that we are rapidly moving toward a post-antimicrobial age, and

as such, alternate methods of pathogen control are urgently required (177).

1.6.2 Vaccines targeting ETEC

One strategy to reduce the impact of ETEC disease is the development of a vaccine. Natural
immunity to ETEC develops against the CFs and O-antigen on the bacterial surface. However, these
are less than ideal vaccine targets, as ETEC belong to a wide variety of O-antigen types, and may

possess only one of an ever-increasing number of known CFs.

Vaccine development strategies generally aim to include as many different CFs as possible.
The non-toxic subunit LT-B is often used as an adjuvant, and to induce protection against LT (178).

Protection against ST does not develop naturally, and has proven difficult to induce (59).

The most extensively studied potential vaccine against ETEC is the recombinant cholera-
toxin B subunit/inactivated whole-cell (WC) vaccine (rCTB-WC). This is made up of inactivated E. coli
expressing the major CFs CFA/I and CS1-5, and recombinant cholera-toxin B (CT-B) (non-toxic)
subunit (179). This vaccine is based on the cholera vaccine, Dukoral, as CT-B may offer limited cross-
protection against LT-B of ETEC (180). Human trials found that while the rCTB-WC vaccine was safe
and immunogenic, it offered little protection against diarrhoea for travellers to regions where ETEC
is endemic (181, 182). Work is ongoing to improve this vaccine through overexpression of the

colonisation factors on vaccine strains, and the inclusion of mutated LT-B in place of CT-B (183, 184).

Live attenuated strains of ETEC, other E. coli, or other bacteria displaying CFs have also been
investigated as possible vaccines. ACE527 is a combination of three attenuated strains of ETEC,
between them expressing CFA/I, CS1 - 6, and LT-B (185, 186). This vaccine is also immunogenic, but,
as with rCTB-WC, researchers found no significant protection against ETEC-induced diarrhoea in

general (187).
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A third vaccine candidate is ST. Ruan et. al. developed, in stages, a multi-epitope fusion,
carrying antigens from CFA/I and CS1-6, and a second fusion of non-toxic mutants of both ST and LT
(188, 189). These were then combined to form a complex multi-epitope fusion antigen that elicited
antibodies able to both inhibit adherence of ETEC to Caco-2 cells, and to neutralise the effect of ST
and LT on T-84 cells (190). Despite promising results in vitro, the authors of these studies
acknowledged the limitations of this kind of vaccine. Certainly there are virulent strains of ETEC that
produce CFs other than the seven included in the fusion antigen. Additionally, it has been suggested
that anti-toxin antibodies have little effect in vivo due to the direct nature of delivery of toxins from

ETEC to the host cells, which gives little opportunity for antibodies to neutralise them (191).

Clearly, there are many challenges facing the development of an effective vaccine targeting
ETEC, and success so far is extremely limited. Alternate strategies are required to help control ETEC

disease.

1.7 Inhibition of virulence gene activation

1.7.1 Virulence inhibitors as a novel form of treatment

While the CFs of ETEC are antigenically distinct on a protein level, many share a common
mechanism of transcriptional regulation: Rns. This makes Rns an attractive single drug target that
could have a broad-range effect on virulence. Chemical inhibition of the transcriptional activation of
virulence genes has been proposed as a novel method to reduce the virulence of certain pathogens,
and has several advantages over the traditional antimicrobial treatment of bacterial infections. As a
novel intervention, resistance in the current population will be low or non-existent. Moreover, a
drug that specifically inhibits virulence gene activation would be expected to exert a lower selection
pressure on the target organism when compared to traditional antimicrobials, which target essential
cell processes. Bacteria affected by a virulence inhibitor may suffer a fitness cost when inside a host,
but are not killed outright, and those living in the external environment should remain unaffected.

As such there is low pressure for resistance to become widespread outside the host. Additionally,
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virulence inhibitors will be pathogen-specific, and so any resistance that may develop would also be

pathogen-specific, without inter-species transfer leading to widespread resistance.

Another benefit of virulence inhibitors over traditional antimicrobials is the effect that they
can have on the intestinal microbiota. The reduction in the number and variety of microorganisms in
the gut following antimicrobial exposure can lead to intestinal disease, most notably a predisposition
to Clostridium difficile infection. In addition, the repeated use of antimicrobials within an individual
can increase the incidence of resistance within their own microbiota, paving the way for highly

resistant opportunistic infections at a later date (192).

AraC-like regulators make ideal targets for inhibitors of virulence gene activation, for two
reasons. First, when involved in virulence, they tend to be global virulence gene regulators, which
activate multiple virulence genes while repressing house-keeping genes. By inhibiting the action of
the regulator, it is possible to shut down multiple virulence determinants at once, without affecting
essential cell functions. Second, AraC-like regulators are strong activators which, in many cases, are
essential for the expression of their target genes, indicating that functional inhibition of these

activators should be effective in preventing infection by bacterial pathogens (127).

However, there are also concerns which have been raised regarding the use of virulence
inhibitors. One possible unintended consequence, for example, is that, in cases where virulence
gives the bacteria a strong evolutionary advantage, virulence processes may be strengthened to
overcome the effects of an inhibitor, creating hyper-virulent strains of the pathogen (193). This risk

must be considered during the development process of any virulence inhibitor.

An additional complication of the use of virulence inhibitors is that, as a narrow-spectrum
therapy, they rely on an accurate diagnosis of the causative agent. This is not always practical,
especially in the economically disadvantaged regions where ETEC is endemic. Moreover, many

children in these regions carry multiple infectious agents (5). This means that even if accurate
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diagnostics are available, determining which pathogen or pathogens are contributing to disease is no

simple task.

The fact that virulence inhibitors do not actually kill the target pathogen also has its
drawbacks. If a virulence inhibitor reduces, for instance, toxin production, but does nothing to stop
the colonisation of the bacteria, the infection may not be cleared. In this case, pathogenesis could
resume as soon as treatment with an inhibitor is ceased. Fortunately, this is not a problem in the
case of ETEC, as Rns does indeed control expression of the CFs essential for colonisation of the small
intestine. If ETEC is successfully flushed through to the large intestine, it is no longer a functional
pathogen, as only the small intestine is susceptible to the effects of the enterotoxins (59). This

makes ETEC a particularly good candidate for treatment with a virulence inhibitor that targets Rns.

1.7.2 Existing inhibitors of Rns homologues

1.7.2.1 Inhibition of RegA by Regacin

A virulence inhibitor has been identified that targets RegA, the AraC-like global virulence
gene regulator of C. rodentium (194). C. rodentium is a natural mouse pathogen, and is commonly
used as a model organism for attaching and effacing pathogens such as EPEC (195). In C. rodentium,
RegA activates the expression of a collection of genes required for virulence in mice (143). RegA is
activated in the presence of bicarbonate ions, and controls the transcription of a variety of virulence
genes, including the LEE pathogenicity island. The RegA inhibitor, Regacin, works by blocking the
DNA binding domain of RegA, and is an effective treatment and prevention agent of C. rodentium

infection in mice when administered before, concurrently, or up to 12 hours after inoculation (194).

1.7.2.2 ToxT inhibitors

An inhibitor of virulence gene regulation has also been developed against ToxT. ToxT is an
AraC-like virulence gene regulator in V. cholerae that activates transcription of the cholera toxin and
the toxin co-regulated pilus, an adhesin. Virstatin is a small molecule which interferes with the ability

of ToxT to dimerise, negating its gene-activating ability (196, 197). It is an effective preventative in a
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mouse model of V. cholerae, and a successful treatment when administered up to 12 hours post-
infection (198). Virstatin is effective against the two most common serogroups of V cholerae that
cause the majority of disease, but there are rare strains that carry a variant ToxT that is not affected

by the inhibitor (198).

Interestingly, Virstatin also has an effect on Acinetobacter baumannii, a nosocomial
pathogen which commonly causes pneumonia and/or sepsis. A. baumannii was chosen as a potential
target of Virstatin because the type IV pilus it uses in the formation of biofilms is similar to the TCP
of V. cholerae (199). In the presence of Virstatin, A. baumannii is less motile, and shows a reduced
ability to form biofilms (200). This cross-reactivity was unexpected, as virulence inhibitors are
generally highly specific for a certain regulator. Further study is required to investigate the
mechanism of phenotype inhibition by Virstatin on A. baumannii, and to investigate the broader

significance of this cross-species reactivity.

Conjugated linoleic acid (CLA) is another inhibitor of ToxT that reduces cholera toxin
production (201). Whereas Virstatin targets the dimerisation of ToxT, an effect which leads to a
stronger repression of some promoters than others (197), CLA works through a different
mechanism, and is more broadly effective than Virstatin (202). Additionally, CLA has already been
approved as safe for use as a dietary supplement by the US Food and Drug Administration, making it

an attractive drug candidate.

1.8 Aims of this project

Rns-mediated activation of transcription has been well defined for a number of virulence
genes, but more potential targets may remain to be identified. AraC-like regulators often activate
the transcription of a wide range of gene targets, but to date, no thorough investigations into the
genome-wide effects of Rns have been performed. The first aim of this project was to use mRNA-
sequencing to reveal the entire Rns regulon in ETEC strain H10407. Further, we wished to identify

and describe an environmental signal that activates Rns. AraC-like regulators are used by bacteria to
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adapt to a changing environment, but the precise signal used by Rns to trigger the transcription of

the Rns regulon has not previously been investigated.

The second aim of this project was to identify a chemical inhibitor of Rns-mediated gene
activation. Small-molecule inhibitors are a novel type of antimicrobial which reduce the virulence of
a pathogen, rather than having a bactericidal or bacteriostatic effect. In this case, we were searching
for a chemical that would inhibit the gene-activating activity of Rns. To this end, we used two
different screening methods; a high-throughput chemical screen, and a virtual screen using

computer modelling.

The work described in this thesis improves our understanding of the Rns regulon, and
provides proof-of-concept experiments characterising an inhibitor of virulence gene activation in

ETEC.
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2 Methods

2.1 Chemical reagents

All chemical reagents were purchased from Ajax Chemicals, Sigma-Aldrich or Chem-Supply

unless otherwise specified.

2.2 Bacterial strains, media and growth conditions

2.2.1 Strains and plasmids

Bacterial strains and plasmids used in this study are listed in tables 2.1 and 2.2
respectively. Periodically, PCR was performed on E. coli H10407 to ensure that no plasmids had
been lost, using primers p52.F and p52.R, p58.F and p58.R, hlt.F and hlt.R, and hstB.F and hstU.R, to

detect plasmids p52, p58, p666, and p948, respectively (table 2.3).

2.2.2 Growth media

Strains were routinely grown in Luria-Bertani (LB) broth or agar plates. LB contains 1% (w/v)
Tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) NaCl. When the expression of CFA/I by E. coli
H10407 was desired, CFA medium was used. CFA broth contains 1% (w/v) Casamino acids, 0.15%
(w/v) yeast extract, 0.005% (w/v) MgSQ,, and 0.0005% (w/v) MnCl; (210). For the selection of lacZ
reporter transformants, minimal medium was used. Minimal medium contains 0.2 % (w/v) D-
glucose, trace amounts of thiamine [approximately 0.000001 % (w/v)], and 0.1 % (w/v) Casamino
acids. SOB and SOC media were used to grow E. coli for electroporation. SOB contains 2% (w/v)
tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM MgCl,, and 10 mM MgS0O,. SOC is SOB

containing 20 mM glucose. To make solid media, 1.2% (w/v) agar was added.

2.2.3 Culture conditions

Strains were generally grown overnight in LB broth at 37°C, with shaking aeration, or on LB
agar plates at 37°C. Where relevant, antibiotics were used at the following concentrations: ampicillin
100 pg/ml, chloramphenicol 10 pg/ml, kanamycin 20 pg/ml. Trimethoprim was used at 40 pug/ml
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Table 2.3. Oligonucleotides used in this study

Oligonucleotide Sequence® Purpose

hstA.F TTTCCCCTCTTTTAGTCAGTCAA Detection of STp

hstB.F TGCTAAACCAGTAGAGTCTTCAAAA Detection of STh

hstU.R® GCAGGATTACAACAMARTTCACAGCAG Detection of STp or STh

hit.F ACGGCGTTACTATCCTCTC Detection of LT

hit.R TGGTCTCGGTCAGATATGTG Detection of LT

p52.F GAGAGCTGAGGGAGGTTCAGG Detection of plasmid p52

p52.R CTGCAGAGGGGATTGGCTGAG Detection of plasmid p52

p58.F CGCTTTTTCCCTGGTTGCCCG Detection of plasmid p58

p58.R GGAGACAGCCGTGAGTCACG Detection of plasmid p58

rnskoF ATCAGAAAGGCCATATGTTGCATTCAGATTGAACGGAGATATA Deletionof rns
CTAAGGCTGTGTAGGCTGGAGCTGCTTC

rnskoR GAATTTTCAAGTAGTAATAACGCAGCCTTGCTCATTCTTAATTG Deletionof rns
CATTAAAATCGGTCCATATGAATATCCTCCTTAG

cfaAkoF GATGGAAGCTCAGGAGGAAATATGCATAAATTATTCTATTTAC Deletion of cfaABCE
TAAGTGTGTAGGCTGGAGCTGCTTC

cfaEkoR CGCAATAGCGCCAATATTGTTGTTATCTAGAGTGTTTGACTACT Deletion of cfaABCE
TGGTGTGGTCCATATGAATATCCTCCTTAG

pKD4Fs TGACGAGTTCTTCTGAGCGGGAC Confirmation of gene deletions

pKD4Rs TCTAGCTATCGCCATGTAAGCC Confirmation of gene deletions

cfaAseqF CAGCATTAGTGAGTGCCACAAG Confirmation of cfaABCE gene deletions

cfaEseqR AGTCGACGTAGAGATTTATTGCGACGCAAACTG Confirmation of cfaABCE gene deletions

cfaDseqF CAGACTTGTATTTCTTGAAAGAGGAG Confirmation of rns gene deletions

cfaDsegR AGCTGGTCCTGATGCATG Confirmation of rns gene deletions

a Restriction digest sequences that were used in this study are underlined. Regions complementary to pKD4

are in italics.
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Table 2.3 (cont.) Oligonucleotides used in this study

Oligonucleotide Sequence? Purpose

Pagnd3.F GGATCCGAATCTGTCCGGTCTCAG g:iz:"” of Pagn43-lacZ transcriptional
Pagnd3.R AAGCTTAGTGGTATTCACTGCCTGC fCur;e(\)trion of Pagn43-lacZ transcriptional
PetpB.G GGATCCGGCAACAGTCCGGTGACG f:seiztrion of PetpB-lacZ transcriptional
PetpB.R AAGCTTGCTCCAGCATCTGGAGAC fCur;eie(\)trion of PetpB-lacZ transcriptional
Prir.F GGATCCTTCAATCTGAATGCAACATATGGCC ?Jseiztrion of Prtr-lacZ transcriptional
Prir.R ATCTAGACTAAATCCATGTTTTTTTCTGCCAGC f:;itrim of Prtr-lacZ transcriptional
MBPRns.F GG—ET';T::;GGATTTTAAATACACTGAAGAAAAAGAAAT Generation of MBP::Rns fusion protein
MBPRns.R AAGCTTCAATTCAGTTTGCATCGCAATAAATCTC Generation of MBP::Rns fusion protein
agn43.EMSA.F AGGATCCGGAACTGGATTTTCTTCTGAACAG Amplification of Pagn43 for EMSA
agn43.EMSA.R GAAGCTTCCGGCAGGTACAAAACAGCATGG Amplification of Pagn43 for EMSA

agn43EMSAControl.F  CACACATGTCACCCTGAAACAG

agn43EMSAControl.R  GCCATCAATACTGAACTTACCGC

etpB.EMSA.F GGATCCGGCAGCAAGCCAGTAATG
etpB.EMSA.R GGATCCAGGCGAAAGAACGGTTCTG
yghJ.EMSA.F GGATCCGTGAGAACATCTATTTTCTTAC
yghJ.EMSA.R GGATCCCATTAATAACGCAAGTGAC

Amplification of agn43 coding region for
EMSA control

Amplification of agn43 coding region for
EMSA control

Amplification of PetpB for EMSA

Amplification PetpB for EMSA

Amplification of PyghJ for EMSA

Amplification of PyghJ for EMSA

2 Restriction digest sequences that were used in this study are underlined. Regions complementary to pKD4

are in italics.
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when supplementing LB, and at 12 pg/ml when added to minimal medium. 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-Gal) was used at 25 pg/ml. Long-term storage of strains

was in 67% (v/v) glycerol, 33% (v/v) LB at —80°C.

2.3 Software

2.3.1 Sequence viewing and analysis
Geneious version 7.1.7 (Biomatters) was used for all viewing and analysis of DNA and protein

sequence data, including primer design and DNA sequence data.

2.3.2 Gene database searches
Gene sequences were from databases at the National Centre for Biotechnology Information
(NCBI). These databases, and the BLAST search function used to identify homologous sequences, are

available at www.ncbi.nIm.nih.gov.

2.3.3 mRNA sequencing analysis

RNA sequencing reads were aligned to the E. coli H10407 genome using Nesoni (Victorian
Bioinformatics Consortium), and the data were analysed using the Voom/Limma software (Victorian
Bioinformatics Consortium) to detect differential gene expression (211, 212). Results were visualised

using Degust (Victorian Bioinformatics Consortium).

2.3.4 Statistical analysis

Prism Version 6.01 (Graphpad) was used for all graph plotting and statistical analysis. Results
are expressed as the mean * standard error of the mean (SEM). Student’s t-test was used to
determine the statistical significance of differences between results, and a p value < 0.05 was taken

to indicate statistical significance, unless otherwise stated.
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2.4 Polymerase chain reaction (PCR)

2.4.1 Oligonucleotides

Oligonucleotides used in this study are listed in table 2.3. All oligonucleotides were ordered

from GeneWorks Pty Ltd.

2.4.2 PCR conditions

PCR amplifications were performed using a BioRAD C1000 Thermal Cycler. For routine
detection of genes and gene deletions, GoTaq® Green Master Mix (Promega) or MyTag™ Red Mix
(Bioline) were used. To amplify DNA for cloning, Platinum® Taq HiFi (Life Technologies) or, Phusion®
High-Fidelity PCR Master Mix (New England Biolabs) were used. To amplify DNA for sequencing,
GoTag® Green Master Mix (Promega) or Phusion® High-Fidelity PCR Master Mix (New England
Biolabs) were used. Primers were used at 0.4 to 2 uM in general, or at 0.1 to 0.2 uM with Phusion®
High-Fidelity PCR Master Mix (New England Biolabs). Template DNA was plasmid DNA, H10407
gDNA, or, for colony PCR, single colonies suspended in water. In general, thermocycling conditions
were as follows: An initial denaturing step at 95°C for at least three minutes, followed by 30 or 35
cycles at 95°C for 30 seconds, an appropriate annealing temperature (specific to each primer set) for
30 - 45 seconds, and an extension period at 72°C for at least 15 seconds per 500 bp expected
product size. When using Phusion® High-Fidelity polymerase (New England Biolabs), denaturing was
performed at 98°C instead of 95°C, and the annealing time was reduced to 20 seconds. When using
Platinum® Taq HiFi (Life Technologies), the extension temperature was reduced to 68°C, and the

extension period was extended to 1 minute per kbp expected product size.

2.4.3 Addition of adenine overhangs to blunt-ended PCR products

When PCR products that were generated with blunt-ends required adenine overhangs for
cloning into some vectors, A-tailing was performed using TagPolymerase (New England Biolabs) in
Standard Taq Buffer with 4 mM dATP (New England Biolabs). Reaction tubes were held at 70°C for

30 minutes.
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2.4.4 Purification of PCR products

DNA resulting from PCR reactions were generally purified using the MinElute PCR
purification kit (QIAGEN), the Wizard SV PCR reaction clean-up kit (Promega), or the UltraClean PCR
clean-up kit (MoBio), according to the manufacturers’ instructions. PCR products that were used for
sequencing were cleaned using exoSAP-IT (USB) or the MinElute PCR purification kit (QIAGEN),

according to the manufacturers’ instructions.

2.5 DNA isolation and purification

2.5.1 Ethanol precipitation

Ethanol precipitation was used to purify and concentrate DNA. 1 volume of DNA to be
precipitated was added to 2.5 volumes of ice-cold 100% ethanol and 0.1 volumes of 3 M sodium
acetate (pH 5.2). Reactions were incubated on ice for 20 minutes, then centrifuged at room
temperature for 15 minutes. The supernatant was discarded, and the remaining pellet resuspended
in 100 ul of ice-cold 100% ethanol, incubated on ice for two minutes, and again centrifuged at room

temperature for three minutes. The supernatant was discarded, leaving a pellet of DNA.

2.5.2 Plasmid DNA extraction

Plasmid DNA was extracted and purified using the Wizard plus SV Miniprep DNA purification

kit (Promega), according to the manufacturer’s instructions.

2.5.3 Purification of DNA from agarose gel

DNA was purified from agarose gels after electrophoresis using the QlAquick gel purification

kit (QIAGEN) according to the manufacturer’s instructions.
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2.6 Enzymatic manipulations of DNA

2.6.1 Restriction enzyme digestion
Restriction enzymes (New England Biolabs or Promega) were used at 1.5 pl per 30 pl
reaction volume, to cut between 0.1 and 5 pg of DNA. The recommended buffer (New England

Biolabs or Promega) was used at 1 x concentration. Reaction tubes were held at 37°C for 2.5 hours.

2.6.2 Ligation reactions

Ligation of DNA fragments into pGEM®T-Easy (Promega) and TOPO-TA (Life Technologies)
was performed according to the manufacturer’s instructions. Ligations into other plasmids were
performed at room temperature overnight with 1 ul of T4 DNA Ligase (New England Biolabs) and 1 x

concentration T4 ligation buffer (New England Biolabs).

2.6.3 Enzymatic reaction clean-up
To purify DNA from restriction digest reactions, the MinElute reaction cleanup kit (Qiagen)

was used according to the manufacturer’s instructions.

2.7 DNA gel electrophoresis

DNA fragments were separated on 1 - 2% (w/v) agarose gels stained with 1 x SYBR Safe
(Invitrogen) in TAE buffer [0.04 M Tris-acetate, 1 mM EDTA (pH 8.0)]. DNA samples were run
alongside 100 bp or 1 kbp DNA molecular weight markers (New England Biolabs or Invitrogen) to
allow estimation of the size of DNA bands. DNA was visualised using a G-BOX gel documentation

system (Syngene) and Genesnap software.

2.8 DNA sequencing

DNA was sequenced by using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer’s instructions. Thermocycling was performed in a BioRAD
C1000 Thermal Cycler with conditions as follows: 94°C for 5 minutes, followed by 30 cycles of 94°C
for 10 seconds, 50°C for 5 seconds, and 60°C for 3 minutes. Products were cleaned either with the
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DyeEx 2.0 spin kit (QIAGEN) or by ethanol precipitation, and sequenced at the Sequencing and

Genotyping Facility, Department of Pathology, The University of Melbourne.

2.9 Bacterial growth curves

2.9.1 Standard growth curves

Bacterial growth kinetics were measured using a Pharmacia Biotech Ultrospec 3000
spectrophotometer. Overnight cultures of strains were standardised to an equal ODgoo before being
diluted 1 in 500 in LB broth and incubated at 37°C with shaking at 200 £ 20 rpm for 8 hours, with

ODeoo being measured at least once per hour until reaching a plateau.

2.9.2 Low-volume growth curves

E. coli H10407 grown as above in LB broth with potential inhibitor compounds at a
concentration of 10 uM and a final concentration of 1% (v/v) DMSO and dispensed in 1 ml volumes
into 1.5 ml capacity tubes. Triplicate cultures were incubated at 37°C, and at each timepoint, tubes
were mixed thoroughly and the ODgsoo Was measured using a Pharmacia Biotech Ultrospec 3000

spectrophotometer. Readings were taken at least once per hour until reaching a plateau.

2.10 Assays of colonisation factor production

2.10.1 Heat extraction of surface proteins

Overnight cultures of H10407 and derivatives were diluted 1:500 in CFA broth and incubated
at 37°C. The cultures were grown without shaking, but flasks were gently swirled every hour, to
avoid bacteria settling at the bottom of the flask. After reaching an ODgoo of approximately 0.6, 10 ml
of each sample were centrifuged for 10 minutes, and the pellet resuspended in 150 ul PBS. Samples
were held at 60°C for 30 minutes, with vigorous mixing every 5 minutes. Samples were then
centrifuged at 2700 x g for 10 minutes, and the supernatant was collected as the final protein

sample.
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2.10.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

16.25 pl of a heat-extracted surface protein preparation was mixed in a 25 pl reaction with
1 x NUPAGE LDS sample buffer (Life Technologies) and 1 x NUPAGE sample reducing agent (Life
Technologies) and held at 70°C for 10 min before being electrophoresed on a 12% Bis-Tris
polyacrylamide gel. Gels were run in MOPS gel running buffer with NUPAGE antioxidant (Life
technologies) in an XCell SureLock Mini-Cell electrophoresis system, at 180 V. Proteins were run
alongside a Novex® sharp pre-stained protein standard (Life Technologies). To detect protein bands,
gels were stained overnight using Kang’s colloidal stain, which contains 0.02% (w/v) Coomassie
brilliant blue G-250, 5% (w/v) aluminium sulphate 14-hydrate, 10% (v/v) ethanol, 2% (v/v)

orthophosphoric acid, and destained using 10% (v/v) ethanol and 2% (v/v) orthophosphoric acid.

2.10.3 Haemagglutination of chicken RBC

H10407 and derivatives were grown overnight at 37°C on CFA agar plates. Colonies were
swabbed from the plates and suspended in low ionic-strength media (LIM, containing 200 mM
sorbitol, 50 MM mannose and 25 mM 2-(N-morpholino)ethanesulfonic acid (MES)) to an ODgoo
absorbance reading of 4. Chicken whole blood in Alsever’s solution was diluted 1 in 5 in LIM. On
glass slides, 20 pl of suspended bacteria were mixed with 20 ul chicken blood in LIM and gently
stirred. Agglutination was judged visually after an incubation of approximately 5 minutes at room

temperature, with periodic gentle rocking.

2.11 DNA transformation

2.11.1 TSS transformation of E. coli
Chemically competent strains of E. coli were transformed using the “transformation and
storage solution” (TSS) method as described by Chung in 1989 (213) except that 50 - 70 ul TSS

enhance (100 mM KCI, 30 mM CaCl,, 50 mM MgCl,) was added to the reaction tube.
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2.11.2 Preparation of electrocompetent cells

Overnight cultures of E. coli H10407 were diluted 1 in 50 in SOB and grown at 37°C, with
shaking, to log phase. When electroporating with Kan® fragments for A-red recombinase gene
deletion, 0.2% L-arabinose was added after the first hour of growth, growth media were
supplemented with 100 pg/ml ampicillin, and incubated at 30°C. Cultures at log phase were washed
twice in ice-cold sterile water, and then once with ice-cold filter-sterilised 10% (v/v) glycerol, with
centrifugation at 4,000 x g at 4°C between washes. Cells were finally resuspended highly
concentrated in ice-cold filter-sterilised 10% (v/v) glycerol. Electrocompetent cells were used

immediately.

2.11.3 Electroporation of E. coli H10407

DNA to be transformed was added to between 40 ul and 100 pl of electrocompetent cells in
a cold electroporation cuvette and electroporated using a Micropulse electroporator (BioRAD) at
1.80 kV for 5 ms (default setting Ec1). They were then collected from the cuvette using 1 ml SOC
broth and incubated at 37°C with shaking for 1 hour. When electroporating with Kan® fragments for
A-red recombinase gene deletion, 0.2% L-arabinose was added to the SOC, and incubation was at

30°C. Transformants were plated onto selective media and incubated overnight at 37°C.

2.12 Construction of bacterial gene deletion mutants and complemented
strains

2.12.1 The A-red recombinase method of gene deletion

Deletion mutants H10407Arns and H10407 AcfaABCE were constructed using the A-red
recombinase method of gene deletion (207). In this system, the presence of pKD46 (AmpR) allows
the replacement of a target gene with linear DNA electroporated into E. coli cells, based on
homologous flanking regions. pKD46 encodes the A-Red recombinase system, containing gene

products Gam, which inhibits host cell exonucleases to disrupt the degradation of linear DNA, and
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Bet and Exo, which act to promote the recombination of homologous sequences. The system is
induced by L-arabinose, and the plasmid is temperature sensitive for convenient curing. Figure 2.1. is
a schematic diagram describing the process of constructing a cfaABCE deletion mutant of H10407.

Other gene deletions were performed using the same general method.

2.12.2 Generation of linear DNA fragments for gene deletions

A gene encoding kanamycin resistance (kan®) was used to replace genes targeted for
deletion. Oligonucleotides were designed with approximately 50 bp homologous to the gene
targeted for deletion at the 5’ end, and approximately 20 bp at the 3’ end complementary to pKD4.
These oligonucleotides were used in a PCR reaction to amplify a kanamycin resistance gene from
pKD4, yielding a linear fragment of DNA including kan®, flanked by 50 bp sequences homologous to
the gene targeted for deletion. The primer pairs rnskoF and rnskoR, or cfAkoF and cfakEkoR, were

used to generate DNA for the deletion of rns and cfaABCE, respectively (table 2.3).

2.12.3 Gene deletions

Linear DNA for gene deletion was introduced into H10407(pKD46) by electroporation. The A-
Red Recombinase system encoded on pKD46 was induced with 0.2% L-arabinose to encourage
recombination of the fragment into the H10407 genome. Deletion mutants were selected by growth
with kanamycin, and confirmed by PCR and sequencing using primer pairs pKD4Fs and CfaDseqR,
and pKD4Rs and CfaDseqF, to amplify and sequence the DNA surrounding the rns deletion, and
CfaAseqF and pKD4Rs, and pKD4Fs and CfaEseqR, to amplify and sequence the DNA surrounding the
cfaABCE deletion (figure 2.2, table 2.3). pKD46 was “cured” by growing the recipient bacteria at

37°C.

2.12.4 Complementation plasmids

To complement the rns gene deletion, H10407Arns was transformed with pRns. pRns was
provided by Dr. Ji Yang, (The University of Melbourne) and has been used in a previous publication

(208). This plasmid is a derivative of pACYC184 (New England Biolabs) which carries the gene
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cfaAkoF cfaEkoR

1. kan" PCR amplified from -_ pKD4

pKD4 using primers cfaAkoF kan®
and cfaEkoR

2. Primers included sections
homologous to cfaABCE

cfaA kan® | cfaE

(46 bp) (49 bp)

3. The gene replacement

fragment was introduced by

electroporation into l
H10407 carrying the A-red

recombinase system

4, A-red recombinase- kan® I

mediated homologous
recombination in flanking
homologies

cfaA cfaB cfaC cfaE

5. The cfaABCE operon

is interrupted by kan" *

Disrupted cfaA kan® Disrupted cfaE

Figure 2.1. Schematic diagram of the construction of a cfaABCE deletion mutant of H10407
using the A-red recombinase method of gene deletion

Primers were created with approximately 50 bp homologous to cfaA and cfaE. These primers
were used in a PCR reaction with pKD4, producing a linear fragment including the kanamycin
resistance gene flanked by regions homologous to cfaA and cfaE. This fragment was
electroporated into E. coli H10407(pKD46). The A-red recombinase system mediates homologous
recombination, replacing cfaABCE with the kanamycin resistance fragment. Mutants were
selected for by growth with kanamycin.
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430 bp 404 bp

cfaAseqF pKD4Rs pKDA4Fs cfaEseqR
—_— «— —_— «—

— ) ———

Disrupted cfaA kan® isrupted cfaE

500-

400-

Figure. 2.2. Confirmation of two colonies of H10407 AcfaABCE by using agarose gel
electrophoresis of PCR products

Primers cfaAseqF and cfaEseqgR are specific to regions of cfaA and cfaE which were not replaced
by the kanamycin insert. Primers pKD4Rs and pKD4Fs are specific to regions within the
kanamycin insert. Lanes: L, 100 bp DNA ladder; 1-2, PCR products produced using primers
cfaAseqF and pKD4Rs; 3-4, PCR products produced using primers pKD4Fs and cfaEsegR. The
bands were then sequenced to confirm that the kanamycin insert had replaced cfaABCE.
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encoding rns.

2.13 Construction of promoter-lacZ transcriptional fusions

Promoter-lacZ reporters for PyghJ and Pcfa were provided by Dr. Ji Yang (The University of
Melbourne). To construct promoter-lacZ fusion plasmids for Pagn43, PetpB and Prtr, these promoter
and Prtr.F and Prtr.R, respectively (table 2.3). PCR products were cloned into pGEM®T-Easy
(Promega) according to the manufacturer’s instructions. The resultant plasmids were transformed
into E. coli MC4100 and confirmed by PCR to contain the promoter region of interest, using the same
primers as those used to amplify the promoter region. Plasmid pMU2385 carries the coding region
of the lacZ gene downstream of a cloning site (table 2.2). Promoter regions were digested from
pGEM®T-Easy using the restriction enzymes BamHI and Hindlll or Xbal (New England Biolabs or
Promega), and ligated into pMU2385 (that had been cut with the same enzymes) to form promoter-
lacZ transcriptional fusion plasmids pMU2385::Pagn43, pMU2385::PyghJ, and pMU2385::Prtr. E. coli
MC4100 was then transformed with each promoter-lacZ fusion plasmid, as well as with either
pACYC184 or pRns, to create promoter-lacZ reporter strains. Figure 2.3 is a schematic diagram
describing the construction of pMU2385::PetpB. Other promoter-lacZ transcriptional fusions

plasmids were constructed using the same general method.

2.14 Isolation of MBP:Rns translational fusion protein

2.14.1 Construction of an MBP::Rns translational fusion protein

To construct the MBP::Rns fusion protein, the coding region of Rns, flanked by restriction
digest sequences for BamHI and Hindlll, was amplified from a preparation of pRns using primers
MBPRns.F and MBPRns.R (table 2.3). The cleaned PCR product was cloned into the commercial
vector TOPO-TA® using the TOPO®-TA Cloning kit (Life Technologies) according to the
manufacturer’s instructions. TOPO-TA was transformed into Top10 chemically competent cells (Life

Technologies, table 2.1). The presence of rns was confirmed by PCR and sequencing, and then was
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restriction digested with BamHI-HF and Hindlll, gel purified, and cloned into pMAL-c2x in-
frame with MBP, creating a fusion protein (table 2.2) (figure 2.4). The resultant plasmid, pMAL-

c2x::rns, was transformed into E. coli BL21 DE3 for protein expression.

2.14.2 Purification of MBP::Rns

E. coli strain BL21 DE3 carrying pMAL-c2X::rns was subcultured 1 in 250 in 20 ml LB and
grown at 30°C to an ODsoo of approximately 1. The media was then supplemented with 300 uM IPTG
and incubated overnight at 16°C to induce the production of MBP::Rns. These cultures were
centrifuged at 4000 x g at 4°C. All further work was performed on ice. Cells were resuspended in
Buffer A (10 mM Tris-Cl, 200 mM NaCl, 1 mM EDTA, 10 mM [(-mercaptoethanol) and sonicated to
release intracellular proteins. The suspension was centrifuged at 6700 x g at 4°C and the supernatant
collected as the protein sample containing MBP::Rns. The sample was column purified on an
amylose resin, washed multiple times with buffer A, and eluted using an elution buffer, which was
Buffer A containing with 4 mg/ml D-maltose. MBP::Rns was isolated in ten fractions and the

concentration was estimated by a Nanodrop 1000 spectrophotometer (Thermo Scientific).

2.15 mRNA sequencing

2.15.1 mRNA isolation and purification

E. coli H10407Arns(pACYC184) and H10407Arns(pACYC184::rns) were subcultured 1 in 100
into LB with 10 pug/ml chloramphenicol, with or without 45 mM bicarbonate, and incubated at 37°C
with shaking to an ODegoo of approximately 1.0. Two volumes of RNAprotect (QIAGEN) was added to
one volume of culture, and samples were incubated at room temperature for 10 minutes. They were
then centrifuged at 4000 x g for 20 minutes. RNA was extracted using the FastRNA Pro Blue Kit
(QBiogene) according to the manufacturer’s instructions, except that after the addition of
chloroform, 350 pl of the upper phase was added to 35 pl sodium acetate and 875 pl cold 100%
ethanol, and held at —20°C overnight. Samples were then centrifuged at 4000 x g for 15 minutes at

4°C. Supernatant was removed and the pellet left to air dry for approximately 45 minutes before
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being resuspended in 87.5 pl nuclease-free water. The sample was treated with 2.5 pl DNase | and
10 pl RDD buffer from the RNase-Free DNase Set (QIAGEN), and cleaned using the RNeasy MinElute
cleanup kit (QIAGEN) according to the manufacturer’s instructions, with a final elution volume of

34 pl in RNase-free water. Ribosomal RNA depletion was performed using the Ribo-Zero™ Magnetic
Kit (Gram-Negative Bacteria) (Epicentre) according to the manufacturer’s instructions. The samples
were then re-purified using the RNeasy MinElute cleanup kit (QIAGEN) with a final elution volume of
12 pl in RNase-free water. The samples were tested for residual ribosomal RNA by the Australian

Genome Research Facility (Parkville, Vic, Australia) before sequencing.

2.15.2 mRNA sequencing
RNA sequencing was performed using the Illumina Hi-seq 2000, by the Australian Genome

Research Facility (Parkville, Vic, Australia).

2.16 B-galactosidase reporter assays

2.16.1 B-galactosidase reporter assays

Overnight cultures of promoter-lacZ fusion reporter strains were diluted 1 in 50 in 5 ml fresh
LB broth in the presence of chloramphenicol and trimethoprim, with or without 45 mM bicarbonate.
Cultures were grown at 37°C with shaking, in a 10 ml test tube, to an ODego of approximately 0.6. 200
ul of these cultures were added to 800 ul Z buffer, containing the following: 60 mM Na;HPO., 40 mM
NaH,PO4, 10mM KCl, 1 mM MgSQ,, B-mercaptoethanol at a concentration of 2.7 ml per litre.
B-mercaptoethanol was added immediately before use. Cells were lysed with chloroform and 0.1%
SDS, and each tube was vigorously mixed for 20-30 seconds and allowed to equilibrate to 30°C
before beginning the assay. 200 pl of 4 mg/ml ONPG was added to each tube and the time required
for the reaction to yield a yellow colour was measured. At this point, 500 pl of 1 M sodium
carbonate was added to stop the reaction. The final Abszo and Absse absorption readings of each tube
was taken, and the level of promoter activity was measured in Miller Units using the following

equation:
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(Ab420 — 1.75XAbs550)

Miller Units = [1000x
iller Units = [ tXx vxX0De00

Where t = time in minutes and v = the volume of cells used (ml).

2.16.2 Modified B-galactosidase reporter assays

Promoter-lacZ fusion reporter strains were grown overnight in 1 ml LB in 1.5 ml tubes,
without shaking, in the presence of chloramphenicol and trimethoprim, with or without 45 mM
bicarbonate, and with test chemicals dissolved in 1% DMSO when required. Z-buffer was added to
100 or 200 pl of cultures to make a final reaction volume of 1 ml, and the assay was performed as in

section 2.16.1 above.

2.16.3 Low-volume B-galactosidase reporter assays

Promoter-lacZ fusion reporter strains were grown overnight in 200 pl LB in 1.5 ml-capacity
tubes, without shaking, in the presence of chloramphenicol and trimethoprim, with 45 mM
bicarbonate, and with test chemical dissolved 1% in DMSO when required. 800 ul Z-buffer was
added to cultures to make a final reaction volume of 1 ml, and the assay was performed as in section

2.16.1 above.

2.17 Electrophoretic mobility shift assay (EMSA)

2.17.1 Amplification of DNA fragments for EMSA

The DNA fragments agn43Control.EMSA, agn43.EMSA, etpB.EMSA and yghJ.EMSA were
generated by PCR from E. coli H10407 genomic DNA using the primer pairs agn43EMSAControl.F and
agn43EMSAControl.R; agn43.EMSA.F and agn43.EMSA.R; etpB.EMSA.F and etpB.EMSA.R; and
yghJ.EMSA.F and ygh).EMSA.R (table 2.3). The PCR products were gel purified and cloned into
pGEM®T-Easy (Promega) according to the manufacturer’s instructions, for storage and
amplification. The resultant plasmids were transformed into E. coli MC4100, and the fragments were

sequenced.
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2.17.2 EMSA

Primers agn43.EMSA.F, agn43EMSAControl.F, etpB.EMSA.F and ygh).EMSA.F were labelled
at their 5’ end using [y-32P]ATP and T4 polynucleotide kinase, before being used to amplify DNA
fragments for EMSA in a PCR reaction with the corresponding reverse primer (table 2.3). These
32p_|abelled fragments, were incubated at a concentration of approximately 3 nM with varying
amounts of MBP::Rns at 25°C for 30 mins in binding buffer [10 mM Tris HCI (pH 7.4), 100 mM KCl,
0.1 mM DTT, 0.01% Triton X-100, 1 mM EDTA, 100 pg/ml BSA, 5 ng/uL poly(dI-dC), 10% (v/v)
glycerol]. A final concentration of 40 mM bicarbonate was also included in the binding buffer.
Binding was assessed after electrophoresis on 5% native polyacrylamide gels at 4°C for 12 h, at 10
V/cm, in a buffer of 50 mM TrisCl (pH8.0), 50 mM boric acid, 1 mM MgCl2, 40 mM NaHCO3, and 6%

glycerol.

2.18 Screening for chemical compounds that inhibit the activity of Rns

2.18.1 High-throughput screening of a library of chemical compounds

Screening of the Chembridge Microformats chemical library was performed in 96-well trays.
Pcfa-lacZ reporter strains were diluted 1 in 100 in LB with chloramphenicol and trimethoprim. 100 pul
of culture was dispensed into each well of a 96-well tray. 5 pl of chemical compounds at 10 mM in
1% DMSO were dispensed into each well, for a final concentration of 500 uM. Trays were incubated
overnight at 37°C in a humidified chamber. 8 pl of 6 mg/ml lysozyme was then added to each well,
and trays were incubated at room temperature for 20 to 40 minutes before the screening assay was
performed using a FLUOstar Omega Plate Reader (BMG Labtech). The light output from each well
was measured following the addition of 25 ul of Beta-Glo® reagent (promega) (figure 2.5). Alongside
each test plate, a control plate carrying an unrelated lacZ reporter strain but the same chemical
compounds was also included to identify compounds that were broadly active, or affected the

growth of E. coli.
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Figure. 2.5. lllustration of high-throughput screening assay for an Rns inhibitor.

Two identical 96-well trays containing a different chemical compound in each well were used to culture
E. coli MC4100 carrying either a Pcfa-lacZ fusion reporter plasmid, and another plasmid encoding Rns,
or a Pmtr-lacZ fusion reporter plasmid, and another plasmid encoding TyrR. On the addition of Beta-
Glo® (Promega), light output corresponds to the presence of LacZ, and therefore to the transcription
level from the promoter being tested. Compounds which caused a decrease in Rns-activated promoter
activity, but had no effect on the control regulator, were selected for further analysis.
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2.18.2 Virtual screening of chemical compounds

All virtual screening was performed by Dr. Jessica Holien at the St Vincents Institute of
Medical Research. To establish a virtual model of Rns, HHpred was used to determine the closest
homologue of Rns with a solved crystal structure, based on the Hidden Markov Model (214, 215).
This model showed that ToxT from V. cholerae is the closest relative of Rns whose structure has
been determined. MODELLER v 9.10 was used to generate the model of Rns based on a PIR-
alignment with ToxT, which was then assessed with Procheck (216-218). Site ID (sybylx2.0) and
fred_receptor (Openeye) were used to identify pockets within the Rns structure that may be targets
for binding by chemical compounds. A library of virtual chemicals from multiple databases were
filtered using Filter 2.1.1 (Openeye) to yield approximately 4 million compounds with drug-like
qualities. Fred 3.0.1 (Openeye) was used to fit each compound into the potential binding pockets of

Rns, and the top 500 hits were analysed visually using Vida 4.3.1 (Openeye) and sybylx2.0.
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3 The Rns regulon in ETEC strain H10407

3.1 Introduction

AraC-like regulators commonly activate the transcription of a number of target genes to
regulate a coordinated response to an environmental signal. Close homologues of Rns include AggR
of enteroaggregative E. coli and RegA of C. rodentium, which both control the expression of multiple
virulence genes (143, 146). We hypothesised that Rns may have a similarly broad effect on the ETEC

genome.

Rns was originally discovered as an activator of the colonisation factors CS1 and CS2, and
later other CFs (112, 113). Investigations of the rns promoter region led to the discovery that Rns is
also an auto-activator - activating transcription from its own promoter (138). A consensus binding
sequence was proposed, and searching the E. coli H10407 genome for this sequence revealed cexE,
an Rns-activated homologue of dispersin, and also nlpA, an Rns-repressed membrane protein, which
may be involved in the formation of outer membrane vesicles (116, 118). However, as Rns binding
sites are quite diverse, it is difficult to predict Rns target genes solely by searching the genome for
consensus sequences (figure 1.5) (116, 118, 129, 130). In an attempt to overcome this obstacle,
Munson et al (117) used an MBP-Rns affinity column to isolate DNA fragments from ETEC strain

C921b-1. This led to the identification of yiiS, which is involved in the E. coli stress response (117).

Although these experimental approaches uncovered individual Rns target genes, no
comprehensive characterisation of the entire Rns regulon has been performed, and many Rns
targets may yet be undiscovered. In this chapter, | describe the use of transcriptomics to investigate

the role Rns plays in modulating gene expression by E. coli H10407.

Virulence regulators must respond to environmental signals to ensure that virulence is
activated when required. One such signal is bicarbonate ions, which are abundant in the proximal

small intestine, and which act as co-factors for virulence regulators of various intestinal
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pathogens (127). In the case of RegA from C. rodentium, binding to bicarbonate induces a change in
conformation to an active state (figure 3.1) (126). Accordingly, | also determined if bicarbonate ions

play a similar role in the activation of Rns.

3.2 Results

3.2.1 Production of CFA/I by E. coli H10407 and its derivatives

3.2.1.1 Surface proteins expressed by E. coli H10407 and its derivatives

Rns is required for the expression of the cfaABCE operon, encoding CFA/I (113). To confirm
this, surface protein expression by E. coli H10407Arns was compared with that of wild-type E. coli
H10407, E. coli H10407AcfaABCE, and E. coli H10407Arns(pRns). SDS-PAGE was performed on heat-
extracted surface proteins from these strains (figure 3.2). A band of approximately 17 kDa, which
corresponds to the expected size of CfaB, the major subunit of CFA/I, was detected in wild type E.
coli H10407 but not in E. coli H10407Arns orE. coli H10407 AcfaABCE. In the lane containing proteins
from E. coli H10407Arns(pRns), the CfaB band was far more prominent than in the proteins from
wild type E. coli H10407, suggesting that overexpression of Rns led to overexpression of CFA/I

proteins.

The 17 kDa band from proteins from wild type E. coli H10407 was excised and sequenced by
the use of mass spectroscopy at the Walter and Eliza Hall Institute for Medical Research. The results

confirmed that CfaB was the predominant protein making up this band.

3.2.1.2 Haemagglutination by E. coli H10407 and its derivatives

To investigate if a decrease in CFA/I production causes a measurable loss of cell adherence
by E. coli H10407, the ability of E. coli H10407 and its derivatives to agglutinate chicken red blood
cells (RBCs) was investigated. This phenotype has previously been shown to be mediated by CFA/I
(219). Wild-type E. coli H10407 caused haemagglutination, but this ability was absent from both E.

coli H10407AcfaABCE and E. coli H10407Arns (figure 3.3). The agglutination phenotype was restored
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Figure 3.1. Bicarbonate ions relieve auto-repression of RegA

A model of activation of RegA by bicarbonate ions. A) In the absence of bicarbonate, the N-
terminal arm of RegA occludes its DNA-binding domain, thus inhibiting its ability to activate
transcription from target promoters. B) The binding of bicarbonate ions triggers a change in the

conformation of RegA, allowing the DNA-binding domain to bind target gene sequences and

activate transcription.
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Figure 3.2. Surface protein expression by E. coli H10407 and its derivative strains

SDS-PAGE gel showing Kang’s-colloidal-stained, heat-extracted surface proteins of E. coli H10407
and its derivatives after growth in CFA medium. The band corresponding to CfaB (~17 kDa) is
indicated by an arrow. This band is present in surface proteins extracted from wild type H10407,
but missing from protein preparations of both H10407AcfaABCE and H10407Arns, and restored
and overexpressed in H10407Arns(pRns). The band excised for sequencing is indicated within a

red box.
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in E. coli H10407Arns(pRns), but not in E. coli H10407Arns carrying the empty vector plasmid,

pACYC184.

3.2.2 Effect of bicarbonate on Rns activation of the cfa promoter (PcfaA)

B-galactosidase reporter assays were performed using lacZ-fusions of the cfaA promoter, co-
transformed into E. coli MC4100 with either pRns or pACYC184. The basal level of activity of PcfaA in
the absence of Rns was 54 + 1.6 (mean + SEM) Miller units (MU). In the presence of Rns,
transcription increased more than 10-fold, to 571 £ 9 MU (figure 3.4). In the presence of Rns and 45
mM bicarbonate, promoter activity increased approximately 20-fold, to 1071 £ 25. Bicarbonate
alone had no significant effect on transcription in the absence of Rns, with promoter activity of 74 +

10 MU.

3.2.3 Differential expression of the E. coli H10407 genome in response to Rns

To measure differential gene expression in response to Rns and screen the E. coli H10407
genome for previously unidentified genes targeted by Rns, transcriptome sequencing was performed
on strains E. coli H10407Arns (pACYC184) and E. coli H10407Arns(pRns). E. coli H10407Arns(pRns)
was used in preference to wild type E. coli H10407 as the Rns-positive strain in order to magnify the

effect of Rns and thus improve the sensitivity of the screen.

Duplicate cultures E. coli H10407Arns (pACYC184) and E. coli H10407Arns(pRns) were grown
in the presence of 45 mM bicarbonate, and mRNA was isolated and sequenced. Short reads were
aligned to the E. coli H10407 genome (Genbank accession no. NC_017723.1) by the Australian
Genome Research Facility (AGRF) and the levels of gene expression in the presence and absence of

Rns were calculated.

3.2.3.1 Previously known Rns targets identified by mRNA sequencing

Known Rns targets, cfaABCE and cexE, were identified by mRNA sequencing as being

activated by Rns (table 3.1). These results also indicated that the genes for the aatPABC secretion
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Figure 3.4. Effect of bicarbonate on Rns activation of PcfaA

Results of B-galactosidase reporter assays on the activity of PcfaA in the presence or absence of
Rns and 45 mM bicarbonate. Promoter activity increased approximately 10-fold in the presence
of Rns, and approximately 20-fold in the presence of Rns and 45 mM bicarbonate. No increase in
promoter activity occurred due to bicarbonate in the absence of Rns. Error bars indicate standard

error of the mean, n=3. p value calculated using Student’s t-test.
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Table 3.1. Genes upregulated in the presence of Rns: Previously known Rns
targets

Activation

Gene Function (fold change) False discovery rate
cfaA CFA/I colonisation factor 413 5.06 E-10
cfaB " 393 2.24 E-08
cfaC " 187 3.48 E-09
cfaD " 7.1 4.26 E-06
cfaE " 50 2.83 E-08
cexE Dispersin 917 5.86 E-09
aatP ABC transporter 111 4.43 E-07
aatA " 36 2.43 E-07
aatB " 19 4.43 E-07
aatC " 9.5 9.08 E-05
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system were transcribed in an operon from the Rns-activated cexE promoter. Although
these genes were not previously known to be Rns targets, Rns activation of the cexE promoter has
been described previously (116) and was not explored further. For this experiment, rns was
provided on a plasmid and was transcribed from a constitutively active promoter. Accordingly, we

did not analyse the expression of rns itself.

Previous studies have identified two other chromosomal genes as being regulated by Rns.
These are yiiS (annotated as ETEC_4191), involved in the sigma factor of stress response of E. coli,
which was activated approximately 2-fold by Rns, and nlpA (ETEC_3954), involved in the formation
of outer membrane vesicles, reported as being repressed by Rns and its homologues (117, 118, 139,
140). In our mRNA sequencing experiments, no significant difference in the transcription of these
genes was seen in response to Rns, and expression of these genes was generally low. For yiiS,
transcription was at a rate of 75 + 7.21 reads per million in the absence of Rns, and 89.95 + 47.16
reads per million in the presence of Rns, and n/pA transcription was 10.65 *+ 1.48 reads per million in

the absence of Rns and 9.15 + 2.33 reads per millions in the presence of Rns (table 3.2).

3.2.3.2 Previously unknown Rns-activated genes identified through mRNA sequencing
mMRNA sequencing identified 14 genes that were activated at least four-fold in the presence
of Rns and had not previously been described as being Rns-activated (table 3.3). This included 5
putative virulence factors. The cut-off value of four-fold was chosen to allow us to focus on the most
significant changes, and we screened for RNA-sequencing results with a false discovery rate (FDR) of
0.01 or lower. The FDR is an adjusted p-value which reduces the rate of false-positives when
analysing large data sets. It is calculated by analysing the distribution of p-values to estimate what

proportion of significant results are likely to be false.

The putative virulence factors identified were: two copies of an Rns transcriptional
repressor, ETEC_p948 0450 and ETEC_p948_ 1070 (hereafter referred to as rtr2 and rtr,

respectively), two copies of a gene encoding Antigen 43, annotated agn43 and flu, and etpBAC,
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Table 3.2. mRNA sequencing shows no differential expression of nlpA and yii$ in the presence of Rns

Annotation Gene False discovery Fold-change in Reads per million in Reads per million in

in Genbank rate response to Rns the absence of Rns the presence of Rns
(mean £ SD) (mean £ SD)

ETEC_4191 yiiS 0.55 1.46 75+7.21 89.95+47.16

ETEC_3954 nlipA 0.89 -1.09 10.65+1.48 9.15+2.33
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Table 3.3 Genes upregulated in the presence of Rns: Previously unknown Rns targets

Activation

Gene Function (fold change) False discovery rate
ETEC_p948_0450 (rtr2) Rns transcriptional repressor 124 1.40 E-04
ETEC_p948_1070 (rtr) " 110 3.49 E-08
agn43 Antigen 43 21 3.60 E-08
flu " 7.8 1.13 E-06
ETEC_3214 Unknown 18 1.12 E-07
ETEC_p948_ 1060 ISSfl4 transposase 13 3.60 E-07
ETEC p948 0010 IS66-family transposase 4.5 1.22 E-03
traM Plasmid mobilisation 9.8 1.14 E-04
cstA Putative carbon starvation protein 6.6 1.36 E-04
etpB EtpA adhesin 6.0 4.09 E-05
etpA " 4.4 6.03 E-04
etpC " 51 1.53 E-04
ompC Outer membrane protein 5.8 7.26 E-05
ETEC_0521 Adenine phosphoribosyltransferase 4.2 7.93 E-03
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which encode a secreted adhesin.

During this work, a paper was published describing the activity of YghJ, a protein which
assists in ETEC adhesion by degrading host intestinal mucins, thus improving the delivery of LT to
host cells (80). The authors of this reported that while non-pathogenic E. coli also express Yghl,
pathogenic strains typically produce it in greater amounts. This led me to consider whether Rns
could be the mechanism behind this over-production. Accordingly, | also investigated yghJ as a
potential Rns target using B-galactosidase reporter assays and electrophoretic mobility shift assays

(EMSA).

Antigen 43 is a surface protein which is present in both commensal and pathogenic strains of
E. coli, and is encoded by duplicate genes, agn43 and flu, on the chromosome of E. coli H10407. Both
copies were upregulated (21- and 7.8-fold, respectively) in the samples containing Rns. For the
experiments detailed in sections 3.2.6, 3.2.9, and 3.2.10, | focused on agn43, which was more highly

activated in the presence of Rns than flu.

In the case of the Rns transcriptional repressors, both rtr and rtr2 were activated more than
100-fold in the presence of Rns. These genes are part of a duplicated section of the plasmid p948,
consisting of rtr and rns (figure 3.5). A non-functional copy of the gene encoding Rns, rns2 is located
immediately downstream of the cfaABCE operon. It has 93% pairwise identity with rns, but contains
multiple stop codons. The functional rns gene is located elsewhere on the same plasmid (figure 3.5).
For the purposes of this study, | chose to focus on rtr, rather than rtr2, because it is encoded
alongside the functional copy of rns. rtr and rtr2 share 92.4% pairwise identity at the nucleotide
level (183 of 198 base pairs are identical), and the proteins they encode share 87.7% identity (57 of

65 amino acids are identical).

Due to their putative or confirmed role in pathogenesis, the three newly discovered Rns
targets, agn43, rtr, and etpBAC, were selected for further investigation using B-galactosidase

reporter assays and EMSA, as discussed below.
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Figure 3.5. Duplication of genes rns and rtr in plasmid p948

A) Diagram of the cfaABCE, rns and rtr genes encoded on p948. A DNA sequence of
approximately 1.5 kbp, including rns and rtr, is duplicated, with one copy immediately
downstream of cfaABCE and one elsewhere on the plasmid. The copy of rns (rns2), situated

immediately downstream of cfaABCE, contains multiple stop codons.
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Figure 3.5 (cont.). Duplication of genes rns and rtr in plasmid p948

between the two sequences are boxed.

B) DNA and protein sequence alignment of rtr and rtr2. Base pairs that are not identical
between the two sequences are marked with an asterisk, and are listed in the consensus

sequence using the IUPAC nucleotide ambiguity codes. Amino acids that are not identical
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Other newly identified Rns target genes included a gene of unknown function annotated as
ETEC 3214, multiple transposases on p948, traM, cstA, ompC, and a protein resembling an adenine

phosphoribosyltransferase (table 3.3).

The upstream DNA regions of these putative targets were searched for potential Rns-binding
sites using a ‘tolerant’ consensus sequence generated from 11 experimentally confirmed Rns binding
sites. This sequence incorporated every nucleotide occurring in each of the known Rns binding sites
into a single sequence using the IUPAC nucleotide ambiguity code. That sequence was
“BRWWWDHDTATY”. This is the same sequence proposed by Pilonieta et. al., 2007 (116). Numbering
from the ATG start codon of each gene, potential Rns binding sites were found 136 base pairs (bp)
upstream of ETEC_3214; 297 bp upstream of ETEC_p948_1060; 374 bp upstream of traM;, and 227

bp and 259 bp upstream of ompC (figure 3.6).

3.2.3.3 Previously unknown Rns repressed genes identified through mRNA sequencing

Ten genes were downregulated at least four-fold in the presence of Rns (table 3.4). Five of
these are genes involved in chemotaxis and the synthesis of flagella (tap, tar, cheA, flgA, and fliC),
suggesting a cessation of bacterial motility of the bacteria as they enter the host and adhere to the
intestinal epithelium. Two hypothetical genes, ETEC_1274 and ETEC_1275, also showed significantly
lower expression in the presence of Rns. A BLASTn search of the NCBI database found that
ETEC 1274 has homologues throughout the Enterobacteriaceae, but none encode a protein with a
known function. ETEC_1275 encodes a 114 amino acid protein with homology to an OmpA
membrane domain, and includes a glycine zipper, suggesting that it exists as an oligomer in the
membrane (220). Other repressed genes include those encoding the inner membrane protein, YhaO,
which is conserved throughout the Enterobacteriaceae, L-asparaginase I, and a ferredoxin-type

protein.

The upstream regions of each of these genes were searched for potential Rns binding sites,

using the same sequence indicated above. Numbering from the ATG start codon of each gene,
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Figure 3.6. Potential Rns binding sites: genes upregulated in the presence of Rns

Diagrams depicting potential Rns binding sites in the regulatory region of genes which were
upregulated in the presence of Rns. The sequences matching the Rns consensus binding
sequence are listed inside an arrow depicting the direction of the binding site. The distance in
base pairs (bp) between the potential binding site and the start of the coding region of each
gene is shown. The A/G and TAT nucleotides which makes contact with the Rns protein is

depicted in boldface type. Figures shown are not to scale.
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Table 3.4. Genes downregulated in the presence of Rns: Previously unknown Rns targets

Gene Function (:) Tg:;s:ri‘(;r;) False discovery rate
tap Methyl-accepting chemotaxis protein IV 7.1 3.41E-4
tar Methyl-accepting chemotaxis protein I 6.0 6.72 E-5
cheA Chemotaxis sensor kinase protein 5.4 8.30E-5
flgA Flagellar basal body P-ring protein 5.8 5.26 E-5
flic Flagellin 5.2 6.52 E-5
yhaO Inner membrane transport 5.5 9.26 E-4
ETEC_3147 L-asparaginase Il 4.8 596 E-3
ETEC 1274 Unknown 4.6 2.03E-3
ETEC 1275 Unknown (membrane associated) 4.5 3.81E-3
ETEC_2342 Ferredoxin-type protein 4.1 5.01E-3
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potential Rns binding sites were found 142 bp upstream of ETEC_3147; 447 bp upstream of
ETEC_1275; and 201, 205 (two overlapping sequences) and 344 bp upstream of ETEC_2342 (figure

3.7).

Because my focus was the activation of virulence mechanisms, these findings were not
explored further. In future, promoter-lacZ fusions may clarify whether the repression seen here is

due to the direct action of Rns, or if it is a downstream effect.

3.2.4 Investigation of previously unidentified Rns target promoters

For any gene that is more highly expressed in the presence of Rns, transcriptional activation
may be due to Rns acting on the promoter region directly, or increased expression may be a
downstream effect of Rns-mediated action on other genes. To determine if Rns acts directly on the
promoter regions of newly discovered Rns targets, lacZ fusions were created using the promoter

regions of agn43, rtr, etpB, and yghJ (see methods section 2.13).

3.2.5 Direct activation of the rtr promoter (Prtr) by Rns

Direct Rns activation of Prtr was measured by using -galactosidase reporter assays (figure
3.8). A lacZ fusion was constructed using the DNA sequence from 427 bp upstream to 73 bp
downstream of the ATG start codon of rtr. Promoter activity increased from 1.8 + 1.2 (mean * SEM,
n 26) MU in the absence of both Rns and 45 mM bicarbonate to 846 + 81 MU in the presence of Rns
(p < 0.0001 compared to in the absence of Rns), and to 1430 + 103 MU in the presence of both Rns
and bicarbonate (p < 0.0001 compared to in the absence of Rns). This represents activation of
approximately 400-fold in response to Rns alone and approximately 700-fold in response to Rns plus
bicarbonate. Promoter activity in the presence of both Rns and bicarbonate was approximately 600-
fold higher than in the presence of bicarbonate alone. There was no significant increase in promoter

activity in response to bicarbonate in the absence of Rns (2.3 + 2.0 MU, p=0.83).
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Figure 3.7. Potential Rns binding sites: genes downregulated in the presence of Rns

Diagrams depicting potential Rns binding sites in the regulatory region of genes which are
repressed in the presence of Rns. The sequences matching the Rns consensus binding sequence
are listed inside an arrow depicted the direction of the binding site. The distance in base pairs
(bp) between the potential binding site and the start of the coding region of each gene is shown.
The A/G and TAT nucleotides which makes contact with the Rns protein is depicted in boldface

type. Figures shown are not to scale.
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Figure 3.8. Activation of Prtr by Rns

Results of B-galactosidase reporter assays on the activity of Prtr in response to Rns, in the
presence or absence of 45 mM bicarbonate. Prtr activity increased approximately 400-fold in the
presence of Rns, and approximately 700-fold in the presence of Rns plus 45 mM bicarbonate. No
increase in promoter activity was mediated by bicarbonate in the absence of Rns. Error bars

indicate standard error of the mean, n26. p values were calculated using Student’s t-test.
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3.2.6 The activity of the agn43 promoter (Pagn43) in E. coli strains MC4100 and JW3933-3
The activity of Pagn43 was measured by using a 3-galactosidase reporter assay (figure 3.9).
A lacZ fusion was constructed using the DNA sequence from 287 bp upstream to 703 bp downstream
of the TSS of Pagn43. No changes in expression levels from the agn43 promoter were detected in
the presence of Rns, even when 45 mM bicarbonate was also present (figure 3.9). Moreover,
expression was low under all conditions: 12 £ 2.6 MU in the absence of both Rns and bicarbonate, 18
+ 1.2 in the presence of Rns, 25 + 1.6 in the presence of bicarbonate only, and 22 + 1.9 in the
presence of both Rns and bicarbonate. Pagn43 is known to be phase-variable, and the low levels of
transcription indicated that the promoter may not have been active in these experiments. To
determine if Rns had an effect on the agn43 promoter when it was in a ‘switched-on’ state, we
transformed the Pagn43-lacZ fusion reporter plasmid into E. coli strain JW3933-3 (table 2.1). This
strain is a AoxyR mutant E. coli, in which agn43 is phase-locked ‘on’. In this background, transcription
from Pagn43 was high, confirming that the reporter construct included a functional promoter.
However, there was no change in promoter activity in the presence or absence of Rns (data not

shown).

3.2.7 Direct activation of the etpB promoter (PetpB) by Rns

Direct Rns activation of PetpB was measured by using a B-galactosidase reporter assay
(figure 3.10). A lacZ fusion was constructed using the DNA sequence from 947 bp upstream to 76 bp
downstream of the ATG start codon of etpB. Promoter activity increased from 50 + 5.2 MU in the
absence of both Rns and 45 mM bicarbonate to 1831 + 170 MU in the presence of Rns (p < 0.0001),
and to 2853 + 344 MU in the presence of both Rns and bicarbonate (p < 0.0001). This represents an
activation of approximately 30-fold in response to Rns alone, and 60-fold in response to Rns and
bicarbonate. The 30-fold increase in response to Rns was also seen when comparing promoter
activity in the presence of bicarbonate alone (104 + 18 MU) to promoter activity in the presence of
both Rns and bicarbonate (p < 0.0001). A 2-fold increase in promoter activity was detected in

response to bicarbonate in the absence of Rns (p = 0.02).

91



50

~ 401
2
2
£ 30+
C [ ]
> —— .
2 90- . . ° —+—
= : —— .
—
—_— [ ]
104 =
[ ]
[ ]
0 L] L] L] L]
Rns - + - +
45 mM bicarbonate - - + +
Promoter activity in MU (mean + SEM) 12+2.6 18+1.2 25+1.6 22+1.9

Figure 3.9. Examination of the activation of Pagn43 by Rns

Results of B-galactosidase reporter assays on the activity of Pagn43 in response to Rns, in the
presence or absence of 45 mM bicarbonate. No significant change in promoter activity was
detected in the presence of Rns and 45 mM bicarbonate. Error bars indicate standard error of

the mean, n>3.
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Results of B-galactosidase reporter assays on the activity of PetpB in response to Rns, in the

presence or absence of 45 mM bicarbonate. PetpB activity increased approximately 30-fold in

the presence of Rns, and approximately 60-fold in the presence of Rns plus 45 mM bicarbonate.

Error bars indicate standard error of the mean, n26. p values are calculated using Student’s t-

test.
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3.2.8 Direct activation of the yghJ promoter (PyghJ) by Rns and bicarbonate

Direct Rns activation of PyghJ was measured by using a 3-galactosidase reporter assay
(figure 3.11). A lacZ fusion was constructed using the DNA sequence from 321 bp upstream to 301
bp downstream of the TSS of yghJ. Activity from PyghJ in the absence of both Rns and 45 mM
bicarbonate was 120 + 12 MU. The presence of Rns increased promoter activity 2-fold, to 244 + 10
MU (p = 0.01). In the presence of Rns and bicarbonate, promoter activity increased 3-fold, to 368 +
24 MU (p =< 0.0001). Bicarbonate alone increased promoter activity approximately 1.5-fold to 192 +
23 (p < 0.0001). This 1.5-fold increase in response to bicarbonate was also seen when comparing
promoter activity in the presence of Rns and bicarbonate to the promoter activity in response to
Rns-only (p < 0.0001). Promoter activity in the presence of both Rns and bicarbonate was 2-fold

higher than in the presence of bicarbonate alone (p = 0.0003).

3.2.9 Amplification of promoter regions for EMSA

To determine if Rns binds to the promoter regions of agn43, etpB, and yghJ, EMSA were
performed. Regions of approximately 300 bp were chosen to evaluate Rns binding to the promoter
region of target genes. We preferentially selected upstream regions with high AT content, especially
those which include potential Rns binding sites. In figure 3.12, primer binding sites are marked on
the gene sequence, along with the start of the coding region of each gene, and, when known, the

TSS.

3.2.10 Binding of Rns to Pagn43

Despite the fact that there was no change in the promoter activity of Pagn43 in response to
Rns in E. coli strains MC4100 and JW3933-3, it remained possible that Rns does play a role in agn43
regulation in ETEC strain H10407. To investigate this possibility, EMSA was performed to evaluate
the ability of MBP::Rns to bind to the promoter region of agn43 (figure 3.13). MBP::Rns did not bind
Pagn43, (139 upstream to 199 downstream of the TSS) at concentrations up to 400 nM. This inability

to bind the promoter region of agn43 provided further evidence that agn43 is not a direct target of
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Figure 3.11. Activation of PyghJ by Rns and bicarbonate

Results of B-galactosidase reporter assays on the activity of PyghJin response to Rns, in the
presence or absence of 45 mM bicarbonate. In response to the presence of both Rns plus 45 mM
bicarbonate, promoter activity increased approximately 3-fold. The presence of bicarbonate
alone led to an approximately 1.5-fold increase in promoter activity. In the presence of
bicarbonate, the addition of Rns increased promoter activity approximately 2-fold. Error bars

indicate standard error of the mean, n>8. p values were calculated using Student’s t-test.
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Rns activation.

3.2.11 Binding of Rns to PetpB

EMSA was performed to evaluate the ability of Rns to bind to the DNA sequence from
252 bp upstream to 38 bp downstream of the ATG start codon of etpB. The assay showed that
MBP::Rns specifically bound to PetpB at concentrations as low as 25 nM, with secondary bands
appearing at concentrations of 50 nM and above (figure 3.14). A control region of DNA taken from a
sequence internal to the coding region of agn43 was not bound by MBP::Rns at concentrations up to
200 nM. A search of the etpB promoter region for an Rns binding sequence identified two potential
binding sites, with the sequence “GATATTAATATT” 152 bp upstream of ATG, and “TGAAATAATATT”

112 bp upstream of ATG (figure 3.15).

3.2.12 Binding of Rns to PyghJ

EMSA was also used to evaluate the ability of MBP::Rns to bind to the DNA sequence from
144 bp upstream to 232 bp downstream of the TSS of yghJ (figure 3.16). Faint, incomplete binding of
MBP::Rns to PyghJ was visible at concentrations of 25 nM and above, consistent with the -
galactosidase results which indicated a low-level activation of this promoter. Searching the promoter
region for consensus Rns binding sites found no exact matches to the preferred Rns binding
sequence of “BRWWWDHDTATY”, but many AT-rich areas including the minimum consensus
sequence RN¢TAT. Within the region upstream of yghJ, the CG content is approximately 30% (figure

3.17).

3.3 Discussion

3.3.1 Virulence gene regulation by ETEC
Like all living things, bacteria must be able to detect and respond to their environment.

Intestinal pathogens such as ETEC are exposed to many different environments: inside the host in
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Figure 3.17. The GC content of the yghJ promoter region
Graph depicting the GC content of the yghJ promoter region. The GC content was calculated
using Geneious® V7.1.7, with a sliding window size of 25 bp, and remains below 50% for 500 bp

upstream of the ATG start site of yghJ.
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the stomach and intestines, as well as outside the host, in waste systems, food, water etc. Virulence

mechanisms of ETEC are required only when the bacterium is in the proximal small intestine, the site

where the enterotoxins exert the strongest effect (86). ETEC must be able to detect when it enters

the small intestine, and regulate its virulence genes to ensure they are transcribed when their

products are most needed. Rns is an AraC-like regulator that activates virulence genes of ETEC,

predominantly by de-repression of H-NS.

H-NS is a global gene silencer that forms filaments along AT-rich regions of DNA and
prevents the binding of RNA-polymerase to inhibit gene transcription (87). H-NS can be displaced by
the preferential binding of virulence activators, such as Rns, to allow transcription of target genes. In

this way, Rns activates virulence gene transcription.

Previous studies have shown that Rns activates the transcription of many CFs, as well as the
gene for a dispersin-like protein, cexE (116). Using mRNA-sequencing, | identified 36 genes as being
significantly transcriptionally altered in the presence of Rns. Four of the upregulated genes, those
that related to virulence, were chosen for further investigation into the nature of this activation. For
the others, the upstream regulatory region was screened in silico for potential Rns binding sites.
Overall, the true response of E. coli H10407 to Rns included the upregulation of multiple virulence

genes, and the downregulation of several genes involved in motility and chemotaxis.

3.3.2 Investigation of the Rns regulon

3.3.2.1 mRNA-sequencing

Previous investigations into the Rns regulon have been limited to studying a handful of
genes at once, using in silico screening, lacZ fusion constructs, or DNA binding studies to identify
novel targets (112, 116-118). In this chapter, | describe the use of mMRNA sequencing to examine the
entire transcriptome of E. coli H10407 and compare it to that of an rns deletion mutant, E. coli

H10407Arns. Prior to the widespread use of mRNA-sequencing, the standard technique for
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guantification of transcription was microarray analysis. Compared to microarray, mRNA-sequencing
can quantify over a broader range and provides more complete coverage of the genome. The
dynamic range of RNA sequence data covers up to 5 orders of magnitude, compared to microarray
which can only discern approximately a hundred-fold change between the lower and upper limits of

quantification (221).

Data analysis is the major obstacle to overcome with mRNA-sequencing technology. A
number of software programs have been developed to deal with the large amount of data generated
from transcriptome studies, and the techniques originally developed to analyse microarray data
have had to be modified to interpret mRNA-sequencing results. For this study, data analysis software

Voom and Limma, created by the Victorian Bioinformatics Consortium, were used.

3.3.2.2 Choice of experimental strains

In my mRNA-sequencing experiments, | compared transcripts from E. coli
H10407Arns(pACYC184) to those from E. coli H10407Arns(pRns), rather than the wild type E. coli
H10407. E. coli H10407Arns(pRns) expresses Rns from a constitutively active promoter on a plasmid
with a copy number of approximately 12. This ensured a production of sufficient Rns to mildly
amplify its effects and ensure that we identified as many Rns targets as possible. To stimulate Rns
activity, strains were grown at 37°C, with 45 mM bicarbonate added to growth media. However,
there are likely to be many other environmental signals which affect the Rns virulence response, and
incubation in culture media in a laboratory environment does not closely mimic a human small
intestine. A mild over-expression of Rns on pACYC184 may compensate for some of that loss of

signal.

Since we altered the expression of rns for the sake of the experiment, our mRNA-sequencing
results could not be used to analyse the auto-activation of rns. The deletion and trans-
complementation of rns did not include any modification of the coding or promoter region of rtr,

and so the expression of this gene should be unaffected.
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3.3.3 Gene activation by Rns

3.3.3.1 CFA/l-mediated haemagglutination by an Rns mutant

CFA/I was the second CF to be identified as being transcriptionally activated by Rns (113).
Production of CFs is the major reason we consider Rns to be a good drug target, as CFs are essential
virulence factors of ETEC. As such, we needed to demonstrate that inhibiting the activity of Rns is
sufficient to eradicate the binding phenotype of a CF. CFA/I is able to agglutinate chicken RBCs (219).
The E. coli H10407 deletion mutant, H10407Arns, completely lost the ability to haemagglutinate, as
did E. coli H10407AcfaABCE (figure 3.3). This, combined with surface protein analysis showing a
strong reduction in CfaB expression in E. coli H10407Arns (figure 3.2), shows that the sharp
reduction in the transcription of cfaABCE in the absence of Rns does indeed translate to the loss of a

CFA/I-mediated phenotype, and validates Rns as a drug target.

3.3.3.2 The ANR family of negative regulators

A recent study into the regulon of Rns homologue AggR by Santiago et al (141) investigated a
small coding region divergently transcribed from aggR that they dubbed ‘aar’ for AggR-activated
regulator (141). This gene is transcriptionally activated by AggR and the protein it encodes inhibits
AggR transcription. Santiago et al hypothesised that Aar acts as a time-delayed negative feedback
system which curtails the AggR response once the production of Aar reaches a tipping point, which
in their gene expression experiments was approximately 4 hours after the beginning of the AggR
response. They found many homologues of Aar throughout Enterobacteriaceae, particularly in
various pathotypes of E. coli. They called this family of proteins ‘ANR’ for AraC-like negative

regulators.

The self-activating nature of Rns-like regulators allows for a rapid and intense response to
environmental stimuli, but this positive feedback loop must, at some point, be halted. Santiago et al
proposed a model wherein the expression of an ANR is closely linked to the expression of a cognate

activator in a way which ensures that both are transcribed simultaneously to allow the virulence
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response to be stopped after a set time, and give the bacteria a chance to detach from the intestinal

epithelium.

Two ANR-family proteins are present in the H10407 genome. These are rtr and rtr2, which
are present in plasmid p948 along with rns (figure 3.5). In my mRNA-sequencing experiments, both
were upregulated more than 100 fold. The genes rns and rtr are only 197 bp apart, and are
divergently transcribed, sharing a promoter region. Two Rns binding sites have been previously
confirmed in this region through DNase | footprinting and uracil interference assays during

investigations of the rns promoter (130), and | did not repeat these experiments.

The amino acid sequences of Rtr and Rtr2 share 87.7% identity (figure 3.5). The paper in
which ANR family of regulators were identified showed that both of these proteins can repress the
AggR-mediated activation of a target gene (141). This is in contrast to rns and rns2, as rns2 is
inactive due to mutations which have introduced multiple stop codons into the coding region. It is
interesting that this means that E. coli H10407 carries two functional copies of rtr, but only one of

rns. Other fully sequenced ETEC strains, E23477A and E1392/75, each carry only one copy of rtr.

3.3.3.3 EtpBAC

EtpA is a secreted non-fimbrial adhesin which acts during the early stages of intestinal
colonisation by ETEC (222). EtpC controls glycosylation of EtpA, and EtpB is an outer membrane
protein through which EtpA is secreted. After secretion, EtpA detaches from the bacterial cell
surface and binds to a host enterocyte. It then ‘anchors’ passing ETEC cells to the host by binding to

the exposed ends of flagella (70).

In both the mRNA-sequencing and B-galactosidase reporter assays, Rns strongly activated
the transcription of PetpB. EMSA showed clear, strong binding of Rns to PetpB, with a second shifted
band appearing at higher concentrations of Rns, suggesting a second binding site within the EMSA
region. Two strong possibilities exist for Rns binding sites in this region (figure 3.15). These results

show that EtpBAC is an important part of the virulence regulon of Rns. A recent review into novel
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antigens for ETEC vaccine development suggests that EtpA is a widespread antigen, present in over
70% of ETEC strains from multiple sites (223). Antibodies against EtpA or flagella have been effective
at reducing colonisation by ETEC, indicating that EtpA is important in pathogenesis (71, 224). This

finding helps to solidify the role of Rns as an activator of the colonisation processes of ETEC.

3.3.3.4 Yghl

Yghl is a metalloprotease secreted by both pathogenic and commensal strains of E. coli (80,
225, 226). Host mucins form a protective layer over the intestinal epithelium, limiting access by
bacteria, and YghJ degrades these mucins, assisting in the colonisation of commensals and
pathogens alike. A recent study into the effects of YghlJ suggested that pathogenic strains of E. coli
secrete greater levels of YghJ (80). Of the strains tested, the ETEC strains H10407, B7A, and
E24377/A, all of which carry Rns, displayed far higher YghJ expression than the commensal E. coli
strains HS, Nissle, and MG1655, which do not encode an Rns homologue. Additionally, the yghJ
promoter is known to be under the control of H-NS repression (227). For these reasons, | wondered
whether Rns may be responsible for this upregulation. In the mRNA sequencing data, the expression
of yghJ was very low regardless of the presence or absence of Rns. B-galactosidase reporter assays
showed that Rns does indeed activate PyghJ approximately 2-fold (figure 3.11). These assays also
revealed a 1.5-fold activation contributable to bicarbonate ions. These effects combine to a 3-fold

activation in the presence of both bicarbonate and Rns.

The promoter region of yghJ does not contain the Rns binding consensus sequence
“BRWWWDHDTATY”. However, this region does have a low GC-percentage (approximately 30%),
and EMSA confirms that weak Rns binding does occur (figure 3.16). Moreover, there are 8 sites that
meet the minimum Rns consensus sequence “RNgTAT” (figure 3.18). In future, DNase | footprinting

can more precisely identify the site at which Rns contacts the DNA.

3.3.3.5 Antigen 43: indirect activation by Rns

Antigen 43 causes cell-cell aggregation and is involved in the early stages of biofilm
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formation by uropathogenic E. coli (228). It has been linked to virulence in uropathogenic E. coli,

where it promotes long-term persistence in the bladder (229). Despite being expressed in intestinal

E. coli, antigen 43 does not appear to bind directly to intestinal epithelial cells (230).

The gene encoding antigen 43 is phase-variable, switching ‘on’ or ‘off’ based on the
methylation state of three GATC sequences in the promoter region. When these sites are
unmethylated, OxyR is able to bind to them, inhibiting RNA-polymerase from transcribing the genes
while also preventing Dam methylation (231). If the GATC sites are methylated by Dam, OxyR is

unable to bind and transcription occurs.

| performed B-galactosidase reporter assays on Pagn43-lacZ fusions in E. coli MC4100, but
promoter activity was very low, and no Rns effect was observed. To determine if Rns has an effect
on agn43 transcription on top of phase variation, | then performed the same assays in E. coli
JW3933-3, an oxyR deletion mutant strain in which antigen 43 is phase-locked ‘on’. In this strain, the

promoter was active, but there was still no change in expression in response to Rns.

Two copies of genes for antigen 43 are present on the chromosome of H10407. These are
known as agn43 and flu. My mRNA-sequencing results indicated that both of these genes were
upregulated in the presence of Rns. The coding region of these genes have 93.9% sequence identity.
For this study, | chose the copy annotated as agn43 as the main focus. The close similarity of these
genes means that there is likely to be some inaccuracy in the mRNA-sequencing data analysis, due to
the unavoidable difficulties in assigning transcript reads to repeated regions. In the future it may be
useful to investigate the effect of Rns on Pflu, but the high similarity of the regulatory regions
(approximately 90% sequence identity) makes it unlikely that there will be any large difference in the
results. In neither copy of the gene are there any Rns consensus binding sites upstream, and the
promoter regions are not AT-rich, further suggesting that Rns does not bind here. For these reasons,

it is likely that Rns has only an indirect effect on agn43 transcription.
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3.3.3.6 ETEC_3214
The high level of upregulation of (approximately 18-fold) and the presence of a potential Rns
binding site, “CAAAAATTTATC” (figure 3.6), suggest that ETEC_3214 may be a case of direct

activation by Rns.

Results from BLAST on the NCBI databases showed that the gene annotated as ETEC_3214 is
present in the genomes of multiple strains of E. coli, including: H10407; SEC470, isolated from a
piglet with diarrhoea in China; ATCC 25922, a serotype O6 reference strain; Nissle 1917, an E. coli
probiotic strain sold as “Mutaflor”; CFT073, a uropathogenic reference strain; and ABU83972, Di2
and D i14, three isolates from a longitudinal study of UPEC in humans and a dog. No homologues in

the databases have any proposed function.

Because it is present in non-pathogenic E. coli, ETEC_3214 may not be directly related to
virulence. However, it may improve the bacterium’s ability to live inside a mammalian host (human,
pig, or dog), and/or it may only contribute to virulence when a particular set of other genes are also

present. Further studies are required to characterise the function of this protein.

3.3.3.7 Transposases

ETEC p948 0010, an IS66-family transposase, and ETEC_p948 1060, an ISSfl4 transposase,
are located with a large number of other transposases that flank rns and rtr in p948. This region of
the plasmid is a duplication of the end of the cfaABCE operon, where a non-functional copy of rns is
encoded with an ISSfl4 transposase nearby (figure 3.19). There is a strong Rns consensus binding site
297 bp upstream of ETEC_p948_1060 (figure 3.6), which was upregulated 13-fold. This may be direct
activation by Rns. ETEC_p948_0010 was also activated, but to a lesser degree (approximately 4.5-
fold), and does not have any obvious Rns binding sites within the promoter region, suggesting that

the activation observed is an indirect response.
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3.3.3.8 TraM

TraM is a regulator of F-plasmid mobility that is able to sense bacterial mating and initiate
transfer of the IncF plasmid (232). TraM is encoded on both p666 and p948, (these genes share
79.2% sequence identity at the base pair level, and 79.5% identity of amino acids), but only the p666
copy was upregulated by Rns sufficiently to meet our cut-off values for inclusion (table 3.3). The
copy of traM on p948 was upregulated 2.8-fold in the presence of Rns, with an FDR of 6.21E-3. A
potential Rns binding site is located 374 bp upstream of the coding region of traM on p666, with an
identical sequence 382 bp upstream of the gene on p948. This sequence “GGTTAAATTATT” is very
AT-rich, but has guanine instead of adenine at the second position. This substitution is present in 2
of the 11 experimentally determined Rns binding sites. The fact that both copies were activated,
albeit to small degree, suggests that this activation may be direct. Further evidence for this is the
fact that traM is repressed by H-NS (233). The increased expression of traM and genes encoding
transposases suggest that a secondary role of Rns may be to increase gene mobility. This makes
some intuitive sense, as virulence genes are often mobile elements which arrive in the genome
through horizontal gene transfer. The intestine is a rich environment with many different genes,
strains, and species of bacteria living in close proximity, sharing the same ecological niche, and thus

is a prime location for horizontal gene transfer (234).

3.3.3.9 CGCstA

The carbon starvation protein, CstA, is a peptide transporter regulated by the cAMP-CRP
complex (235), and was upregulated 6.6-fold in H10407 expressing Rns. The cstA gene is not related
to virulence, and the lack of Rns consensus binding sites in the promoter region indicates that this is
unlikely to be a direct target of Rns. However, there is a region of low GC-percentage (33%) from
approximately 190 to 300 bp upstream of the coding region, and there are multiple sites within this
region that fit the minimum Rns consensus sequence “RNgTAT”. As such, further investigation is

required to determine if this gene is targeted by Rns directly.
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3.3.3.10 OmpC

The mRNA-sequencing results show a 5.8-fold activation of ompC by Rns. OmpC is an outer
membrane protein involved in the non-specific transport of small hydrophilic compounds (236).
OmpC and OmpF are two major outer membrane porins of E. coli, and the ratio of the two varies
depending on the environment. OmpF is larger and less stringent than OmpC (237). OmpC is the
dominant porin when E. coli is in the intestinal tract due to the high osmotic pressure and the
abundance of potentially harmful factors, so it would make sense, teleologically speaking, for ompC
to be under Rns control (238). There are two potential Rns binding sites in the ompC promoter
region, at 227 bp and 259 bp upstream of the coding region (figure 3.6), so it is possible that Rns has
a direct effect on the transcription of ompC. It has been suggested that H-NS represses OmpC
production indirectly through the activity of stationary-phase sigma factor, RpoS (239). However,
Rns had no effect on the expression of RpoS (FDR=0.33) in my mRNA-sequencing experiments,

apparently ruling this out as a mechanism by which Rns upregulates ompC.

3.3.3.11 Adenine phosphoribosyltransferase

Adenine phosphoribosyltransferase, an enzyme that converts adenine to adenosine-
monophosphate (AMP), which can then be converted to ATP, was upregulated 4.2-fold in the
presence of Rns. This gene is highly unlikely to be a direct Rns target, as the upstream region is not

AT-rich, contains no Rns consensus binding sequence, and no RN¢TAT sequences.

3.3.3.12YiiS

YiiS is a part of the stress response in E. coli (139). In my mRNA-sequencing experiments,
there was no significant change in yiiS expression in the presence of Rns, despite past publications
having identified yiiS as an Rns target (117). In a study by Munson et al, DNA from ETEC strain
C921b-1 (a strain which encodes Rns and CS1) was passed through an MBP-Rns affinity column to
isolate DNA fragments that bound to Rns. These isolated fragments were then tested for their ability

to bind to MBP-Rns by using EMSA. The fragment with the strongest MBP-Rns binding was
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sequenced and found to include a 227 bp sequence from the promoter region of yiiS. -
galactosidase reporter assays performed in this study showed 1.6 to 2.3-fold more promoter activity
in the presence of Rns. In contrast, my mRNA-sequence data showed no significant increase in yiiS
expression in response to Rns (FDR = 0.55). The gene yiiS in encoded on the chromosome of C921b-
1, the sequence of which is not available. (Only the virulence plasmid pCoo has been sequenced
from this strain). Nevertheless, the sequence of yiiS and the surrounding region is identical in the
published sequences of E. coli H10407 and E. coli MC4100, and this is the sequence | used for my
analysis. The region of DNA Munson et al (117) used for their experiments has a GC-percentage of
34%, making it a relatively AT-rich region. Within this region, no strong Rns binding sites, matching
the sequence BRWWWDHDTATY, are present. Using instead the minimum Rns consensus sequence,
“RNGTAT”, two sequences can be found: “AAATAAAATATG” and “AAGAGATATATT” (figure 3.20).
Given the results obtained by Munson et al, (117) it is likely that Rns has some ability to activate this
promoter under certain conditions, but that these results were not consistent with our mRNA-
sequencing experiments. Alternatively, the gene sequence within the regulatory region of yiiS in
C921b-1 may contain mutations which allow Rns to act in this region. Another possibility is that a
separate mechanism of regulation is obscuring Rns regulation of yiiS in E. coli H10407, but the
genetic region used for EMSA and lacZ reporter studies by Munson et al did not include the

sequence required for this higher level of regulation to occur.

3.3.4 Gene repression by Rns

3.3.4.1 NIpA

Only one prior study has reported gene repression by Rns (118). In this study, Rns was found
to bind to the nlpA gene and prevents the formation of the RNA-polymerase complex at the TSS
(118). Thus Rns can mediate gene repression by binding to a positive regulatory region, rather than
by overcoming H-NS mediated regulation, the typical method of gene activation. NIpA is involved in

the production of outer membrane vesicles, which may be one method of LT delivery (140, 240).
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Rns consensus bindingsite TATTTTTTTATC
yiiS potential site | A@A TAAAATATG
yiiS potential site Il AAGAGATATATT

Figure 3.20. Potential Rns binding sites in the promoter region of yiiS
Consensus sequence of Rns binding sites and potential Rns binding sites in the promoter region

of yiiS. The RN_TAT sequence that makes contact with the Rns protein is boxed. Nucleotides

which match the consensus sequence are shown in colour; while mismatches are shown in grey.
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Interestingly, this suggests that Rns may act to reduce the delivery of LT to host enterocytes. This
could be related to the temporal spacing of pathogenesis, as Rns acts to increase colonisation before
toxin delivery begins. In my mRNA-sequencing results however, Rns had no effect on transcription of
nlpA (FDR = 0.89). Rns may have some ability to repress transcription from this promoter under

conditions which were not consistent with our mRNA-sequencing experiments.

3.3.4.2 Motility and chemotaxis

Many of the genes downregulated in the presence of Rns are part of three genetic regions
within E. coli that control the production and motion of flagella. Five of these genes; tar, tap, cheA,
flgA and fliC, are downregulated greater than 4-fold in the presence of Rns, as shown and discussed
in section 3.2.3.3, table 3.4. An additional 20 genes from these regions were downregulated to a

lesser extent (table 3.5). The layout of these regions is depicted in figure 3.21.

Flagellar operons are classified as class 1, class 2, or class 3 (241). The only class 1 promoter
in E. coli controls the transcription of flhDC. FIhDC then activates class 2 promoters, which leads to
the production of FliA, a sigma-factor that activates class 3 promoters. This step-by-step process
ensures the efficient construction of flagella. Proteins involved in constructing the basal body and
hook of the flagella are produced first, and only once that machinery is in place do the bacteria
produce proteins that make up of the shaft of the flagella and those which control its

operation (241).

H-NS is involved in the regulation of flhDC, the master regulator that controls the expression
of the many flagellar and other operons (242, 243). This interaction is complex, with H-NS either
repressing or activating transcription depending on whether it is bound upstream or downstream of
the ATG translation start site (243). H-NS also represses the transcription of hdfR, a LysR family
regulator which itself represses flhDC (244). Finally, H-NS is thought to play a structural role,
interacting with the flagella rotor FliG subunit (245). Through these mechanisms, the net effect of H-

NS is to increase motility of the bacterium (243).
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Table 3.5. Genes relating to motility downregulated in the presence of Rns

Gene Function (fIZTgrciS;:;r;) False discovery rate
flgM Negative regulator of flagellin synthesis 33 1.27 E-03
flgA Flagellar basal body P-ring protein 58 5 26E-05
flgB Flagellar basal-body rod protein 2.8 1.39 E-03
flgC Flagellar basal-body rod protein 2.4 2.36 E-03
flgD Basal-body rod modification protein 2.2 5.56 E-03
flgE Flagellar hook protein 2.4 4.22 E-03
flgk Flagellar hook-associated protein 2 2.3 6.04 E-03
flgL Flagellar hook-associated protein 3 2.4 4.94 E-03
flhA Flagellar biosynthesis protein 2.5 3.24 E-03
tar Methyl-accepting chemotaxis protein Il 6.0 6.72E-05
tap Methyl-accepting chemotaxis protein IV 71 3.41E-04
cheA Chemotaxis sensor kinase protein 54 3.30E-05
cheW Chemotaxis protein 3.2 5.35E-03
motA Chemotaxis protein 2.9 6.09 E-03
fliA RNA-pol sigma factor for flagellar operon 3.5 1.04 E-04
flic Flagellin 5.2 6.52E-05
fliD Filament cap 3.9 5.15 E-05
fliT Flagellar protein 3.1 5.21E-03
fliE Flagellar hook-basal body complex protein 3.0 4,94 E-03
fliF Flagellar M-ring protein 2.9 1.39E-03
fliG Flagellar motor switch protein 2.4 3.81E-03
fliH Flagellar assembly protein 2.8 3.81E-03
flil Flagellum-specific ATP synthase 2.2 9.88 E-03
flik Flagellar hook-length control protein 2.6 2.86 E-03
fliL Flagellar protein 2.4 7.20 E-03
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Given this, it is tempting to propose a model where Rns removes H-NS repression of hdfR,
thus inhibiting the transcription of flhDC. However, neither flhDC nor hdfR were differentially
expressed in the presence of Rns (FDR=0.33 and 0.94, respectively). None of the flagellar operons
are AT-rich, so it is unlikely that Rns can bind to these regions directly. Instead, a more complex

mechanism or intermediary regulator is likely to be involved.

| have discussed above how Rns upregulates the expression of EtpA, and that this adhesin
contributes to ETEC colonisation of the small intestine by binding to flagella on the bacterial cell
surface. It appears paradoxical, then, that Rns would cause a downregulation of flagella. However,
the downregulation of flagella is a lot weaker than the upregulation of EtpA, and so it is likely that
the surface expression of flagella remains sufficient for EtpA adherence function to occur. The
downregulation seen here of genes relating to motility may be the beginning of a response which
becomes stronger as colonisation progresses, so that EtpA is able to bind to flagella before they

degrade.

3.3.4.3 YhaO

YhaO is an inner membrane protein that is common in E. coli and its close relatives (246).
The upstream region of yhaO contains no Rns consensus binding sequences, no “RN¢TAT” sites, and
the GC-percentage higher than 40%, indicating that this is unlikely to be a direct effect of Rns on

gene transcription.

3.3.4.4 ETEC_3147: L-asparaginase Il
L-asparaginase Il is an enzyme which converts L-asparagine into aspartic acid. A potential
Rns binding site is located 142 bp upstream of the coding region of ETEC_3147 (figure 3.7). Further

investigation is required to determine if Rns binds to this site to inhibit transcription directly.

3.3.45 ETEC_1274 and ETEC_1275

ETEC_1274 has homologues throughout the Enterobacteriaceae, but none encode a protein

with a known function. ETEC_1275 encodes a 114 amino acid protein with homology to OmpA (220).
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These genes are repressed approximately 4.5-fold in the presence of Rns. A potential Rns binding
site is located upstream of the coding region of ETEC_1275, and ETEC_1274 is encoded immediately
downstream, most likely transcribed in an operon from the ETEC_1275 promoter. A putative binding
site, with the sequence “TGATTTTTTAT”, contains many thymine residues, which is generally a
marker of a strong Rns binding site, but it has a guanine in place of adenine at the “RN¢TAT” binding
sequence. This substitution is present in only two of the 11 experimentally confirmed Rns binding
sites (figure 1.4). The binding site itself is located 447 bp upstream of the coding region of
ETEC_1275. In the only confirmed instance of Rns gene repression, Rns acts by binding to the ATG
translational start site. It is unclear how Rns could act as a transcriptional repressor while binding
further upstream. Further investigation is required to confirm the nature of Rns repression of this

site.

3.3.4.6 ETEC_2342: Ferredoxin-type protein

Ferredoxin is an electron transport protein involved in cell metabolism pathways. There are
two strong Rns binding sites approximately 200 bp upstream of the coding region of ETEC_2342, and
a weaker potential site 344 bp upstream (figure 3.7). Further investigation is required to determine if

this is a case of direct repression by Rns.

3.3.5 Bicarbonate

Bicarbonate ions are released in high concentrations by the duodenum to counteract the
acid secretion of the stomach. RegA of C. rodentium appears to use bicarbonate ions as a localisation
signal to detect its position within the host. The mechanism of this interaction is that in the absence
of bicarbonate, the N-terminal arm of RegA occludes its DNA-binding domain, making it unable to
bind to DNA and activate transcription from its target promoters. The binding of bicarbonate ions as
a co-factor triggers a change in conformation of RegA, which results in the N-terminal arm releasing
the DNA binding domain (figure 3.1). In the case of RegA, this auto-inhibition is quite strong, and

RegA has very little effect in the absence of bicarbonate. Rns is also activated by bicarbonate ions,
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but to a lesser extent. In most cases, the addition of 45 mM bicarbonate approximately doubled the

effect of Rns.

In the case of PyghJ, bicarbonate increased promoter activity independently of Rns. This was
only a 1.5-fold increase, but was statistically significant and was seen consistently with or without
Rns. High levels of bicarbonate are a good indicator of being in the small intestine, and it is not
surprising that multiple regulatory systems may have evolved to use it. mRNA-sequencing results
from our laboratory suggest that bicarbonate has a large effect on the E. coli H10407 transcriptome,
including activating transcription of the heat-stable enterotoxin genes, hstA (3.6-fold, FDR=2.69E-4)
and hstB (6.1-fold, FDR=1.15E-3). These ETEC enterotoxins are major virulence factors, which do not
appear to be regulated by Rns. These findings suggest that there is another virulence regulation

system in ETEC that may also respond to bicarbonate.

3.3.6 Future lines of investigation

3.3.6.1 DNase | footprinting and uracil interference assays

EMSA studies are able to demonstrate binding of the Rns protein to a segment of DNA
approximately 300 bp long. In the promoter region of etpB are two potential Rns binding sites within
the sequence of DNA used for EMSA (figure 3.15). In the promoter region of yghJ, where the
demonstrated binding by Rns was weak, no strong Rns consensus binding sequence was found.
DNase | footprinting would allow us to home in on the specific site of Rns binding to the DNA of each
of these promoters (247). Uracil interference assays can then determine which individual thymine
residues make contact with Rns (248). These assays will be particularly useful in identifying binding

sites in PyghJ, where we were unable to predict Rns binding sites by analysis of the sequence alone.

3.3.6.2 [B-galactosidase reporter assays in H10407
During this study, B-galactosidase reporter assays were performed using promoter-lacZ
fusion plasmids, transformed into E. coli MC4100. It is possible that certain factors that are specific

to E. coli H10407 may affect the activity of Rns, explaining some of the differences seen between the
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results of mRNA-sequencing and B-galactosidase reporter assays. Transforming the promoter-lacZ
fusions into H10407 and repeating the B-galactosidase reporter assays in the natural host of Rns may

yield slightly different results.

3.3.6.3 Phenotype assays in H010407Arns

Haemagglutination assays demonstrated that Rns is vital for CFA/I production and function.
Having identified Rns target genes, it remains to be seen how much the phenotypes conferred by
these genes will be affected when Rns is inhibited or removed from the genome. Assays to detect
the activity of Yghl, EtpBAC, and other newly discovered targets should be performed in H10407 and
H10407Arns. A loss of phenotype in H10407Arns will demonstrate that the removal of Rns
activation of a particular target gene reduces its activity. If complementing H10407Arns with the
target gene, transcribed from a constitutive promoter, restores the phenotype, this will show that
the loss of phenotype is due primarily to the loss of Rns activation of the individual target gene, and

not due to the decreased expression of other Rns targets.

Yghl activity can be measured in multiple ways. The contribution it makes to adhesion can
be demonstrated by examining ileal sections of mice infected with H10407, as performed by Luo et
al during their investigation of the role of YghlJ (80). They discovered that, without YghJ, H10407
were less effective at forming close interactions with mouse intestinal epithelium. However, CFA/l is
also controlled by Rns and may also effect H10407 interactions with enterocytes. Thus, the lack of
CFA/! expression by H10407Arns may render H10407 unable to bind mouse intestinal epithelium,
regardless of the presence or absence of Yghl, (although there is no evidence that CFA/I binds well
to the mouse intestine). A more specific way to measure Yghl activity is to assay for the ability of
H10407 strains to degrade MUC2 (80). This can be measured by incubating H10407 strains in media
containing MUC2 and comparing the build-up of MUC2 on the ETEC cell surface, or by using treated

supernatant from H10407 strains to degrade MUC2 from LS174T cells (80).
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In analysing the loss of the EtpBAC associated phenotype in H10407Arns, | expect difficulties
will arise in attempting to distinguish the effects of reduced EtpBAC expression from those of
reduced CFA/I expression, as both of these are important adhesins. Instead of measuring a
phenotype, we could directly observe EtpA production by using immunogold staining and electron
microscopic examination to look for EtpA adhering to the tips of flagella of E. coli H10407,
H10407AetpBAC and H10407Arns, a technique employed by Roy et. al. (70). In addition, cfaABCE
deletion mutants can be used as the base strain for these experiments, so that CFA/I is not present

in any of the test strains.

3.3.6.4 Novel Rns target genes

For the purposes of this study, | have focused on the newly identified Rns targets that have
at least a putative connection to virulence. | identified many genes which were upregulated in the
presence of Rns, but did not investigate them further. | also did not study downregulated genes.
These genes are all possible subjects of further study, using the assays described in this chapter to
measure direct Rns binding to and activation of promoter regions, as well as the potential loss of

phenotype in H10407Arns.

3.3.6.5 The effect of bicarbonate ions

This work has hinted at a larger role bicarbonate ions may play in the modulation of the
ETEC transcriptome. My data suggests that Rns is not the only virulence gene regulator in ETEC
which responds to bicarbonate. H10407 encodes two copies of the heat-stable toxin, the ‘human’-
type STh, encoded by hstA, and the ‘porcine’-type STp, encoded by hstB. Both genes were
upregulated in the presence of bicarbonate, despite Rns having no effect on the expression of either
gene. The Rns target YghJ was also significantly affected by bicarbonate ions, independently of Rns.
A potential future line of investigation could be to identify other virulence regulators encoded by
ETEC, which also respond to bicarbonate and may control the expression of other virulence factors,

such as the enterotoxins.
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3.3.7 Conclusion

Having developed a wealth of data on the Rns regulon in H10407, | believe that Rns is a
legitimate drug target for the prevention and/or treatment of ETEC-induced diarrhoea. Not only CFs,
but also EtpB and Yghl, are directly transcriptionally activated by Rns. Moreover, Antigen 43, an
autotransporter with a potential role in virulence, is also indirectly upregulated in the presence of

Rns.

In the next chapter, | identify small chemical compound inhibitors of Rns, which may be

developed into a therapeutic agent against ETEC-induced diarrhoea.

126



4 A small molecule inhibitor of Rns

4.1 Introduction

ETEC-induced diarrhoea is a major health concern, both for travellers and young children in
developing countries. Although antibiotics can be used to treat ETEC infections, antibiotic resistance
in ETEC is widespread, with recent studies reporting that at least 39% of isolates exhibit multi-drug
resistance (169-174). Overuse of antibiotics contributes to the growing problem of resistance, and
antibiotic treatment has side-effects, including diarrhoea, and significantly disrupts commensal

microbial communities (249).

It is well established that ETEC requires a functional CF to cause disease, and, in some cases,
CF-based immunisation is protective against infections with ETEC strains which carry the same CF
(188, 250, 251). However, the wide antigenic variety of CFs expressed by human ETEC makes it
difficult to produce a broadly protective vaccine based on these antigens. Instead of targeting
individual CFs for inhibition, | have focused on the transcriptional activator Rns, which controls the
production of around half of all CFs, as well as several accessory virulence determinants (112, 113,
116). Because ETEC cannot colonise the small intestine and deliver enterotoxins to induce diarrhoea
without the expression of a CF, a chemical compound which is able to inhibit the activity of Rns
could render many strains of ETEC non-virulent. Inhibitors of virulence activators have been shown
to prevent or treat intestinal infection in mice infected with C. rodentium and in a mouse model of V.
cholerae (194, 196). The global virulence activators of these pathogens, RegA and ToxT respectively,
are closely related to Rns, and we hypothesised that a similar strategy to those used to discover
inhibitors of these regulators may be effective in the development of pharmaceuticals that target

ETEC.

In this chapter, | describe the use of a high-throughput in vitro screening (HTS) method

which | used in combination with computer modelling to identify a chemical compound that inhibits
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the activity of Rns. | also investigated other potential inhibitor compounds, which could be

developed into novel antimicrobials for the prevention and treatment of ETEC-induced diarrhoea.

4.2 Results

4.2.1 The effect of the RegA inhibitor, Regacin, on Rns-mediated activation of the cfaA

promoter, PcfaA

Previous work in our lab revealed a compound that inhibits the activity of RegA, an Rns
homologue that regulates virulence in the mouse pathogen C. rodentium (194). Because of the
similarity between Rns and RegA, we wanted to see if this inhibitor, designated Regacin, is also
active against Rns. To this end, B-galactosidase reporter assays were performed using a PcfaA-lacZ
fusion, co-transformed into E. coli MC4100(pRns) (see methods section 2.13). DMSO at a final
concentration of 1% in growth media was used as a solvent for Regacin. PcfaA activity in the
presence of 1% DMSO alone was 1,366 + 73 MU (mean + SEM, n=2), and was not significantly
reduced in the presence of 20 uM or 100 uM Regacin (1,221 + 283 MU and 1,370 + 88 MU,

respectively) (figure 4.1).

4.2.2 Screening for potential Rns inhibitors

To identify novel Rns inhibitors, | employed two complementary methods to screen chemical
compounds: a high-throughput in vitro screen, and a virtual screen using computer modelling to
predict compounds that may bind and inhibit the Rns protein. The latter was performed by Dr.
Jessica Holien at the St Vincent’s Institute of Medical Research. Figure 4.2 is a flowchart summarising

the outcome of these screens, which are described in the following sections.

4.2.2.1 High-throughput in vitro screen for an Rns inhibitor
To search for an Rns inhibitor, we screened the Chembridge Microformat library
(ChemBridge Corp.), a commercial collection of small chemical compounds with drug-like properties,

for their ability to inhibit Rns-mediated activation of PcfaA. Screening was performed in 96-well
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Figure 4.1. Effect of Regacin on Rns-mediated activation of PcfaA
Results of B-galactosidase reporter assays on the activation of Pcfa by Rns in the presence of 20
MM and 100 uM Regacin in 1% DMSO, or a DMSO control, showed that Regacin had no effect on

Rns-mediated activation of PcfaA. Error bars indicate standard error of the mean, n=2.
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microtitre trays, using the PcfaA-lacZ fusion co-transformed into E. coli MC4100(pRns), and the
method described in section 2.18.1. A control plate using MC4100 carrying a reporter system for an
unrelated regulator/target promoter-lacZ pair, MrkH and PmrkA-lacZ, was included, to ensure that
the inhibitory effects of the selected compounds were specific for Rns (252). MrkH activates the

transcription of type 3 fimbriae in Klebsiella pneumoniae, and is not related to Rns (253).

5,360 compounds from the Chembridge library were screened using this method. Of these,
41 compounds, at a concentration of 100 uM inhibited the Rns-mediated activation of PcfaA to
below 67% of a DMSO control, but not the control regulator. Re-testing these 41 compounds

reduced the list to only four repeatable hits, which we designated D5, F2, A6, and E7.

The ability of these compounds to inhibit Rns-mediated activation of PcfaA was then tested
in low volume B-galactosidase assays, in the presence of bicarbonate (figure 4.3). PcfaA activity in
the reporter strain was measured after growth in the presence of 100 uM of each compound in a
final concentration of 1% DMSO, or a DMSO control. PcfaA activity in the absence of Rns was

measured using the PcfaA-lacZ fusion co-transformed into E. coli MC4100(pACYC184).

Only compound D5 was found to reliably inhibit the action of Rns. PcfaA activity in the
absence of Rns was 247 £+ 1 MU (mean £ SEM, n=2). In the presence of Rns, PcfaA activity was 1,915
1+ 90 MU (n=5). Compounds F2, A6 and E7 had no significant effect on this level of expression; with
promoter activity of 1,543 + 119 MU (n=4), 1,763 £ 203 MU (n=4), and 1,875 £+ 4 MU (n=2),
respectively. Compound D5, hereafter referred to as CH1, decreased promoter activity

approximately 3-fold, to 601 + 191 MU (n=4, p = 0.0003).

4.2.2.2 The construction of a computer model of Rns

Computer modelling allows extremely large libraries of chemical compounds to be screened
for activity in silico before they are tested experimentally. To screen compounds for their ability to
bind Rns, it was necessary to obtain a 3-dimensional model of the protein. Ideally, a crystal structure

is required as the basis for the computer modelling of a protein structure. Since the crystal structure
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Figure 4.3. In vitro evaluation of compounds identified in a screening assay as having inhibitory

effects on Rns

Four hit compounds from the high-throughput chemical screening, designated D5, F2, A6, and
E7, were tested for their effect on Rns-mediated activation of PcfaA in a B-galactosidase reporter
assay, compared to a DMSO control and to the activity of PcfaA-lacZ in the absence of Rns. Error

bars show standard error of the mean, n 2 2. p value calculated using Student’s t-test.
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for Rns has not yet been solved, we based the model on that of a close homologue. Work
performed by Dr. Holien of the St. Vincent’s Institute of Medical Research determined that ToxT, the
lead virulence regulator in V. cholerae, was the closest Rns homologue with a solved crystal
structure, and a model of Rns was created based on this homology. This model of Rns, illustrated in

figure 4.4, was used for all in silico experiments.

4.2.2.3 Identification of potential Rns inhibitors using a virtual screen

Dr. Holien of the St. Vincent’s Institute of Medical Research then filtered virtual libraries
containing approximately ten million chemical compounds down to approximately 4 million
compounds with drug-like properties, using Filter 2.1.1 (OpenEye Scientific). Molecular modelling
programs Sybylx 2.0 (Certara) and fred_receptor (OpenEye Scientific) were used to identify potential
binding pockets within the Rns 3D model. Two major pockets were selected, one central to the
protein (depicted in magenta in figure 4.4), and one between the dimerisation and DNA-binding
domains (depicted in green in figure 4.4). Fred 3.0.1 (OpenEye Scientific) was used to dock each
compound into each binding site and rank the energy of each interaction. The top 500 hits were
visually inspected in Vida 4.2.1 (OpenEye Scientific) and from these 177 compounds chosen for in

vitro testing by Dr. Holien, based on the results and the commercial availability of the compounds.

These 177 compounds were screened for their ability to inhibit Rns-mediated activation of
PcfaA. Compounds were used at a concentration of 100 uM in a modified -galactosidase reporter
assay (described in section 2.16.2), using the PcfaA-lacZ fusion co-transformed into E. coli
MC4100(pRns) (table 4.1). This initial screen identified 11 compounds that inhibited Rns-mediated
activation of PcfaA by around half; five of these below 40% of a DMSO control. The top five
compounds were retested using the same assay, but none of these results could be consistently

repeated. | therefore focused on CH1, identified by HTS, for the following experiments.

4.2.3 The effect of CH1 on the growth of E. coli H10407

The growth of E. coli H10407 was measured in the presence of 1% DMSO, containing
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Figure 4.4. Pockets in the Rns structure targeted for chemical compound docking

A model of Rns with two potential binding pockets highlighted. Rns is in yellow with the DNA
binding helices in red, and the putative dimerization domain in blue. In magenta is a central
pocket, and the in green is the pocket between the dimerization and DNA binding domains of

Rns. These pockets were used as targets in the virtual screen for potential Rns inhibitors.

134



Table 4.1. Inhibition of Rns activation of PcfaA by chemical compounds
Compounds which reduced the Rns-mediated activation of PcfaA to less than 40% of a DMSO

control are boxed in red.

Inhibition Inhibition
Compound # (Fold change) Compound # (Fold change)
1 0.94 46 1.05
2 1.09 47 0.80
3 0.67 48 1.02
| 4 0.39 49 0.10
5 0.80 50 0.64
6 0.53 51 0.74
7 0.96 52 0.81
8 0.86 53 0.79
9 0.97 54 0.74
10 0.66 55 0.82
11 0.53 56 0.84
12 0.63 57 0.71
13 0.81 58 0.52
14 1.33 59 0.65
15 1.26 60 0.57
16 1.15 61 1.42
17 1.39 62 1.44
18 1.15 63 1.27
19 1.17 64 1.42
20 1.16 65 1.19
21 1.33 66 1.26
22 0.86 67 1.13
23 0.73 68 1.07
24 1.39 69 1.11
25 1.37 70 1.55
26 1.45 71 0.63
27 1.27 72 1.15
28 1.54 73 2.41
29 1.30 74 1.23
30 1.40 75 1.21
31 1.09 76 1.12
32 1.04 77 1.35
33 0.13 78 1.56
34 1.15 79 1.80
35 1.00 80 1.35
36 0.94 81 1.29
37 0.76 82 1.22
38 0.64 83 1.64
39 1.16 84 1.37
40 0.73 85 0.88
41 0.78 86 0.97
42 1.31 87 0.87
43 0.82 88 0.83
44 1.33 89 0.85
45 0.13 90 0.89
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Table 4.1. (continued)

Inhibition Inhibition
Compound # (Fold change) Compound # (Fold change)

91 0.88 136 1.11
92 0.52 137 0.87
93 1.01 138 0.60
94 0.97 139 0.99
95 1.00 | 140 0.41
96 0.92 141 0.84
97 0.53 142 0.81
98 0.96 143 0.41
929 0.77 144 0.42
100 0.70 145 2.16
101 0.69 146 2.86
102 0.59 147 2.93
103 0.93 148 2.73
104 0.90 149 3.53
105 1.16 150 2.10
106 0.82 151 3.69
107 0.93 152 3.38
108 1.22 153 3.96
109 0.59 154 4.09
110 0.79 155 2.10
111 0.45 156 1.40
112 1.00 157 1.96
113 0.66 158 0.94
114 0.95 159 0.65
115 0.67 160 1.19
116 0.72 161 0.97
117 0.41 162 1.06
118 0.67 163 0.62
119 1.03 164 0.69
120 0.59 165 0.91
121 0.13 166 0.77
122 0.45 167 0.70
123 1.18 168 1.89
124 0.76 169 0.85
125 1.00 170 0.85
126 1.05 171 0.76
127 0.78 172 0.65
128 1.23 173 0.52
129 1.13 174 0.87
130 0.65 175 0.61
131 1.05 176 0.71
132 0.96 177 0.89
133 0.96

134 0.99

135 1.11
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200 uM, 30 uM, or no CH1, as detailed in sections 2.9.1. ODeoo readings were taken every half hour
for 8 hours, and the growth kinetics were plotted. CH1 had no effect on the growth of H10407, at

either concentration (figure 4.5).

4.2.4 Determination of the ICsp of CH1 for Rns-mediated activation of PcfaA

An IC5g is the concentration at which an inhibitor exerts 50% of its maximum effect. The ICso
for CH1 on Rns-mediated activation of PcfaA was measured using a modified B-galactosidase
reporter assay (see methods sections 2.16.2) at a range of inhibitor concentrations (figure 4.6).
Because we wanted to investigate the effect of CH1 on Rns-mediated gene activation more broadly,
rather than focus on a single target promoter, we also investigated the effect of CH1 on the Rns-
mediated activation of PetpB. Plasmids carrying PetpB-lacZ or PcfaA-lacZ were transformed into E.
coli MC4100(pRns). Prism 6.01 (GraphPad) was used to fit a sigmoidal variable slope curve to the

plotted data points, and calculate the 1Cs.

The result showed that CH1 inhibited Rns-mediated activation of PcfaA and PetpB with an
ICso of 1.02 uM and 2.96 uM, respectively. During these experiments, | observed that although CH1
was soluble in 100% DMSO at high concentrations (over 40 mM), it precipitated out of solution after

overnight incubation in E. coli cultures at a concentration of 50 uM in 1% DMSO.

4.2.5 A model of CH1 binding to Rns

In work performed by Dr. Holien, the Sybylx2.1 (Certara) ‘Surflex-Dock Geom mode’ feature
was used to dock CH1 into the potential binding pockets (protomols) of Rns. The SitelD search
identified 9 potential pockets, including the two used to initially screen the chemical library for
putative inhibitors. Three of these were sufficiently large to fit CH1 and were accessible from outside
the protein. These included the two pockets used in the virtual screen, and another pocket near the

dimerisation domain.

Two major qualities were considered when determining the likelihood of each binding
prediction. These were the highest scoring solution, and the cluster percentage. The solution score is
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Figure 4.5. Effect of CH1 on the growth of H10407
The growth kinetics of H10407 was measured in the presence of 1% DMSO (—}, or 200 uM (—e-)

or 30 uM (—e—) CH1 in 1% DMSO. The results are shown as OD_ readings at half hour intervals

over 8 hours. CH1 had no effect on the growth rate of E. coli H10407 at either concentration

tested. Error bars indicate standard error of the mean, n = 2.
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Effect of CH1 on Rns-mediated activation of PcfaA Effect of CH1 on Rns-mediated activation of PetpB
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Figure 4.6. Determination of the IC_  of CH1 on Rns-mediated activation of PcfaA and PetpB
Results of B-galactosidase reporter assays showing PcfaA and PetpB activation by Rns in the
presence of various concentrations of CH1. Inhibition is shown as a percentage, where 100% is
the maximum inhibitory activity, and 0% is equal to the B-galactosidase activity of the promoter
in the presence of Rns and the absence of any inhibitor. The IC_ is the concentration at which
CH1 exhibits half of its maximum inhibitory effect, and was 1.02 uM when measuring Rns-
mediated activation of PcfaA, and 2.96 uM when measuring Rns-mediated activation of PetpB.

Prism 6.01 (GraphPad) was used to fit a sigmoidal variable slope curve to the plotted data points

and calculate the IC,,.
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determined from the chemical energy of the binding solution, so that a lower binding energy
gives a higher scoring solution, corresponding to a more energetically favourable state. Clustering is
a measure of how many binding solutions are in the same pose in the protomol. A high level of
clustering suggests that the binding solution is more likely to be real, with multiple solutions for the
compound to bind in one protomol. If there is no clustering, the binding solution may be due to

random chance, rather than being a real, probable interaction.

The docking model of CH1 binding to Rns in protomols two and three was provided by Dr.
Holien, and is depicted in figure 4.7. Protomol one had the highest energy score, but no clustering of
solutions, indicating that this binding is unlikely to be real (table 4.2). Protomol two has the second
highest score, and there was significant clustering, making it the more likely binding solution.
Protomol two is the pocket between the dimerisation and DNA binding domains, depicted in green
in figure 4.7. When docked into protomol three, depicted in black in figure 4.7, a functional group of
CH1 was outside the binding pocket and exposed to the solvent. This is energetically undesirable,

making this solution unlikely despite the presence of two clusters at 35%.

4.2.6 Virtual screen for CH1 analogues

After identifying CH1, we returned to the computer modelling software to search for
analogues of CH1 that could also act as inhibitors. The aim was twofold: to collect data that could be
used to improve the binding model of the compound docked into Rns, and to identify other
compounds that act in the same way as CH1, but may be more effective or have more desirable
biochemical properties. To address the first goal, when screening for CH1 analogues we did not limit
the search to chemicals likely to be suitable as a drug. Instead, Dr. Holien investigated the entire

library of approximately 10 million compounds.

A 2D Unity similarity search was performed by Dr. Holien, using a Tanimoto similarity value
of 65%, was performed using Sybyl2.1. From this process, 33 chemicals, designated SVI-2898 to SVI-

2931, were selected for in vitro testing (table 4.3). These compounds were purchased and modified
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Table 4.2 Possible binding conformations of CH1 docking into Rns

Protomol Highest
o Scoring Cluster % Location of protomol Colour in figure 4.7
Solution
1 7 4403 None Near dlmer'lsatlon N/A
domain
Between dimerisation
2 5.4875 70 and DNA-binding Green
domains
3 5.1938 2 x 35% Near dimerisation Black

domain
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Table 4.3. Fold-change of Rns-mediated activation of PcfaA in response to chemical compounds
Compounds which the Rns-mediated activation pf PcfaA to less than 50% of a DMSO control are
boxed in red.

Compound # Fold change

SVI-2898 0.76
SVI-2899 0.98
SVI-2900 0.75
SVI-2901 0.76
SVI-2902 0.50
SVI-2903 0.74
SVI-2904 0.70
SVI-2905 1.07
SVI-2906 0.71
SVI-2907 0.64
SVI-2908 0.62
SVI-2909 1.08
SVI-2910 0.94
SVI-2912 0.64
SVI-2913 0.87
SVI-2914 0.35
SVI-2915 1.09
SVI-2916 0.57
SVI-2917 0.47
SVI-2918 0.47
SVI-2919 0.45
SVI-2920 0.80
SVI-2921 1.01
SVI-2922 0.22
SVI-2923 0.64
SVI-2924 0.96
SVI-2925 0.23
SVI-2926 1.08
SVI-2927 1.26
SVI-2928 0.50
SVI-2929 0.72
SVI-2930 0.79
SVI-2931 0.86
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[B-galactosidase reporter assays (see methods section 2.16.2) were performed to measure Rns-
mediated activation of PcfaA-lacZ in the presence of 100 uM of each compound. Six compounds
were able to inhibit promoter activity to less than half of a DMSO control (table 4.3). These were
then tested for their ability to inhibit the Rns-mediated activation of PcfaA at concentrations ranging
from 500 uM to 244 nM in doubling dilutions (figure 4.8). Prism 6.01 (GraphPad) was used to fit a
sigmoidal variable slope curve to the plotted data points for each compound. Two compounds, SVI-
2922 and SSVI-2925, were found to have efficacy comparable to that of CH1. These two compounds

are referred to as CH2 and CH3, respectively, hereafter.

Figure 4.9 is a flowchart summarising the process of identifying compounds CH2 and CH3.

4.2.7 Determination of the ICsg of CH2 and CH3

The ICso of CH2 and CH3 was measured using modified B-galactosidase reporter assays at a
range of inhibitor concentrations from 5 uM to 200 mM (figure 4.10). Both the PetpB-lacZ and
PcfaA-lacZ fusions, co-transformed into E. coli MC4100(pRns), were used for determination of the
ICso. Prism 6.01 (GraphPad) was used to fit a sigmoidal variable slope curve to the plotted data
points, and calculate the ICso. These analyses revealed that CH2 inhibited Rns-mediated activation of
PcfaA and PetpB with an ICsp of 0.49 uM and 2.26 uM, respectively (figure 4.10), and that CH3
inhibited Rns-mediated activation of PcfaA and PetpB with an ICso of 6.55 uM and 7.14 uM,

respectively (figure 4.11). These data are summarised in table 4.4.

4.2.8 Investigation of the effect of CH2 and CH3 on the growth of E. coli

Low volume growth curves (see methods section 2.9.2) were performed on E. coli H10407 to
determine if the Rns inhibitors affect growth in stationary media. H10407 was grown in LB in 1 ml
volumes without shaking, in the presence of 10 uM CH1, CH2, or CH3 in 1% DMSO, or a DMSO

control. No effect on growth was observed for any inhibitor (figure 4.12).

4.2.9 Effect of the Rns inhibitors on the activity of TyrR

To determine the specificity of CH1, CH2 and CH3, 3-galactosidase assays were performed
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Figure 4.8. Dose-response curves of the effect of five CH1 analogues on Rns-mediated
activation of PcfaA

Dose-response curves showing the ability of five CH1 analogues to inhibit Rns-mediated
activation of Pcfa measured by B-galactosidase activity. Inhibition is listed as a percentage, where
100% is equal to the B-galactosidase activity in the absence of Rns, and 0% is equal to the f3-
galactosidase activity in the presence of Rns. Each data point is represented. Prism 6.01

(GraphPad) was used to fit a sigmoidal variable slope curve to the plotted data points, and

calculate the ICSO.
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Effect of CH2 on Rns-mediated activation of PcfaA Effect of CH2 on Rns-mediated activation of PetpB
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Figure 4.10. Determination of the IC, of CH2

Results of B-galactosidase reporter assays showing PcfaA and PetpB activation by Rns in the
presence of various concentrations of CH2. Inhibition is shown as a percentage, where 100% is
the maximum inhibitory activity, and 0% is equal to the B-galactosidase activity of the
promoter in the presence of Rns and the absence of any inhibiting compound. The IC, is the
concentration at which CH2 exhibits half of its maximum inhibitory effect, and is 0.49 UM when
measuring Rns-mediated activation of PcfaA, and 2.26 uM when measuring Rns-mediated
activation of PetpB. Prism 6.01 (GraphPad) was used to fit a sigmoidal variable slope curve to

the plotted data points, and calculate the IC
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Effect of CH3 on Rns-mediated activation of PcfaA Effect of CH3 on Rns-mediated activation of PetpB
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Figure 4.11. Determination of the IC_ of CH3

Results of B-galactosidase reporter assays showing PcfaA and PetpB activation by Rns in the
presence of various concentrations of CH3. Inhibition is shown as a percentage, where 100% is
the maximum inhibitory activity, and 0% is equal to the B-galactosidase activity of the promoter
in the presence of Rns and the absence of any inhibiting compound. The IC is the concentration
at which CH3 exhibits half of its maximum inhibitory effect, and is 6.55 uM when measuring Rns-
mediated activation of PcfaA, and 7.14 uM when measuring Rns-mediated activation of PetpB.
Prism 6.01 (GraphPad) was used to fit a sigmoidal variable slope curve to the plotted data points,

and calculate the IC,,
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Table 4.4. The IC,, of CH1, CH2 and CH3 for Rns-
mediated activation of PcfaA and PetpB

IC, PcfaA ICs, PetpB
CH1 1.018 uM 2.960 uM
CH2 0.4907 uM 2.263 uM
CH3 6.55 UM 7.140 pM
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Figure 4.12. Effect of CH1, CH2 and CH3 on the growth of H10407

The growth kinetics of H10407 was measured in the presence of 1% DMSO (-@-), or 10 uM CH1
(@), CH2 (-@-) or CH3 (-@-) in 1% DMSO. The results are shown as OD_ readings at half hour
intervals over 9.5 hours. No compound had an effect on the growth of E. coli H10407. Error

bars indicate standard error of the mean, n = 3.

150



using a Pmtr-lacZ fusion, co-transformed into MC4100(pTyrR) (194). TyrR activates the
transcription of a tryptophan-specific transport system E. coli, and is not related to Rns (254).
Bacteria were grown with compounds CH1 or CH2, or CH3 (figure 4.13). As CH1 and CH2 were not
soluble at concentrations higher than 50 uM, they were tested at this concentration. CH3 remained
soluble at a higher concentration, and was tested at 400 uM. No inhibition of TyrR was seen in

response to any inhibitor at the concentrations tested.

4.2.10 Effect of CH1, CH2 and CH3 on the expression of CFA/| by E. coli H10407

All of the above investigations of CH1, CH2 and CH3 were performed in E. coli MC4100, using
lacZ-fusion plasmids. To determine if the candidate inhibitors had an effect on the expression of
CFA/I by E. coli H10407, SDS-PAGE was performed on heat-extracted surface proteins from E. coli
H10407, H10407AcfaABCE, H10407Arns, H10407Arns(pRns), grown in 1% DMSO, and E. coli H10407
grown in the presence of 10 uM of compounds CH1, CH2 and CH3 in 1% DMSO (figure 4.14). A band
of approximately 17 kDa, which corresponds to the expected size of CfaB, the major subunit of CFA/I
fimbriae, was detected in H10407, but absent from both the cfaABCE and rns deletion mutants; as
expected, it was more prominent in H10407Arns(pRns). The 17 kDa band from the lane of the gel
containing proteins from H10407Arns(pRns) was excised and sequenced by mass spectroscopy at
the Walter and Eliza Hall Institute for Medical research. Protein sequencing confirmed that CfaB was

the predominant protein in this band.

The CfaB band was fainter in protein preparations from H10407 grown in the presence of 10
UM CH2 and CH3. CH1 present at a concentration of 10 uM did not have an obvious effect on CfaB

production in H10407 (figure 4.14).

4.3 Discussion

4.3.1 Rns as a target for the development of a virulence gene inhibitor
Current treatment for ETEC focuses primarily on rehydration, with antibiotics given in

extreme cases (31). Resistance to antibiotics is increasing within the ETEC pathotype, and novel
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Figure 4.13. Effect of CH1, CH2 and CH3 on TyrR-mediated activation of Pmtr

Results of B-galactosidase reporter assays on the activation of Pmtr by TyrR in the presence of
50 uM CH1 and CH2 in 1% DMSO, 400 puM of compound CH3 in 1% DMSO, or a DMSO control
showed that no compound had an effect on TyrR-mediated activation of Pmtr. Error bars

indicate mean and standard error of the mean, n > 3.
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Figure 4.14. Surface protein expression by E. coli H10407 grown in the presence of Rns inhibitors
SDS-PAGE showing Kang’s-colloidal-stained, heat-extracted, surface proteins of E. coli H10407 and
its derivative strains grown in the presence of 1% DMSO, and H10407 grown in the presence of 10
UM of compounds CH1, CH2 or CH3 in 1% DMSO. The band corresponding to CfaB (~17 kDa) is

indicated with an arrow. This band is present in surface proteins extracted from wild type H10407,
but missing from protein preparations of both H10407AcfaABCE and H10407Arns, and restored in

H10407Arns(pRns). The band is faint in the samples grown with 10 uM CH2 and CH3.
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therapeutics are required in the absence of a vaccine (177). In chapter three, | investigated
the Rns regulon of E. coli H10407, and found that as well as the previously described Rns targets, the
CFs and CexE, Rns was also responsible for the transcriptional activation of putative virulence genes
etpBAC, yghl, rtr, and, indirectly, agn43. This makes Rns an attractive drug target for the treatment
and prevention of ETEC infection. If activation of the Rns regulon is inhibited, ETEC will be unable to

colonise the small intestine and cause disease.

Inhibitors of virulence gene regulators, such as Regacin and Virstatin, have been a popular
topic of research in recent years, as they have several advantages over traditional antibiotics (194,
196). Because they target virulence mechanisms specifically, the selection pressure for the
development of resistance is far lower than it would be for a drug that kills the bacteria or
interfering with their growth. The specificity of inhibition also means that commensal organisms
living in the intestine should not be harmed by treatment with the virulence inhibitor. This has
multiple benefits. Damage to the intestinal microbiota is responsible for many of the side-effects of
antibiotics, and so virulence inhibitors should cause fewer side-effects (255-257). Second, any
resistance which may develop against these drugs will be beneficial only to the targeted pathogen.
Commensal organisms will have no incentive to harbour resistance genes, reducing the chance that

they will act as a reservoir for the horizontal transfer of these genes to pathogens.

In this chapter, | described the use of two complementary methods (a high-throughput
screen and a virtual screen) to investigate libraries of chemical compounds and find those which
inhibit target gene activation by Rns. The Rns inhibitor CH1, and its analogues CH2 and CH3, were

identified, and their properties investigated.

4.3.2 High-throughput in vitro screen for an Rns inhibitor
The HTS | used is able to screen thousands to tens of thousands of compounds for their
ability to inhibit Rns activity in vitro. The aim of this screen was to identify a compound that inhibits

Rns specifically. To that end, each compound during the HTS was also tested for its ability to inhibit
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gene activation by an unrelated regulator, MrkH. The latter is a transcriptional regulator which
controls the expression of type 3 fimbriae by Klebsiella pneumoniae (252). If a compound reduced
the activity of both Rns and MrkH, then it was either broadly inhibiting or toxic to the cell, and was
not considered further. All compounds were tested at a concentration of 10 uM, a concentration

which has been successfully used in our lab for this type of screen in the past (194).

For the HTS, | initially included any compound that reduced the Rns-mediated activation of
PcfaA to below 67% of a DMSO control. Hits were rare, and so this generous threshold was chosen
so as not to exclude potential hit compounds from being detected. Repeating the assay for the 41
potential hit compounds identified initially showed that only four compounds were reliably able to

reduce Rns-mediated activation of PcfaA to below 67% of a DMSO control.

Further testing was performed with the compounds at 100 uM to increase our ability to
detect inhibition, and using low volume B-galactosidase assays as a practical measure to conserve
our stock of the compounds. In these tests, one compound had a highly significant effect on the Rns-
mediated activation of PcfaA, inducing an approximately 3-fold reduction in promoter activity. This
compound was CH1. A second compound, F2, reduced promoter activity to approximately 80% of a

DMSO control, with a p value = 0.038 (figure 4.3).

4.3.3 Virtual screen for an Rns inhibitor

A virtual screen can be of a much larger scale than an HTS, as it predicts the ability of
millions of compounds to bind to selected target sites within a protein. Before the screen can begin,
the protein must be accurately modelled, and its functional regions must be mapped. Once this
process is complete, we can select potential binding pockets that are likely to inhibit the activity of
the protein if bound by a small chemical compound. The actual screen itself requires extensive
processing power, taking weeks to be completed. The targeted nature of a virtual screen means that
only compounds predicted to bind to the selected regions of the protein are assayed. This is in

contrast to HTS, which has the possibility to identify compounds that work in unexpected ways.
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The virtual screen was conducted on a model of Rns. The model was based on the crystal
structure of ToxT, which shows 18.1% sequence identity to Rns (214). Two pockets in the Rns protein
were identified as possible compound binding sites and were targeted for the virtual screen (figure
4.4). One of these was central to the protein (depicted in magenta in figure 4.4), and the other was
located between the dimerisation and DNA-binding domains (depicted in green). Both of these
functions are vital for the function of AraC-like regulators, and both have been successfully targeted
by virulence inhibitors in other pathogens (124, 258, 259). The dimerisation domain is the site where
Virstatin binds ToxT, inhibiting its function, while Regacin inhibits RegA through binding of the DNA-

binding domain (194, 197).

Four million drug-like compounds were screened against each site and the top 500 hits kept
for analysis. These compounds were then analysed visually and computationally, resulting in a
shortlist of 177 structurally diverse compounds that | subjected to biological analysis. In modified B-
galactosidase reporter assays, 11 of these 177 compounds decreased Rns-mediated activation of
PcfaA to less than 50% of a DMSO control. Unfortunately, none of these 11 compounds was reliably
able to reduce Rns-mediated activation of PcfaA over multiple repeated assays. This may have been
due to the degradation of the compounds over time, or may reflect a weak ability to inhibit Rns-
mediated activation of PcfaA. By this point in time, | had identified CH1 as a strong candidate for Rns
inhibition. | decided to focus on CH1, and not explore the potential hit compounds from the initial

virtual screen any further at this stage.

4.3.4 Docking of CH1 into binding pockets of Rns

After CH1 was identified through the HTS, Dr. Holien performed computer modelling to
predict the interactions between it and Rns. Knowing how a compound docks into a binding pocket
on Rns allows us to deliberately modify that compound in ways which are likely to improve binding

affinity. Knowing which sections of the compound are essential for binding also allows us to target
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other regions of the compound for modifications to improve the solubility, reduce toxicity, or alter

other biochemical properties of the compound, without interfering with its binding to Rns.

For the virtual screen, two binding pockets on the Rns structure were targeted. One of these
sites is central to the protein, depicted in magenta in figure 4.4, and is likely to impact the
conformation of the dimerisation domain. The other is between the dimerisation and DNA-binding
domains, and is depicted in green in figure 4.4. Compounds binding to these pockets are expected to
inhibit Rns by interfering with dimerisation and/or binding to DNA, both of which are essential for
target promoter activation by Rns. When CH1 was identified and the likely position of binding to Rns
was modelled, two potential binding sites were discovered (figure 4.7). One of these binding
conformations, depicted in green in figure 4.7, binds to one of the pockets in Rns that was targeted
in the virtual screen (also depicted in green in figure 4.4). This site is the likely putative binding site
for CH1. Figure 4.15 is a side-by-side comparison of the binding pockets targeted in the virtual
screen and the potential binding conformations of CH1. If the green site is indeed the predominant
site of binding by CH1, then the compound is most likely acting by inhibiting the ability of Rns to bind
to target DNA. The other potential CH1 binding site, depicted in black in figure 4.7, is closer to the

putative dimerisation domain of Rns and was not one of the sites targeted in the virtual screen.

4.3.5 CH1 analogues

One way to attempt to improve the binding affinity of CH1 to Rns is to make small
modifications to either the compound or the protein, and see how those changes affect the
inhibitory activity of the compound. Mutagenesis of Rns followed by B-galactosidase reporter assays
to determine any changes in the ability of CH1 to inhibit Rns activity can narrow down which
residues are contacting the compound, and help to determine which of the putative CH1 binding

sites is correct, as well as which residues are essential for contact with the compound.

The same idea can be used to determine which regions of CH1 contact the Rns protein. To

further investigate the binding properties of CH1, a 2-dimensional search for CH1 analogues was
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Figure 4.15. Pockets in the Rns structure targeted for compound docking and possible binding sites of CH1
The Rns protein is represented in yellow, with the DNA-binding helices in red and the putative dimerization domain
in blue. A) Depiction of the binding pockets, in green and magenta, used as targets in the VS. B) Depiction of the

possible binding sites of CH1, in green and black.
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performed. Dr. Holien screened the virtual library of compounds for those which share the
basic structure of CH1, but with small modifications, such as the presence or arrangement of
functional groups. These analogues were identified by calculating the Tanimoto similarity coefficient
of each compound in the library to CH1. This is a figure that compares the number of substructural
fragments in common between two compounds to those that are unique to each, to yield a

similarity score between 0% and 100% using the equation:

Tanimoto similarity coefficient = ———
a+b-c

Where ‘@’ is the number of substructural fragments present in one compound alone, ‘b’ is
the number of substructural fragments present in the other compound alone, and ‘c’ is the number

of substructural fragments that are common to both compounds.

No CH1 analogues were found with a Tanimoto similarity coefficient greater than 80%, and
only 13 were found with a Tanimoto similarity coefficient greater than 75%. Reducing the threshold
for analogue discovery to 65%, there were more than 50 hit compounds. For convenience, 33
compounds that were available from suppliers were obtained for in vitro testing. In modified B-
galactosidase reporter assays, six compounds reduced promoter activity to below 50% of a DMSO

control.

CH1 analogues were also investigated for the purpose of improving the accuracy of the
binding model, so that we could continue investigations with a group of similar compounds, rather
than a single hit. These six compounds were tested at various concentrations for their ability to
inhibit Rns-mediated activation of PcfaA (figure 4.8). One compound, SVI-2919, returned
consistently erratic results, and was not included in further investigations. In figure 4.8, 100%
inhibition refers to the promoter activity of a DMSO control. This allows for visualisation of the
maximum efficacy of each compound as well as the concentrations at which they exert their effect.

This means that these curves cannot be used to calculate the ICso, because the ICs is defined as 50%
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of the maximum effect of that compound, not of complete inhibition. Compounds SVI-2914, SVI-
2917, and SVI-2918 became insoluble at higher concentrations, before their dose-response curves
reached a plateau. CH2 and CH3 were selected for further characterisation, as they exerted the

greatest inhibitory effect at the lowest concentration, and they were the most soluble.

4.3.6 Dose-response curves of the effect of CH1, CH2, and CH3 on Rns-mediated activation of

PcfaA and PetpB

The in vitro efficacy of an inhibitor is measured by the 1Csq, the concentration at which the
compound exerts 50% of its maximum effect. The dose-response curves used to measure the ICses of
CH1, CH2 and CH3 end just before reaching a clear plateau (figures 4.6, 4.10, and 4.11). This is
because they became insoluble at concentrations above those plotted. This may have compromised
the accuracy when calculating the 1Csg, artificially decreasing the value and leading to an

overestimation of the effect of the compounds, particularly for CH3 (figure 4.11).

Interestingly, the ICso for each compound differed depending on which of the two Rns target
promoters was used for the assay. The most striking example was CH2, which has an [Cso of 0.49 uM
against Rns-mediated activation of PcfaA, and of 2.26 uM against Rns-mediated activation of PetpB.
This is mostly likely due to slight differences in the way Rns binds to each of these promoters, so that
the change in Rns that is induced by inhibitor binding has a stronger inhibiting effect on the binding
to some promoters than to others. For all three inhibitors, the 1Csos were higher when measuring the
effect on Rns-mediated activation on PetpB than on PcfaA. During further development of an Rns
inhibitor, it will be interesting to measure the effects of the compounds on Rns-mediated activation
of a variety of target promoters, and to see how these changes affect the phenotypes mediated by

these Rns target genes.
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4.3.7 The effect of CH1, CH2, and CH3 on CFA/I production of E. coli H10407

Figure 4.14 depicts the expression of CfaB by E. coli H10407 grown in the presence of CH1,
CH2 and CH3. Despite ICso calculations estimating that CH1 has a stronger effect on transcription of
the cfaABCE operon than CH3, examination of the protein profiles suggest that CH1 actually had the
least effect on CfaB production, and CH2 was the most effective. It is not entirely unexpected that
the ICso calculated using promoter-lacZ fusions does not correspond exactly to the final protein
production. The majority of the work in this study was performed in E. coli MC4100, using promoter-
lacZ fusion constructs, and there may be a different activity profile when the compounds are applied
in the Rns native ETEC background. The inhibitor compounds must reach a high enough intracellular
concentration to have an effect on Rns, and E. coli H10407 may have different levels of uptake and
efflux of the compounds than E. coli MC4100. The abundance of Rns and of target promoter DNA
will also differ between E. coli H10407 and the E. coli MC4100 reporter strains. Finally, other
regulatory mechanisms specific to H10407 that interact with the Rns response could also account for

some of the differences in these results. In the future, this work must be repeated in E. coli H10407.

4.3.8 Future lines of investigation

4.3.8.1 Improving the computer model of Rns and inhibitors

The more accurate our computer model of Rns, the better we can understand the
interactions between Rns and its inhibitors. We can then use this information to improve the
inhibitors. The results of B-galactosidase reporter assays measuring the ability of each of the CH1
analogues to inhibit Rns activity can be used to improve the accuracy of the model. We can also gain
information about the way in which various inhibitor compounds dock into binding pockets of Rns by
using mutations to the protein. Amino acid changes in the regions to which an inhibitor compound is
expected to bind can help us to confirm experimentally the docking site identified in silico. In
addition, solving the crystal structure of Rns itself will help us improve upon the computer model,

which is currently based on the crystal structure of ToxT.
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4.3.8.2 Determining the effect of inhibitor compounds on H10407 phenotypes

Improving the efficacy of inhibitor compounds with further rounds of model refinement and
testing of analogues will be performed using the same in vitro assays as described in this chapter.
Additionally, assays should be performed to determine the loss of Rns-mediated phenotypes of
H10407 in response to the inhibitor compounds. The production of CFA/I by H10407 in the presence
of inhibitor compounds was measured qualitatively in figure 4.14, and CH2 was found to have a
strong ability to reduce CfaB production. As well as CFA/I production, other assays should be
employed to measure the phenotypes controlled by Rns and see how they are affected by inhibitor
compounds. These assays could include adherence to CaCo-2 cells (mediated by CFA/1), secretion of
EtpA, degradation of MUC2 (mediated by Yghl), and biofilm formation (mediated by Agn43). Since
the 1Csos of the compounds varied when measuring Rns-mediated activation of different promoters,
it is possible that different compounds will have subtly different effects on the H10407 virulence

phenotype.

4.3.8.3 The mechanism of action of CH1, CH2, and CH3

Inhibitors of Rns are likely to function by interfering with its dimerisation or its ability to bind
target DNA. To determine if the compounds inhibit DNA binding by Rns, EMSA can be performed to
measure Rns binding to PcfaA and/or other Rns target promoters in the presence and absence of the
inhibitors. If the compound inhibits the ability of Rns to bind to its target DNA, the gel-shift of the
promoter DNA in response to Rns will be impeded at high concentrations of compound. This method

has been used previously in our lab to identify the mechanism of action of Regacin upon RegA (194).

To determine if the compounds are inhibiting Rns by blocking dimerisation,
ultracentrifugation can be performed to measure the sedimentation coefficient of Rns in the
presence and absence of the inhibitors. Rns is generally thought to exist as a dimer in solution,
although this stance has been questioned (123, 125). If Rns exists as monomers in the presence of

inhibitor compounds, this would indicate that the compound is inhibiting the dimerisation of Rns.
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4.3.8.4 Invivo testing of Rns inhibitors

There are at least three potential mouse models of Rns-mediated infection that could be
used to test inhibitor compounds in vivo. E. coli does not thrive in the mouse intestine, primarily due
to commensal bacteria that produce short-chain fatty acids which inhibit E. coli growth (260). Mice
that have been pre-treated with streptomycin to reduce the number and influence of these
commensal bacteria are susceptible to colonisation by ETEC, but this colonisation doesn’t cause
disease. Moreover, ETEC CFs are species-specific, meaning that ETEC colonisation of the mouse

intestine isn’t necessarily indicative of infection in humans (261).

Another potential Rns-dependent animal model uses the natural mouse pathogen C.
rodentium. The virulence activator of C. rodentium, RegA, is closely related to Rns, and preliminary
work in our lab has established than Rns can restore the mouse colonisation phenotype lost in a
regA deletion mutant of C. rodentium (figure 4.16). This model would allow us to see the effect of an
Rns inhibitor in a model where Rns controls virulence through the transcriptional activation of

multiple target genes.

Both of these models are useful for determining the ability of the compounds to access
intestinal bacteria and affect Rns-mediated colonisation and/or virulence in vivo. Unfortunately,

neither can be used to investigate ETEC virulence processes specifically.

A third mouse model of ETEC infection is performed in neonatal mice. The commensal
bacteria that inhibit E. coli growth have not yet become established in the intestines of one-day old
mice, and as such they are susceptible to ETEC-induced disease. This model has been used to test
vaccines targeting ETEC by the vaccination of pregnant mice and subsequent challenge of their

offspring with ETEC strain H10407, and could also be used to test an Rns inhibitor (262).
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Figure 4.16. Colonisation of the mouse intestine by C. rodentium

The ability of C. rodentium to colonise the mouse intestine was measured by calculating the cfu/g of

bacteria excreted in the faeces of mice orally infected with 106 cfu C. rodentium(pACYC184) (~e=),

C. rodentiumAregA(pACYC184) (-m=), C. rodentiumAregA(pRegA) (===, or C. rodentiumAregA(pRns){#=).

The regA deletion mutant of C. rodentium was attenuated in its ability to colonise the mouse intestine.

This ability was restored by the trans-complementation of regA on a plasmid. Trans-complementation

of rns on a plasmid completely restored colonisation by C. rodentiumAregA for the first seven days of

infection, but not at day ten.
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4.3.9 The potential of an Rns inhibitor for therapeutic use
ETEC is a major cause of diarrhoea in children under the age of five who live in developing
countries, and for travellers to these regions. Both of these groups would benefit from the

development of an effective inhibitor of Rns.

4.3.9.1 An Rns inhibitor as prophylaxis

It is likely that virulence inhibitors would work best when taken prophylactically, especially
since Rns is primarily involved in the early colonisation stage of ETEC infection. Using traditional
antibiotics as prophylaxis is not encouraged due to the strong selective pressure it applies for the
development of resistance, not only of ETEC but of all gut microbiota. Because virulence inhibitors
do not exercise the same widespread selective pressure and act on a highly specific target, an Rns

inhibitor could be used more widely.

Travellers at risk of ETEC-induced diarrhoea could take an Rns inhibitor for the entire
duration of their trip, protecting them from colonisation of the small intestine by ETEC. Travellers
could safely stop taking the inhibitor once they are no longer in a region to which ETEC is endemic.
Alternatively, an Rns inhibitor could be used as post-exposure prophylaxis. In this scenario, it would
be taken by travellers only when they believe they may have been exposed to ETEC, such as after

drinking water or eating raw food in areas with poor sanitation.

For children living in areas where ETEC is endemic, it is not feasible to be under constant
treatment with virulence inhibitors. Instead, an Rns inhibitor would be best utilised to limit the
spread of an outbreak. The inhibitor could be given to any children who are in close contact with an
individual sick with diarrhoea, and taken for the duration of the exposure. It would also be
applicable in situations where large numbers of people are forced into close proximity, such as in

refugee camps, cruise ships, military excursions, etc.
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4.3.9.2 An Rnsinhibitor as treatment

An Rns inhibitor may also be effective as treatment for patients who already have symptoms
of an ETEC infection. Experiments in mice have shown that Regacin, the virulence inhibitor of C.
rodentium, can reduce infection in mice if taken 12 hours after exposure (194). The same is true for
Virstatin inhibition of ToxT in a mouse model of V. cholerae infection (196). An Rns inhibitor which
can reverse an established ETEC infection could be given to any patient presenting with watery

diarrhoea in a region where ETEC is endemic.

4.3.10 Conclusion

The work presented in this thesis adds to a growing body of investigation into virulence
inhibitors. As the problem of antimicrobial resistance continues to rise, it is vitally important that
more research is focused on alternative mechanisms of bacterial control. My work provides an early
exploration into the potential for the prevention and/or treatment of ETEC infections through the

targeting of a transcriptional regulator of virulence.

The road to drug development is a long one. We must first improve our understanding of the
results presented here, by refining the computer model of Rns, and by identifying exactly how the
inhibitor compounds interact with the protein. Once this work is complete, there are several layers
of complexity which must be considered before a viable drug is developed. The interaction of the
Rns regulatory system with others specific to ETEC, as well as strain variation of these systems, must
be explored. My final experiment, which looked at the protein expression profile of E. coli H10407 in
response to the three compounds CH1, CH2, and CH3, already suggests that the effects of the
inhibitors on the ETEC phenotype may not precisely mimic the results seen in a reporter construct

system.

After a family of inhibitors has been well characterised in E. coli H10407, we must then begin
to consider how they will act within a mammalian host. The safety or toxicity of the compounds

must be assessed, and the compounds selected or modified to reduce any negative effects they may
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have on the human body. Once in vivo experiments begin, the complication of bioavailability
becomes an issue. A drug must be able to reach the same sites where an infectious agent has
colonised the host. In this regard, it is an advantage to be working on a pathogen that colonises the
intestine, as a compound can be taken orally and will not have to make its way from the digestive
tract to a distant site of infection. Still, we do have to consider how the human digestive system
might break down the compound, and how well the compound is able to penetrate the mucus layer

and actually contact the bacteria in the small intestine.

All this means that CH1, CH2 and CH3 are unlikely to be the actual chemicals sold to
travellers or given out by aid workers to combat ETEC-induced diarrhoea. Instead, they are intended
as a jumping-off point, the first generation in a line of compounds that may one day become a
licensed medicine. Despite the vast amount of work that still needs to be done, this thesis describes
a very important first step. These proof of concept experiments have now been successful in three
pathogenically similar organisms, C. rodentium, V. cholerae, and ETEC, early successes which are vital
to encourage funding organisations and/or pharmaceutical companies to consider this approach to

pathogen control a valid tactic, worthy of significant investment.
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