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Summary

Enterotoxigenic Escherichia coli (ETEC) is a major cause of diarrhoea amongst
children in developing countries and travellers to such countries. Virulence in ETEC is
dependent on both toxin production and adherence of the bacteria to the host intestine.
This adherence is an important event in the establishment of infection and is mediated
by adhesins such as fimbriae. ETEC produces several distinct types of fimbriae
including CS1, CS2 and CFA/I. The Rns transcriptional regulator activates expression
of CS1 and CS2 fimbriae.

The techniques of scanning linker mutagenesis and random mutagenesis were
employed to gain an insight into the structure-function relationship of the Rns protein.
The Rns mutants generated by these techniques were assayed for their ability to activate
expression from the coo (CS1) promoter and, in a select number of cases, their ability to
activate the rns promoter and to bind to DNA. The N-terminal half of Rns was found to
be largely tolerant of mutation, although a small number of pentapeptide insertions in
this region significantly reduced the activity of the protein. The C-terminal half of Rns
was found to be critical for protein function and to be involved in DNA binding. The
Rns protein is predicted to contain a disordered region comprising amino acids 100-104.
Further mutagenesis of this region revealed that its predicted disorder appears to be
crucial for optimal Rns activity. It is proposed that this area may act as an interdomain

flexible linker sequence.

Analysis of purified Rns by gel filtration chromatography and experiments performed
with a LexA-Rns fusion indicate that the Rns protein dimerises. Cross-linking studies
were initially impeded by the apparent aggregation of Rns, but also provided evidence

that this protein forms dimers.

Mutations of the DNA sequence within Rns binding sites at the coo promoter were
demonstrated to reduce Rns binding and Rns-dependent activation of coo transcription,
thus confirming the importance of specific residues within these sites. These mutations,
as well as loss of DNA sequences upstream of the coo promoter, were found to result in

elevated levels of basal coo transcription, suggesting that this promoter may be subject

[T



to complex regulation involving additional, as yet unidentified factors. The nucleoid-
associated protein H-NS was revealed to bind directly to the coo promoter region and
repress coo transcription. Rns was found to activate coo transcription even in the
absence of H-NS, thus indicating that Rns does not act solely as an anti-repressor.
Under the conditions tested, Rns did not displace H-NS from coo promoter DNA, while

H-NS was found to be capable of displacing Rns.

Study of the thermoregulation of CS1 expression revealed that H-NS is not required
for thermal control, although in its absence a degree of fimbrial production occurs at
20°C. Transcription from the coo promoter was demonstrated to be influenced by
temperature. In contrast, rns transcription and Rns protein levels were found to be
largely insensitive to temperature. Finally, H-NS-mediated repression of rns

transcription and binding of H-NS to rns promoter DNA was observed to occur.
In conclusion, the results presented in this thesis define regions of Rns that are critical

to its function and provide evidence that Rns is a dimer. This study has also provided

further insight into the regulation of CS1 fimbrial expression.
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Chapter 1 General Introduction



1.1 Escherichia coli, commensal and pathogen

Escherichia coli is the predominant facultative anaerobe of the normal intestinal
microflora of humans, other mammals and birds. Typically the gastrointestinal tract of
human infants is colonised by E. coli within hours of birth and from then on both
bacteria and host usually coexist peacefully and can, on occasion, derive mutual benefit
(202). These commensal strains of E. coli rarely cause disease, although if the host is
immunosuppressed or the gastrointestinal barriers are breached then infection may
occur. However, the acquisition of virulence determinants by horizontal gene transfer
led to the evolution of several highly adapted E. coli clones that are capable of causing a
range of diseases even in healthy hosts. Each pathogenic category, or pathotype, of E.
coli represents a family of clones that shares a specific combination of virulence traits,
which act in concert to produce a distinctive mechanism of pathogenesis (202). Three
general clinical conditions result from infection with £. coli pathotypes: (i) urinary tract
infections and (ii) bacteraemia/sepsis/meningitis, which are caused by extraintestinal
pathogenic strains, and (iii) enteric/diarrhoeal diseases, which are caused by intestinal
pathogenic strains. There are at least six well characterised pathotypes of intestinal E.
coli pathogenic strains: enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli
(EHEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), diffusely
adherent E. coli (DAEC) and enterotoxigenic £. coli (ETEC). The extraintestinal
pathotypes comprise uropathogenic E. coli (UPEC) and neonatal-meningitic E. coli
(NMEQC).

E. coli pathogenesis is a multi-step process comprising (i) adhesion to, and
colonisation of, a mucosal surface, (ii) avoidance of host defences, (iii) multiplication,
and (iv) damage to the host (274). Adhesins and toxins are two major categories of
virulence factors required for E. coli pathogenesis. Adhesins commonly take the form
of fimbriae; polymeric protein structures typically 1-2 wm in length, found at the
bacterial cell surface. Adhesins enable the pathogens to bind closely to sites not usually
inhabited by E. coli, such as the small intestine, and to resist removal by peristalsis. A
wide range of secreted toxins and effector proteins then mediate host cell damage by
disrupting critical eukaryotic processes including ion secretion, protein synthesis and
cytoskeletal function. It was generally thought that, with the exception of EIEC, the
pathogenesis of intestinal E. coli strains did not involve an intracellular stage.

However, there have been reports describing the invasion of cultured human epithelial



cells by strains of EPEC (258), ETEC (111), EHEC (287) and EAEC (23). In most
cases the role of cell invasion in the pathogenesis of these strains is undefined, but it is
postulated that cell penetration could represent an evasion and/or persistence strategy.

The pathogenic diversity of E. coli strains is reflected in the genomic variability
observed amongst different strains. The genomes of natural E. coli isolates can vary in
size by up to 1 Mb (26). The genome of a commensal E. coli K-12 isolate, MG1655,
was found to be 4.64 Mb in size while the genomes of UPEC and EHEC isolates were
reported to be 4.94 and 5.53 Mb in size respectively (32, 43, 301). The EHEC genome
contains more than 1.4 Mb of DNA that is not present in E. coli K-12 (83). As
mentioned above, this genetic diversity is due in part to the acquisition of foreign DNA
encoding virulence traits by pathogenic E. coli strains. Virulence factors are often
encoded on mobile genetic elements including plasmids, bacteriophages and
pathogenicity islands. Genetic information has also been lost during the evolution of
pathogenic strains; 0.53 Mb of E. coli K-12-specific DNA sequences are absent from
the EHEC genome (83). Horizontal gene transfer, along with the loss of DNA regions,
resulted in the mosaic genome structure of E. coli pathotypes in which novel genetic
sequences are present within the common backbone of the E. coli genome (422).
Significant variation is not only observed between the genomes of pathogenic and
commensal strains of E. coli, but also between the genomes of different pathotypes. A
genomic comparison of strains of EHEC, UPEC and E. coli K-12 demonstrated that the
three strains shared only 39.2% of their combined set of proteins (422). Therefore E.
coli strains display great genome plasticity and genetic diversity.

In keeping with their association with mobile genetic elements, E. coli virulence genes
are often regulated by pathogen-specific regulators that are also encoded on plasmids or
pathogenicity islands. These regulators are frequently members of the AraC family of
proteins (see Section 1.5). However, E. coli pathotypes also exploit global regulatory
proteins found in commensal strains, such as IHF (integration host factor), Fis (factor
for inversion stimulation) and H-NS (histone-like nucleoid structuring protein), to
control the expression of their horizontally acquired virulence genes. This reflects the
remarkable adaptability and versatility of E. coli, which has led to its success as a

pathogen.



1.1.1 Extraintestinal E. coli pathotypes

1.1.1.1 Uropathogenic E. coli (UPEC)

UPEC are responsible for the majority of urinary tract infections (UTIs), causing 70-
90% of the estimated 150 million UTIs diagnosed annually (388). UTIs, which include
cystitis (bladder infection) and pyelonephritis (kidney infection), vary in disease
severity and location and can also be sporadic, recurrent or chronic. Several virulence
factors have been described for UPEC including iron uptake systems (such as
aerobactin), adhesins and cytotoxins (440). Among different subgroups of UPEC these
virulence factors are present in varying percentages, therefore no single phenotypic
profile is responsible for UTIs (197, 198). The attachment of UPEC to uroepithelial
cells is mediated by adhesins including type 1, P (Pap; pilus associated with
pyelonephritis), S, M and Dr fimbriae (196). Type 1 fimbriae, which are present in
most E. coli strains, are the most commonly expressed virulence factor of UPEC (162).
These fimbriae are involved in the adherence of UPEC to bladder epithelial cells (224).
P fimbriae play a role in the attachment of UPEC to kidney epithelium and are
possessed by 80% of pyelonephritis strains (215). In addition to the diversity of
virulence genes found in UPEC, there is also variation in the expression of these genes.
Type 1 fimbrial expression is regulated by an invertible element (see Section 1.4.2)
which is generally switched to the “ON” position among bladder UPEC isolates and
strains from cystitis patients (161). In contrast, pyelonephritis strains of UPEC tend to
have their invertible element in the “OFF” position (161). Coordinated expression of
fimbriae is due to cross regulation between the P and type 1 fimbrial operons. Initially
it was found that P fimbrial expression turns off type 1 fimbrial expression via the
action of the PapB regulatory protein (437). Subsequently type 1 fimbrial expression
was also found to coordinately influence the expression of P fimbriae in an inverse
manner, thus implying that there may be communication between virulence genes to aid
sequential colonisation of various urinary tract tissues (376). The toxins produced by
UPEC include the well known haemolysin and cytotoxic necrotizing factor 1 (CNF1),
which are directly cytotoxic to host tissues (125, 204), and the more recently identified
secreted autotransporter toxin (Sat), a vacuolating cytotoxin that damages kidney
epithelium during upper UTIs (163). In addition to causing host damage, CNF1 is

thought to facilitate UPEC survival during the acute inflammatory response (76).



1.1.1.2 Neonatal-meningitic E. coli (NMEC)

NMEC is the most common cause of gram-negative meningitis and sepsis in neonates,
which are associated with high morbidity and mortality. Expression of the K1 capsule
is widespread among NMEC strains. Approximately 40% of E. coli sepsis isolates and
80% of E. coli meningitic isolates were found to have the K1 capsular serotype (214,
331). The pathogenesis of E. coli K1 meningitis is a multi-step process in which the
bacteria colonise mucosal surfaces (generally of the upper respiratory or gastrointestinal
tract) and then invade the bloodstream where they survive and multiply, resulting in
bacteraemia (208). NMEC then penetrates the blood brain barrier and invades the
central nervous system leading to inflammation and neuronal injury (208). The K1
capsule contributes to the virulence of NMEC as it enhances serum resistance and has
antiphagocytic properties (5). Several other virulence factors of NMEC have been
identified. To traverse the blood brain barrier NMEC must first bind to brain
microvascular endothelial cells (BMECs). Afimbrial and fimbrial adhesins such as
OmpA (313), type 1 fimbriae (398) and S fimbriae (292, 392) are implicated in E. coli
K1 binding to BMECs. However, the role of S fimbriae in NMEC pathogenesis is not
entirely clear as, in contrast to earlier findings, it was subsequently reported that these
fimbriae are not directly involved in the adherence of E. coli K1 to BMECs (421).
Proteins demonstrated to be required for successful invasion of BMECs by E. coli K1
include OmpA (314), AslA (181), TraJ (15), CNF1 (207) and Ibe proteins (185, 186).
Recently, the Hek protein was identified as being involved in the colonisation and
invasion of gastrointestinal cells by £. coli K1 (123, 124). Therefore, great progress has

been made over the last decade in identifying virulence factors of NMEC.

1.1.2 Intestinal E. coli pathotypes

1.1.2.1 Enteropathogenic E. coli (EPEC)

EPEC are a leading cause of infant diarrhoea in the developing world. At a cellular
level, EPEC infections are associated with a distinctive attaching and effacing (A/E)
histopathology characterised by intimate attachment of bacteria to intestinal epithelial
cells and effacement of host microvilli (262). This is due to polymerised actin, which

accumulates to produce pedestal-like structures directly underneath the attached



bacteria. The factors responsible for the formation of A/E lesions, including a type III
secretion system and the proteins Tir and intimin, are encoded on the locus of
enterocyte effacement (LEE) pathogenicity island (252). The expression of the genes of
this pathogenicity island is controlled by the Ler protein (LEE encoded regulator) (254).
Another characteristic of EPEC is the distinctive pattern of localised adherence (LA) to
cultured epithelial cells exhibited by the bacteria (352). This pattern of attachment is
associated with the expression of a type 4 fimbriae termed bundle-forming pili (BFP),
which are involved in interbacterial adherence (144). EPEC also produce other fimbriae
such as FB171 fimbriae, which may also be involved in localised adherence (145). The
genes encoding BFP are present on the EPEC adherence factor (EAF) plasmid, which
also contains the per locus (377). The PerA and PerC products of this locus are
required for the activation of the bfp operon (see Section 1.5.3.3) and the LEEI operon
(encodes Ler) respectively (311).

EPEC pathogenesis is a complex process comprising three steps. The first step
involves the initial adherence of the bacteria to intestinal epithelial cells. It is not clear
which factor mediates this attachment, although several adhesins including BFP (144)
and LifA (14) have been implicated. During the second step, the type III secretion
system delivers a set of effector proteins into the host cell including Tir (which then
inserts into the host cell membrane and becomes phosphorylated) and the Esp proteins
(195). In the final step, EPEC becomes intimately attached to the host cell due to an
interaction between the outer membrane protein Tir and intimin (206), which is
followed by pedestal formation. The effector proteins translocated into host cells
disrupt several aspects of host cell physiology including intestinal permeability,

inflammation and ion secretion, thus resulting in the occurrence of diarrhoea (202).

1.1.2.2 Enterohaemorrhagic E. coli (EHEC)

EHEC was first recognised as a distinct E. coli pathotype in the early 1980s (328).
EHEC infections can result in mild to bloody diarrhoea and haemorrhagic colitis. In
some cases the potentially fatal complication haemolytic uremic syndrome (HUS)
develops. E. coli O157:H7 is the dominant EHEC serotype associated with HUS in
North America, northern Europe and Japan but other serotypes including O26 and O111
are prominent causative agents elsewhere in the world (109, 407). EHEC shares some

similarities with EPEC such as possession of the LEE pathogenicity island and thus the




ability to form A/E lesions (274). The defining feature of EHEC however, is the
production of Shiga toxins (Stx), indeed EHEC strains are thought to have evolved from
an EPEC strain that acquired a Stx-encoding bacteriophage (324). Shiga toxins, of
which there are two major families (Stx1 and Stx2), cause the host damage that can lead
to HUS by inhibiting protein synthesis in renal endothelial cells, which results in cell
death (234). The EAF plasmid is not present in EHEC therefore BFP are not produced
by this pathotype. However, some EHEC serotypes contain a plasmid, pO157, which
encodes a range of virulence factors including a haemolysin similar to that found in
UPEC (356), and a potential adhesin named ToxB (397). Several other putative
adhesins have been identified in EHEC, but the LEE-encoded protein intimin is the only
factor whose involvement in adherence to epithelial cells has been clearly demonstrated
(89). Sequencing of two EHEC genomes revealed the presence of at least 16 potential
timbrial operons (173, 236, 301), although it has not been established if they are
functional in vivo. While EHEC has been reported to produce fimbriae such as long
polar fimbriae (406), the E. coli common pilus (326) and a type 1 fimbriae homologue
F9 (235), the biological significance of fimbriae to host colonisation by EHEC remains
unclear. However, the recent finding that EHEC produces type 4 fimbriae termed
haemorrhagic coli pilus that may act as intestinal colonisation factors has contributed to
the developing understanding of the mechanisms involved in EHEC adherence to

epithelial cells (438).

1.1.2.3 Enteroaggregative E. coli (EAEC)

EAEC is an important cause of diarrhoea, which is often persistent, in both children
and adults worldwide. EAEC strains are very heterogeneous (108), but are defined by
their characteristic pattern of aggregative adherence to cultured epithelial cells, in which
bacteria attach to cell surfaces in a “stacked-brick™ configuration (275). Three stages
comprise EAEC pathogenesis: adherence to the intestinal mucosa; formation of a
mucoid biofilm; and release of toxins that cause intestinal cell damage and, ultimately,
diarrhoea (272). Adherence of EAEC is associated with the presence of fimbrial
structures termed aggregative adherence fimbriae (AAF), which are distantly related to
the Dr family of adhesins. Based on the sequences of their major fimbrial subunits,
three main variants of AAF (AAF/I, Il and III) have been described (28, 66, 273). The

genes encoding the fimbrial subunits are present on large virulence plasmids called



pAA. The expression of AAF genes, and several other EAEC virulence determinants, is
regulated by the AggR protein (see Section 1.5.3.4), which is also encoded on pAA (98,
278). Each AAF variant is only present in a minority of EAEC strains, suggesting that
other adhesins play a role in aggregative adherence. Indeed there have been reports
describing the involvement of type 1 fimbriae (263) and several outer membrane
proteins in EAEC adherence (77, 385). Recently a potential fourth AAF, an adhesin
termed Hda, was identified and implicated in aggregative adherence (36). A number of
toxins that are associated with mucosal damage have been described for EAEC. EASTI1
is a heat stable toxin similar to the ETEC ST toxin (see Section 1.1.2.6) (348), although
its role in disease requires clarification, as it is also found in commensal isolates (255).
The other well characterised EAEC toxins include Shigella enterotoxin 1 (ShET1) and

plasmid-encoded toxin (Pet), a cytopathic autotransporter protein (21, 117).

1.1.2.4 Enteroinvasive E. coli (EIEC)

EIEC infection most commonly results in watery diarrhoea, but can occasionally lead
to dysentery (274). EIEC are closely related to Shigella species and it has even been
suggested that EIEC and Shigella form a single pathotype of E. coli (223). These
microorganisms share a complex mechanism of pathogenesis that starts with their
penetration of the intestinal epithelium by invading M cells (347), followed by evasion
of phagocytosis by inducing apoptosis in macrophages (449), and invasion of epithelial
cells via their basolateral aspect (264). The endocytosed bacteria escape from the
endocytic vacuole, multiply intracellularly and are then propelled by actin tails into
adjacent cells, thus resulting in dissemination of bacteria in the epithelium (293). The
factors required for this system of invasion and intercellular spread are encoded by a
large virulence plasmid (VP) which is a mosaic of genes from multiple origins (44). A
30 kb region of the VP, known as the entry region, codes for the secreted Ipa proteins
necessary for host cell entry and the type III secretion system responsible for the
translocation of these effector proteins into the cell (256). Other VP-encoded virulence
determinants include SepA, a secreted serine protease (24), and Sen, an enterotoxin that
may be associated with the diarrhoeal disease caused by EIEC (277). A cascade
involving the products of the virF and virB genes, which are also located on the VP,
mediates the regulation of the invasion genes. VirF activates expression of VirB, which

then activates the expression of the invasion genes in the entry region (95). The VirF



protein of Shigella flexneri is discussed in Section 1.5.3.5. There is limited information
concerning fimbrial adhesins of EIEC, however it was recently reported that 20% of
EIEC strains tested contained the genes for long polar fimbriae (405). These fimbriae

were previously demonstrated to facilitate attachment of Salmonella to M cells (20).

1.1.2.5 Diffusely adherent E. coli (DAEC)

DAEC are a heterogeneous group of isolates that are defined by their characteristic
pattern of diffuse adherence to cultured epithelial cells (276). The adherence of the first
class of DAEC strains is mediated by afimbrial and fimbrial adhesive structures termed
Afa/Dr adhesins (365). These Afa/Dr DAEC strains have been demonstrated to be
associated with UTIs (410) and have also been implicated in a number of studies as a
cause of diarrhoea, particularly amongst older children (146, 351). F1845 fimbriae,
which belong to the Dr family of adhesins, are present in approximately 75% of DAEC
strains (31, 202). The cellular receptor of the F1845 fimbrial adhesin was identified as
the membrane-associated protein DAF (decay accelerating factor) (27). DAEC strains
induce the production of finger-like protrusions from the surface of infected cells that
envelop and protect the bound bacteria (60). It is proposed that this phenomenon is due
to the F1845-mediated binding and clustering of the DAF protein (296). A feature of
some E. coli strains included in the second class of DAEC strains is the expression of an
adhesin involved in diffuse adherence, AIDA-1 (25). AIDA-1 is an autotransporter
protein that mediates several virulence related activities in addition to adhesion to
epithelial cells, including aggregation and biofilm formation (368). The pathogenic
mechanism of DAEC has not yet been precisely determined, but is thought to involve

the disruption of brush border-associated enzymes (295).

1.1.2.6 Enterotoxigenic E. coli (ETEC)

ETEC is the pathotype responsible for the majority of E. coli-mediated cases of
human diarrhoea worldwide. It is particularly prevalent amongst children in developing
countries and travellers to such countries. It is estimated that annually, there are 650
million incidences of ETEC infection, resulting in 800,000 deaths in children under the
age of 5 (409). The essential determinants of ETEC virulence are traditionally

considered to be adherence and colonisation of the host small intestinal epithelium via



plasmid encoded colonisation factors, and subsequent release of plasmid encoded
enterotoxins that induce a net secretory state leading to profuse watery diarrhoea (Fig.
1.1) (274). This view may need to be re-evaluated in light of the identification of
several chromosomally encoded potential virulence determinants in ETEC (409). These
recently described putative toxins include EatA, a serine protease autotransporter (294);
ClyA, a pore forming cytotoxin (239); and EASTI, a heat stable toxin originally
isolated from EAEC (441). However, the role of these factors in ETEC virulence has
not yet been fully determined.

ETEC strains are defined by the production of one or two fully characterised
enterotoxins, heat-labile toxin (LT) and/or heat-stable toxin (ST). The LT of ETEC is
closely related both structurally and functionally to the cholera toxin of Vibrio cholerae
(383). Like the oligomeric cholera toxin, LT is composed of five identical B subunits
associated with one A subunit. There are two major serogroups of LT, LT-I and LT-II,
but only LT-I is associated with disease in humans. Following release of LT-I, the B
subunits of the toxin bind to the cell surface gangliosides GM1 and GDI1b (137),
facilitating the entry of the A subunit into the host cell (383). The enzymatically active
A subunit transfers an ADP-ribosyl group from NAD to the a-subunit of the stimulatory
G protein (Gs,), which leads to irreversible stimulation of adenylate cyclase activity
(Fig. 1.1 (A)). This in turn leads to overproduction of intracellular cyclic AMP
(cAMP).  Thus cAMP-dependent protein kinase A is activated, resulting in
phosphorylation and consequent activation of chloride channels in the epithelial cell
membrane, the major one being the cystic fibrosis transmembrane conductance
regulator (CFTR). The resultant increased chloride ion secretion and reduced NaCl
absorption leads to loss of water to the intestinal lumen and thus diarrhoea (363).
Enhanced intestinal secretion may also occur via LT-mediated stimulation of the enteric
nervous system and prostaglandin synthesis (274).

STs are small polypeptides comprising two unrelated classes, STa and STb, of which
only STa is a proven significant human virulence factor (363). Mature STa, a cysteine
rich peptide of 18 to 19 amino acids with three intramolecular disulphide bonds, is an
analogue of the mammalian hormone guanylin. STa binds and activates guanylate
cyclase C (361), a membrane-spanning enzyme whose endogenous agonist is guanylin
(65). This results in elevated levels of intracellular cyclic GMP, which ultimately leads

to activation of the CFTR chloride channel (188). Again, the net effects of enhanced
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Fig. 1.1. Pathogenesis of enterotoxigenic E. coli. An important early step in ETEC
pathogenesis is the adherence of bacteria to host intestinal epithelial cells via surface
expressed colonisation factors (CFs). This is followed by the secretion of one or two
enterotoxins, whose actions result in diarrhoea. (A) Mechanism of action of heat-labile
toxin LT-I. The B subunits of the oligomeric toxin (ABs) bind to gangliosides on the
host cell surface (GM1 and GD1b). The A subunit of the toxin enters the host cell and
transfers an ADP-ribosyl group (ADPr) to the a-subunit of G protein. This leads to an
increase in cAMP, which results in phosphorylation of the cystic fibrosis membrane
conductance regulator (CFTR) chloride channel. The consequent increased chloride ion
(CI') secretion from secretory crypt cells and decreased NaCl absorption from
absorptive cells leads to diarrhoea. (B) Mechanism of action of heat-stable toxin STa.
STa binds to and activates the membrane-spanning receptor guanylate cyclase C,

resulting in an increase in cGMP levels, which again ultimately leads to diarrhoea due
to increased chloride secretion and decreased NaCl absorption. Adapted from Nataro
and Kaper (274).



chloride secretion and decreased NaCl absorption cause an increase in intestinal fluid
secretion that manifests as diarrhoea (Fig. 1.1 (B)).

An important early step in ETEC pathogenesis, which occurs prior to the elaboration
of enterotoxins, is the attachment of bacteria to the surface of the host small intestinal
mucosa. This vital step in disease initiation is mediated by bacterial proteinaceous
surface structures known as colonisation factors (CFs). Over 20 antigenically diverse
CFs from human strains of ETEC have been described (Table 1.1) (138, 302). In
addition to their antigenicity, CFs can be subdivided based on their structural
morphology. Although most are fimbrial or fibrillar, some CFs have two fibrils
arranged in a double helix and are classified as helical, while others are non-fimbrial
(138). CFs were initially called colonisation factor antigens (CFAs), coli surface
antigens (CSs) and putative colonisation factors (PCFs). Subsequently a uniform
nomenclature system was adopted to designate CFs, with the exception of CFA/I, as
numbered CSs according to the chronological order in which they were identified (138).
CFA/II was initially thought to be a single entity (121), but was later found to consist of
fine, flexible CS3 fibrillae alone or in combination with the rigid CS1 or CS2 fimbriae
(374). Similarly, CFA/IV is composed of CS6 alone or in combination with either CS4
or CS5 (399). Some of the better-characterised CFs can be divided into families based
on genetic relationships, for example the CFA/I-like group comprises CFA/I, CS1, CS2,
CS4, CS14 and CS17 (138). The frequency with which CFs occur on ETEC strains
varies geographically, however epidemiological studies revealed that approximately
75% of ETEC strains worldwide express CFA/I, CFA/II or CFA/IV, therefore these are
the most prevalent CFs (433). As studies have found that antibodies directed against
CFs provide protective immunity against ETEC, these prevalent CFs are key candidates
for components of a much sought after ETEC vaccine (319). However it is possible that
novel CFs will be identified in the future; indeed no known CFs could be identified on
20% of ETEC strains (433). While the host cell surface receptors for CFs have not been
studied extensively, some are known to be oligosaccharide residues on glycoconjugates
(156). The oligosaccharides present in eukaryotic cell membrane glycoconjugates vary
among species, thus the interaction between CFs and their receptors confers species
specificity on ETEC pathogens (138). Therefore the CFs of human ETEC isolates are
distinct from those of animal isolates, such as K88, K99 and 987P fimbriae. The genes
required for CF production may be encoded in operons located on plasmids that

frequently also contain the enterotoxin genes. CF operons are flanked by insertion
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Table 1.1 Colonisation factors of human ETEC strains

CS designation Former designation Structural morphology
CFA/ CFAN Fimbrial

CS1 CFA/I Fimbrial
CS2 CFA/M Fimbrial

CS3 CFA/I Fibrillal

CS4 CFA/NV Fimbrial
C85 CFA/IV Helical

CS6 CFA/IV Undefined
CS7 C87 Helical

CS8 CFA/II Fimbrial
CS10 2230 Non-fimbrial
CS11 PCF0148 Fibrillal
CS12 PCF0159 Fimbrial
CS13 PCF09 Fibrillal
CS14 PCF0166 Fimbrial
CS15 8786 Non-fimbrial
CS17 CS17 Fimbrial
CS18 PCF020 Fimbrial
CS19 CS19 Fimbrial
CS20 CS20 Fimbrial
CS21 Longus Fimbrial
S22 CS22 Fibrillal

Adapted from Gaastra and Svennerholm (138) and Pichel e al. (302).

sequences and have a significantly lower GC content, and a different codon usage, than
is usual for E. coli (138). This implies that they were recently introduced to E. coli
from a foreign genetic background. The biogenesis of CFs (see Section 1.2) is an
energetically expensive process; therefore the expression of many CFs is dependent on
a trans-acting plasmid-located gene encoding a regulator such as Rns, the activator of
CS1 and CS2 expression (see Section 1.5.3.1).

The plasmid-encoded CFs are not the only adhesins of ETEC. Two chromosomal
loci, tia and tib, were found to be associated with invasion and non-CF dependent

adherence of ETEC to intestinal epithelial cells (111). The tia locus directs the
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production of Tia, an outer membrane protein demonstrated to interact with a cell
surface proteoglycan receptor and thus mediate bacterial attachment to epithelial cells
(129). The tib locus is responsible for the synthesis of TibA, a large outer membrane
protein that is a member of the autotransporter family (229), and is involved in binding
to a specific epithelial cell receptor (228). TibA has also been implicated in biofilm
formation and autoaggregation, both of which are associated with bacterial virulence
(369). In addition to acting as adhesins, Tia and TibA enable ETEC to invade epithelial
cells (112, 130), although the in vivo relevance of this invasion to ETEC pathogenesis is
yet to be determined. The role of afimbrial adhesins in virulence is also unclear.
However it has been postulated that while CFs may be responsible for the initial contact
with the intestinal epithelium, the adherence mediated by Tia and TibA may be required
for an intimate interaction between ETEC and the host cell, thus resulting in the most

effective delivery of enterotoxins (409).

1.2 Fimbriae: mechanisms of biogenesis

As described in the previous section, pathogenic E. coli produce numerous types of
fimbriae that are involved in the adherence of bacteria to host tissues and thus play a
vital role in the establishment of infection. Fimbriae can be wiry and flexible; rod-
shaped and rigid; or, as is the case for P fimbriae, composite structures. Several
different subunit types may combine to form the fimbrial structure resulting in a
heteropolymeric fibre.  Alternatively fimbriae may be mainly homopolymeric.
Generally, the receptor-binding adhesin is located either at the tip or along the body of
the fimbrial shaft (375). Fimbriae can be categorised based on the pathways used for
their assembly, of which there are four main types. An overview of each of these

biogenesis mechanisms, along with representative examples, is presented below.

1.2.1 Biogenesis of type 4 fimbriae

Type 4 fimbriae, such as BFP of EPEC and toxin-coregulated pilus (TCP) of V.
cholerae, are assembled by a multi-component machine made up of at least 12 proteins
that are structurally and functionally related to the type II secretion system. The ETEC

colonisation factors longus and CFA/III are also assembled via this complex pathway
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(151, 396). Biogenesis of BFP is directed by a cluster of 14 genes located on the EAF
plasmid of EPEC (393). The first gene of this operon, bfpA, encodes bundlin, the major
subunit of BFP (88). Bundlin has the distinctive features of a type 4 fimbrial subunit,
which include a short hydrophilic signal peptide and a hydrophobic N-terminal domain
that causes the protein to be directed to the inner membrane. The remaining proteins
encoded by the bfp operon form a hetero-oligomeric complex that spans the periplasmic
space and comprises both inner and outer membrane subassemblies (62, 73). One of the
inner membrane associated components of this complex, BfpP, is a pre-pilin peptidase
that removes the signal peptide from bundlin to generate the mature fimbrial subunit
(446). In the periplasmic space, mature subunits are assembled into a helical fimbria
that is then extruded across the outer membrane to the cell surface through a multimeric
channel largely formed by the BfpB component of the biogenesis complex (357). The
energy for fimbrial extrusion is provided by the ATPase BfpD, which is a member of
the inner membrane subassembly (63). In recent years great progress has been made in
the characterisation of the BFP system, however the biogenesis of type 4 fimbriae is yet

to be fully understood.

1.2.2 Extracellular nucleation-precipitation pathway

Enteric bacteria such as E. coli produce thin aggregative fibres termed curli, which are
involved in adhesion and invasion of host cells and biofilm formation (18). The
biogenesis of curli, via the extracellular nucleation pathway, is unique among bacterial
fibres described to date. Two divergently transcribed operons, csgBA and csgDEFG,
encode the six proteins necessary for curli assembly (168). CsgD is a transcriptional
regulator of the csgBA operon, while the remaining proteins are fibre components or
assembly factors that are translocated across the inner membrane by the general
secretory pathway. Secretion of CsgA and CsgB into the extracellular milieu is
dependent on the outer membrane lipoprotein CsgG (332). At the bacterial surface the
nucleator protein CsgB associates with the outer membrane and triggers the
polymerisation and conversion of the soluble subunit protein CsgA into insoluble cell
surface fibres (169). The periplasmic proteins CsgE and CsgF interact with CsgG at the
outer membrane (332). While their role in biogenesis is currently unclear, they are
required for efficient curli assembly (116). Curli are members of a recently described

class of fibres known as functional amyloids (132). Amyloids are associated with
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neurodegenerative diseases such as Alzheimer’s disease; therefore the study of curli

biogenesis may provide insights into the mechanisms involved in these disorders.

1.2.3 Chaperone-usher pathway

The best-studied fimbrial biogenesis mechanism is the chaperone-usher pathway,
which is involved in the assembly of more than 30 adhesive organelles in gram-negative
bacteria including CS3 of ETEC and type 1 fimbriae (380). The assembly of P fimbriae
of UPEC represents the paradigm for this system. The chromosomal pap operon
contains 11 genes required for the regulation, expression and assembly of P fimbriae.
These fimbriae are composite fibres comprising a thin flexible tip fibrillum joined to a
rigid helical rod (218). The tip fibrillum is composed of PapE subunits and contains a
single copy of the PapG adhesin at its distal end. The PapF adaptor subunit connects
the adhesin to the tip fibrillum, which is itself linked via the PapK adaptor to the helical
rod formed by a PapA homopolymer. PapH terminates the fimbrial structure and
anchors it to the bacterial surface (45). The coordinated assembly of these subunits
requires a periplasmic chaperone and an outer membrane usher. The general secretory
pathway mediates the translocation of the fimbrial subunits across the inner membrane
into the periplasm where they form stable complexes with the chaperone, PapD.
Interaction with the chaperone facilitates proper folding of the subunit in addition to
protecting the subunit from proteolytic degradation and premature assembly (219).
Chaperone-subunit complexes are targeted to PapC, the outer membrane usher. PapC
differentially recognises these complexes based on the final location of the subunit in
the fimbrial structure (84). This results in the ordered incorporation of subunits into the
growing fibre, which is translocated to the cell surface through a pore formed by the
usher. The PapC usher forms dimeric channels in the outer membrane (227), however,
it was recently revealed that while each of the PapC components of the dimeric complex
are involved in chaperone-subunit recruitment, fibre translocation only occurs through

one of the pores (325).

1.2.4 Alternate chaperone-usher pathway

Several genetically related CFs of ETEC are considered to form a family known as the

CFA/I-like group (see Section 1.1.2.6). With the exception of the CS14 operon, which
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contains a duplication of the fimbrial subunit gene, the operons that encode these CFs
consist of only four genes that are required for fimbrial structure and assembly (8).
Therefore the biogenesis of CFA/I-like fimbriae is simpler than that of other fimbriae.
One family member, CS1, serves as the prototype for the study of this biogenesis
system. The CS1 operon, cooBACD (also known as csoBACE) exemplifies the
organisation of the four-gene bioassembly operons of the CFA/I-like group (Fig. 1.2
(A)). The second gene of the operon encodes the major subunit, CooA, which
composes the body of the CS1 fimbrial structure (297). While initial evidence
suggested that adherence of CS1 fimbriae is mediated by CooA (244), subsequent
findings imply that the minor subunit CooD is the adhesin as a single copy of this
protein is thought to be present at the fimbrial tip and mutations in CooD, but not CooA,
reduce CS1-dependent adhesion (343, 344). In addition to being a fimbrial component,
CooD plays an essential role in fimbrial assembly, as it is the rate limiting initiator of
CooA polymerisation (345). The first gene of the CS1 operon encodes CooB, a protein
thought to have a chaperone-like role as it associates with the subunit proteins in the
periplasm to prevent their degradation and premature polymerisation (418). Unusually
however, CooB also interacts with and stabilises CooC, an outer membrane protein
proposed to be involved in the translocation of fimbrial subunits to the cell surface
(343). Despite their apparent functional similarities, the CS1 assembly proteins have no
significant sequence homology to the proteins involved in the classical chaperone-usher
pathway (346). Therefore the CS1 biogenesis system is termed the alternate chaperone-
usher pathway (380). Numerous studies have led to the following current model for
CS1 fimbrial assembly (389). The four Coo proteins are transported to the periplasm,
via the general secretory pathway, where CooA and CooD are bound by CooB. CooC
inserts into the outer membrane and is maintained in an active conformation there by
the binding of CooB. Fimbrial assembly begins when a CooB-CooD complex binds to
CooC (Fig. 1.2 (B)). CooB, which is not part of the final fimbrial structure, is released
and most likely recycled to the periplasm. Next a CooB-CooA complex binds to CooC
at the outer membrane, leading to the addition of CooA to CooD. Sequential addition
of multiple CooA subunits at the base of the growing fimbria causes the structure to
extend across the outer membrane to the bacterial cell surface. Thus CS1 fimbriae are

largely homopolymers of CooA with a single CooD subunit at their tip (343).
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Fig. 1.2. The CS1 operon and model of assembly of CS1 fimbriae. (A) Map of the
CS1 operon. The coo genes are indicated by coloured arrows. DNA regions
homologous to insertion sequence elements are represented as grey boxes. (B) Model
of the biogenesis of CS1 fimbriae via the alternate chaperone-usher pathway. The
process is initiated when a CooB-CooD complex binds to the outer membrane protein
CooC. CooB is displaced, either from CooC or from CooD, and is thought to be
recycled to the periplasm. The repeated interaction of the CooB-CooA complexes with
CooC at the outer membrane, and the resultant incorporation of the CooA major
subunits, leads to the extension of the new fimbrial structure across the outer membrane.
Adapted from Sakellaris and Scott (346).



1.3 Regulation of transcription initiation

To survive and succeed either as a commensal or pathogen, it is essential that bacteria
effectively regulate gene expression to ensure that optimal levels of the correct proteins
are produced under appropriate conditions. Bacterial gene expression is predominantly
regulated at the level of transcription initiation. A multi-subunit RNA polymerase is
responsible for bacterial transcription. The RNA polymerase holoenzyme consists of a
core enzyme with the subunit composition a,Bf'w, in complex with a ¢ subunit, which
may be the major o factor 6”°, or one of the less abundant alternative o factors such as
0%, the stress o factor (37). Promoter recognition is a key aspect of transcription
initiation and is largely mediated by the o subunit. Domains 4 and 2 of the multi-
domain RNA polymerase ¢’ subunit contact the -35 and -10 hexamer elements of
bacterial promoters respectively. Bacterial promoters may also contain an AT rich UP
element upstream of the -35 hexamer, which is contacted by the C-terminal domain of
the a subunit of RNA polymerase, and/or they may contain an upstream extension of
the -10 hexamer that is contacted by domain 3 of ¢’ (41). Many bacterial promoters
are regulated by transcription factors; proteins that generally bind within or in the
vicinity of the promoter and activate or repress its activity, often by affecting the ability

of RNA polymerase to initiate transcription.

1.3.1 Transcription factors

[t is estimated that there are 300-350 transcription factors in £. coli (300). This large
number of diverse regulatory proteins enables E. coli to respond to a range of
conditions, as they couple gene expression to environmental changes. Transcription
factors can be activators (stimulate transcription by improving the affinity of a promoter
for RNA polymerase, see Section 1.3.2), repressors (prevent transcription initiation,
often by blocking access of RNA polymerase to the promoter), or dual regulators
(activate or repress transcription depending on the target promoter) (41). Some
transcription factors such as the nucleoid-associated proteins H-NS (discussed further in
Section 5.1) and IHF, the cAMP receptor protein (CRP) and the leucine-responsive
regulatory protein (Lrp) are termed global regulators as they affect the expression of a
large number of unrelated genes (249). CRP, which is activated by binding of cAMP

and is thus responsive to the cell’s energy status, activates transcription from at least
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100 promoters (225), while Lrp influences the transcription of more than 10% of all E.
coli genes, including those involved in fimbrial production and amino acid metabolism
(40). However, the majority of transcription factors control a limited, specific set of
genes (13). In addition to controlling other genes, transcription factors frequently
regulate their own expression. Negative autoregulation occurs most often, although
many transcription factors are positively autoregulated (249).

Transcription factors are grouped into evolutionarily related families on the basis of
sequence and structural similarities (300). Some families have been extensively studied
and are thus well characterised. In addition to the AraC family (139), which is
discussed further in Section 1.5, these include the LysR, CRP, OmpR and Lacl families.
Transcription factors are often modular with the different families sharing similar
domain architectures. Approximately 75% of transcription factors are two-domain
proteins consisting of a DNA-binding domain along with a second domain, typically
involved in oligomerisation and/or regulation (13). This second domain is usually less
well conserved. Therefore families of transcription factors are characterised by a
signature sequence that usually includes the DNA binding domain (300). The most
common DNA-binding motif in prokaryotic transcription factors is the helix-turn-helix
(HTH), although the DNA binding of some regulators is mediated by alternative motifs
such as zinc fingers and antiparallel $-sheets (300). The activity of transcription factors
can be affected by modification of their regulatory domains either by phosphorylation,
as in the case of the OmpR family members that function as response regulators in two
component systems, or by the binding of small molecule effectors, usually metabolites
(41). In addition to sharing structural properties, members of transcription factor
families can also be functionally related, as they tend to regulate genes associated with

similar biological functions (300).

1.3.2 Activation of transcription initiation

Simple transcription activation occurs when a single transcription factor activates a
promoter that generally contains one or more defective DNA sequence elements. There
are two main mechanisms by which transcription factors can function to facilitate the
binding of RNA polymerase to such sub-optimal promoters. In the first mechanism, the
DNA-bound activator makes direct contact with RNA polymerase and thus recruits it to

the target promoter. Activators that function by this mechanism can be grouped into
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two principal classes. Class I activators bind upstream of the promoter -35 hexamer and
directly interact with the C-terminal domain of the RNA polymerase a subunit (aCTD).
A flexible linker joins aCTD to the a N-terminal domain (aNTD), which interacts with
the other RNA polymerase subunits, therefore Class I activators can bind at a range of
upstream sites (41). In contrast, Class II activators are restricted to binding to sites that
overlap the -35 element of the promoter as they mostly interact with domain 4 of the
RNA polymerase o subunit, although they may also make contacts with aCTD and/or
oaNTD (41). Some transcription factors, such as CRP, can function either as Class I or
Class II activators (225). Activators that function by the second mechanism do not
directly contact RNA polymerase, but instead facilitate its interaction with the target
promoter by altering the conformation of the promoter DNA (41). For example the
MerR protein binds between the -35 and -10 hexamers of the merT promoter and thus
re-orientates these promoter elements to enable RNA polymerase binding (286).
Transcription activation can be more complex that the simple situations described
above. Approximately 50% of genes are regulated by multiple transcription factors,
usually a global regulator in addition to specific local regulators, although some
promoters are affected by several global regulators (249). Promoters that undergo
complex control are frequently regulated by both activators and repressors (41). In
these cases an activator may be required to facilitate transcription by counteracting the
effect of a repressor, and thus it actually functions as an anti-repressor. At some
promoters a single interaction between RNA polymerase is insufficient for transcription
initiation, thus two activators are required, both of which may be Class I activators or
one can function as a Class | activator and the other as a Class II activator.
Alternatively, the dependence of some promoters on more than one activator results
from the co-operative binding of the activators (17). As discussed in Section 1.4, a

further form of complex activation occurs at some fimbrial gene promoters.

1.4 Regulation of fimbrial expression

Fimbrial expression is affected by numerous environmental signals including
temperature (see Chapter 6), osmolarity, carbon source and pH. The regulation of

transcription of fimbrial genes is mediated by global regulators such as H-NS, Lrp, CRP
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and IHF, and by specific local regulators that may be encoded by genes that are
included in, or are physically separated from, the fimbrial operon (260). For example,
both the global regulator H-NS and the specific regulator Rns (see Section 1.5.3.1) are
involved in the regulation of CS1 fimbrial expression. The expression of some fimbriae
is also subject to phase variation, a type of regulation in which gene expression switches
between a phase ON state and a phase OFF state in a reversible and heritable manner,
resulting in a phenotypically heterogeneous population of cells (413). In E. coli,
fimbrial phase variation occurs by a DNA methylation-dependent epigenetic mechanism
or by a DNA inversion mechanism, exemplified by P and type 1 fimbriae respectively.

Overviews of each of these complex systems are presented in the following sections.

1.4.1 Phase variation of P fimbriae

The complex P fimbrial phase variation mechanism is based on the methylation status
of two sites in the pap regulatory region and involves several factors including Lrp,
DNA adenine methylase (Dam), CRP and the specific regulators Papl and PapB (411).
Six Lrp binding sites are present in the pap regulatory region (Fig. 1.3). Sites 1-3 are
proximal to/overlap the main promoter for the pap operon, while sites 4-6 are distal to
this promoter (282). Sites 2 and 5 contain Dam target sequences that are designated
GATC™™ and GATC™ respectively. In phase OFF cells, Lrp binds to sites 1-3.
Consequently pap transcription is repressed, methylation of GATCP™ is blocked and,
by mutual exclusion, the affinity of Lrp for sites 4-6 is reduced (177, 424). As these
promoter distal sites are unoccupied, GATC"™' becomes methylated, which further
reduces the affinity of Lrp for sites 4-6 (179, 283). Switching from phase OFF to ON
requires Papl, a co-regulatory protein that increases the affinity of Lrp for site 5 and, to
a reduced extent, site 2 (179). Switching is also proposed to require DNA replication,
as this would result in a hemimethylated GATC"™" site and displacement of Lrp from
sites 1-3 (179). This facilitates the translocation of Lrp to sites 4-6, as Papl/Lrp has a
greater affinity for DNA hemimethylated at GATC"™" than for fully methylated DNA,
and methylation of the now unoccupied GATC?™ specifically inhibits Papl/Lrp binding
to sites 1-3 (179). Following a further round of replication, transition to phase ON is
completed by full methylation of GATC™ and binding of Papl/Lrp to a nonmethylated
GATC"*' site. This binding of Lrp at sites 4-6, in addition to binding of cAMP-CRP

upstream of the promoter, activates pap transcription leading to expression of fimbriae
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Fig. 1.3. Phase variation of the pap operon. Simplified views of the pap regulatory
region in phase OFF and ON states are depicted. Lrp binding sites are numbered and
shown as grey rectangles. In the phase OFF state, pap transcription is repressed by the
co-operative binding of Lrp to sites 1-3. Sites 4-6 are unoccupied and the GATC
sequence within site 5 is methylated by Dam. In the phase ON state, Papl/Lrp binds co-
operatively to sites 4-6 and the GATC sequence within site 2 is open for Dam
methylation as sites 1-3 are now unoccupied. Thus pap transcription can occur, leading
to the production of PapB, which activates expression of Papl. See text for further
details.



and PapB (423). Expression of Papl is activated by PapB, thus a positive feedback loop
is initiated (131, 177). Incorporated into, and superimposed on the Pap switch
mechanism is regulation by environmental stimuli (412). Response to stimuli such as
low temperature, rich medium and envelope stress is mediated by several factors
including H-NS, RimJ and the CpxAR two component system (178, 425-427).

Like P fimbriae, the phase variable expression of F1845 and S fimbriae (414), and the

outer membrane protein Antigen 43 (165), also involves differential DNA methylation.

1.4.2 Phase variation of type 1 fimbriae

Type 1 fimbrial phase variation is due to the inversion of a DNA element, termed the
Jfim switch, which contains the promoter for the fim operon (Fig. 1.4). The fim switch is
314 bp iong and is flanked by 9 bp inverted repeats. The orientation of this switch
determines whether the fim structural genes such as fimA, which encodes the major
fimbrial subunit, are transcribed or not (1). Inversion is catalysed by the site-specific
recombinases FimB and FimE (209). These proteins share 48% amino acid identity but
have distinct activities. FimB inverts the switch in both directions with approximately
equal efficiencies, while FimE promotes inversion at higher frequencies than FimB and
primarily switches in the ON-to-OFF direction (251). The genes encoding the
recombinases are differentially expressed under various growth conditions and the
orientation of the fim switch is determined by whichever activity predominates. For
example, fimB and fimE are differentially modulated by H-NS in a temperature
dependent manner, resulting in preferential switching to the phase ON state at 37°C
(289). H-NS is also proposed to affect type 1 fimbrial expression by directly interacting
with the fim switch (285). IHF activates expression from the fim4 promoter and (94),
along with another global regulator Lrp, plays an accessory role in inversion by binding
within the fim switch and facilitating the formation of a nucleoprotein complex that is
competent for recombination (33, 34). The intracellular levels of the amino acids
leucine, alanine, isoleucine and valine have been demonstrated to affect Lrp-mediated
stimulation of switching and the interaction of Lrp with the fim switch (140, 334).
Furthermore, the stress o factor, o°°, influences type 1 fimbrial expression as it has a
negative regulatory role in the expression of fimA and fimB (96). Environmental signals
can thus affect phase variation of type 1 fimbriae by influencing the inversion event

itself, or the expression levels of the recombinases FimB and FimE (413).
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1.5 The AraC family of transcriptional regulators

The defining feature of the AraC family of transcriptional regulators is a 100 amino
acid region of homology that contains two predicted HTH DNA binding motifs (139).
The family name derives from the AraC regulator of the L-arabinose operon, which was
the first member to be identified and characterised. In silico analysis has led to the
identification of several hundred family members in a wide range of bacterial species
(104, 192). However, insolubility is a characteristic of these proteins, therefore only a
fraction have been experimentally characterised. Although members of the AraC
family regulate the expression of genes involved in diverse cellular processes, they can
be broadly categorised as regulators of virulence genes, stress response-related genes or
genes involved in metabolism, most commonly the catabolism of carbon sources (248).
While there are a few exceptions (see Section 1.5.2), AraC family proteins are generally
250-300 amino acids long and comprise two structural domains (139). The conserved
C-terminal domain contains the signature sequence of the family and is thus involved in
DNA binding. The poorly conserved N-terminal domain is often involved in effector
binding/oligomerisation, although in many cases it is of unknown function. The activity
of AraC-like proteins with effector binding domains is modulated by the direct
interaction of a ligand, typically a low molecular weight compound such as a sugar
(304). In a small number of cases however, protein ligands have been demonstrated to
influence transcriptional activation by AraC family members (74, 164). Co-
crystallisation of the MarA and Rob proteins with their target promoters facilitated the
study of DNA binding by AraC family members. Only the N-terminal HTH of Rob was
found to be involved in specific DNA recognition (221), while MarA was demonstrated
to use both HTH motifs for specific DNA contacts (327). Therefore, AraC-like proteins
may exhibit two modes of DNA binding.

Most AraC family members are transcriptional activators, although a number can also
repress transcription, in some cases by mediating DNA looping. The classic example is
the AraC protein itself (see Section 1.5.1.1) (232). The mechanisms by which AraC
family members activate transcription are often not fully understood. These proteins
usually have multiple binding sites at their target promoters (139) and some, XyIS and
MelR for example, contact the aCTD and/or 6" subunit of RNA polymerase and thus
act as Class I or Class II activators (155, 340). In addition, many AraC family members

antagonise repression mediated by the global regulator H-NS (see Section 5.1).
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Fig. 1.4. Phase variation of type 1 fimbrial expression. The orientation of the
invertible fim switch determines whether transcription of fimA (encodes the major
subunit of type 1 fimbriae) occurs or not. As indicated, the fim switch contains the
promoter of the fim operon and is flanked by inverted repeats (IRL and IRR). Inversion
of the fim switch is catalysed by FimB and FimE and is influenced by Lrp, IHF and H-
NS. The two binding sites for IHF (IHF I and IHF II) are shown as boxes while the
three Lrp binding sites are shown as numbered circles.



1.5.1 AraC family members involved in carbon metabolism

1.5.1.1 AraC

In addition to regulating its own expression, the homodimeric AraC protein regulates
operons involved in the uptake (araFE and araFGH) and catabolism (araBAD) of L-
arabinose (355). Each AraC monomer consists of an N-terminal dimerisation domain
that contains an arabinose-binding pocket, and a C-terminal DNA binding domain (Fig.
1.5 (A)) (46). The mechanism by which this protein regulates the araBAD promoter has
been most extensively studied (354). AraC represses transcription of the araBAD
operon in the absence of arabinose and activates its expression when arabinose is
present (115). A vast array of experimental data led to the proposal of the light-switch
mechanism, involving the N-terminal arm of approximately 18 amino acids that extends
from the dimerisation domain of the protein, as a model to explain the response of AraC
to arabinose (Fig. 1.5 (B)) (350). The model proposes that in the absence of arabinose,
the N-terminal arms bind to the DNA binding domains (323, 435), and hold them in a
configuration that favours the binding of one AraC monomer to the /; DNA site
upstream of the araBAD promoter and the other monomer to the well separated O, site
located 210 bp away (362). This results in the formation of a DNA loop that represses
transcription as it prevents RNA polymerase from accessing the araBAD promoter
(166). When arabinose is present, the arms reposition over the bound arabinose and
bind to the dimerisation domains (142), thus releasing the DNA binding domains. It is
now energetically more favourable for the DNA binding domains to occupy the
adjacent /; and 7, DNA sites at the araBAD promoter from where, in combination with
CRP, AraC activates transcription by directly interacting with RNA polymerase (447,
448). More recent findings have led to a slight refinement of the light switch model as
experimental evidence suggests that the N-terminal arm of AraC is stably structured on
the dimerisation domain in both the presence and absence of arabinose (333). It is now
proposed that when arabinose is absent, the arm acts as a “gasket” between the DNA
and dimerisation domains of the protein but in the presence of arabinose the arm
restructures and ceases to act as a “gasket” (333). Thus the DNA binding domains are

freed, enabling AraC to reposition on the DNA and activate the araBAD promoter.
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1.5.1.2 RhaR and RhaS

The AraC family members RhaR and RhaS are activators of the L-rhamnose catabolic
regulon of E. coli. The RhaR protein activates transcription of the rhaSR operon, which
encodes each of these regulators (404), while the RhaS protein activates transcription of
the L-rhamnose catabolic (rhaBAD) and transport (rhaT) operons (105, 415). RhaR and
RhaS share 30% amino acid identity and both proteins consist of an N-terminal
dimerisation/effector binding domain and a C-terminal DNA binding/transcription
activation domain (428, 429). At their target promoters, RhaR and RhaS bind as dimers
to sites overlapping the -35 hexamer and contact the o' subunit of RNA polymerase to
activate transcription (428). RhaS may also contact aCTD (183). Maximal activation
of all three rha operons requires CRP in addition to RhaR or RhaS (105, 182, 415).
Both RhaR and RhaS only activate transcription in the presence of L-rhamnose. It was
recently reported that L-rhamnose binding induces a structural change in the proteins
that is proposed to result in increased DNA binding for RhaS and improved contact with

RNA polymerase for RhaR (211).

1.5.1.3 XylS

The Pseudomonas putida XylS protein activates transcription of the mera-cleavage
pathway operon, which encodes the enzymes involved in the catabolism of benzoates
and alkylbenzoates (194). XylS becomes transcriptionally active in the presence of
effectors such as 3-methlybenzoate (3MB), a pathway substrate (320). When XyIS is
overproduced, however, it can activate transcription even in the absence of benzoate
effectors (257). It has been proposed that the N-terminal domain of XylS acts as an
intramolecular repressor by interacting with the C-terminal domain and preventing it
from binding to DNA (201). Recently it was reported that binding of the 3MB effector
releases this intramolecular repression (86), in addition to its previously described role
in stimulating XylIS dimerisation (339). XylIS activates transcription by recruiting RNA

polymerase to the target promoter (86), possibly by directly contacting aCTD (340).

1.5.2 AraC family members involved in stress response

MarA, SoxS and Rob are members of a subgroup of the AraC family of

transcriptional regulators, which was recently found to also include TetD (158, 248).
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Fig. 1.5. AraC and the light switch mechanism of regulation of the araBAD
promoter. (A) Schematic diagram of the domains of an AraC monomer. (B)
Simplified view of the regulation of araBAD transcription. In the absence of L-
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transcription from the araBAD promoter is then activated. Adapted from Schleif (354).



These proteins regulate a set of genes, known as the marA/soxS/rob regulon, that are
involved in mediating tolerance of organic solvents and resistance to multiple
antibiotics, superoxides and heavy metals (16, 305). They are unusual members of the
AraC family, as MarA and SoxS consist only of the conserved DNA binding domain,
and although Rob does have a second domain of unknown function, its DNA binding
domain is located in the N-terminal portion of the protein (139). MarA, SoxS and Rob
are highly homologous and regulate their target genes by binding to degenerate
asymmetric sites (marboxes) upstream of each promoter (246). The orientation of the
marbox relative to the promoter determines if the proteins act as Class I or Class Il
activators, or as repressors of transcription (246, 358). The extent to which the
transcription of the regulon genes is affected depends on the concentration of MarA,

SoxS and Rob, and on the relative affinity of the proteins for each promoter (245, 247).

1.5.3 AraC family members involved in virulence

1.5.3.1 Rns

In 1989 a plasmid-located gene was identified as being required for the expression of
CS1 and CS2 fimbriae in ETEC and was thus named rns, for regulation of CS1 and CS2
(49). This gene was found to encode a regulatory protein that was included in the AraC
family of transcription factors due to its homology to the other family members known
at the time. The Rns protein is a 265 amino acid polypeptide with a molecular mass of
~30 kDa and a highly basic pl of 10.1, consistent with a role in DNA binding (49). Rns
is encoded on a plasmid that, in some ETEC strains, also encodes CS3 fimbriae in
addition to LT and/or ST (265), This plasmid is distinct from the pCoo plasmid that
encodes the coo genes for CS1 fimbriae (135). Codons rarely used in E. coli occur
frequently in the rns gene, which also has a comparatively low GC content of 28% (49).
The average GC content of E. coli genes is 50%, thus it appears that rns was recently
acquired from an organism with a low GC content, for example a species of
Campylobacter, Mycoplasma, or Clostridium. However, hybridisation to a rns probe
was not detected in such species, therefore the origin of rns remains unknown (50).

When the major promoter of the coo operon was identified it was confirmed to be

activated by Rns, but was also found to be negatively regulated by H-NS (270). It was
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demonstrated that Rns could counteract H-NS mediated repression of coo transcription
(see Chapter 5), which was reported to be largely dependent on the presence of a
negative regulatory region downstream of the coo promoter (270). Subsequently, Rns
was found to activate the expression of the coo genes directly by binding to two sites
upstream of the coo promoter. The precise locations of the Rns binding sites were
identified by DNase I footprinting (268). Site [ extends from position -129 to -93
(numbering relative to the transcription start site) and site II extends from position -63
to -23 (Fig. 1.6). As site II overlaps the -35 hexamer it has been suggested that Rns
may activate transcription from the coo promoter by forming direct contacts with RNA
polymerase, but this has not yet been verified to occur. Rns has a similar affinity for
sites I and II and can occupy each site alone or bind to both simultaneously (268).
Maximal activation of coo promoter transcription is dependent on both sites I and II as
single nucleotide alterations in either site decreased Rns-dependent expression from the
promoter (268). Identification of the nucleotides that Rns interacts with at sites I and II
revealed that Rns binding sites are asymmetric (268). Rns is proposed to interact with
DNA in a manner typical of AraC family members such as MarA, i.e. bind along one
face of the DNA helix, using both of its predicted HTH motifs to contact different sets
of nucleotides in two adjacent regions of the major groove (268).

Rns activates its own expression (134). Positive regulation of rns transcription by
Rns was reported to involve two regions of DNA, one upstream and one downstream of
the rns promoter (134). Repression of rms transcription by an unknown factor,
speculated to be H-NS, was also found to occur and it was postulated that Rns acted,
possibly indirectly, to overcome this repression (134). However, a later study employed
DNase I footprinting to demonstrate that Rns binds directly to the rns promoter region
(269). Rns has a highly unconventional arrangement of binding sites at its own
promoter (Fig. 1.7). Rns binds to a site far upstream of the rns promoter, site 1 centred
at -227 (relative to the transcription start site), and to two sites downstream of the
promoter, site 2 centred at +43 and site 3 centred at +82 (269). Despite their unusual
locations, mutations within sites 1 and 3 eliminated Rns-dependent transcription from
the rns promoter, thus both of these sites are required for positive autoregulation by Rns
(269). The role of site 2 is unclear, as it was not found to be critical for activation of the
rns promoter. Rns binding to site 2 is suggested to enable co-operative binding of Rns
to site 3, which is essential for activation (269). Occupancy of these binding sites by

Rns was demonstrated to facilitate the binding and formation of a productive open
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=200 -180 -160 -140
AAGAACTCGGGGCAGTTCAAAATGGTTGTCGGAATATAACTGTGAATGCCAACATGAATCACTGAACAAC
TTCTTGAGCCCCGTCAAGTTTTACCAACAGCCTTATATTGACACTTACGGTTGTACTTAGTGACTTGTTG

-120 -100 -80
| Site I | |
ATGATGT(GCAGGAATAAATCGATATTTAAATGTCACCAAGGGCAAGCGCCATTGGCTGCTTTAATATTT
TACTACAQCGTCCTTATTTAGCTATAAATTTACAGTGGTTCCAGTTCGCGGTAACCGACGAAATTATAAA

-60 -40 -20 +1

| Site II | -35 | -10 |
GTTJTAATGGTTGCTGTGTGTTATTTATTTAT T‘I‘GA‘I‘TGTTGAﬂiGCTGTTTGTT’I‘AAAGTGGCCAAGTG
CAACATTACCAACGACACACAATAAATAAATAAACTAACAACTAACGACAAACAAATTTCACCGGTTCAC

+20 +40 +60
Met | | |
TTAGGAGGGGGTATGCGAAAATTATTTTTAAGTTTGCTTATGATTCCCTTTGTTGCGAAGGCGAACTTTA
AATCCTCCCCCATACGCTTTTAATAAAAATTCAAACGAATACTAAGGGAAACAACGCTTCCGCTTGAAAT

Fig. 1.6. DNA sequence of the coo promoter region. Numbering is relative to the
transcription start site, which is indicated as +1. The -35 and -10 hexamers of the coo
promoter are coloured green. The Rns binding sites identified by DNase I footprinting
in reference 268 are boxed. Within the Rns binding sites the conserved adenosine
nucleotide, and the thymine nucleotides found to be critical for Rns binding in reference
268, are coloured red (see Chapter 5). The potential high affinity H-NS binding site
present within Rns binding site I is shown in bold (see Chapter 5).



=300 -280 -260
ATAATATTCATTAGCGGTATTATGATGTTTGTTGCTATTTAACACTCAACAAAATATTATTCGTCAAAGA
TATTATAAGTAATCGCCATAATACTACAAACAACGATAAATTGTGAGTTGTTTTATAATAAGCAGTTTCT

-240 ~220 200 180

| site 1 | | |
AGTACATAATCATTATAATATCATTTTTTGTTTAGATTTCGGGCAGGAAATGCTTCACAAAACAT
I'A AATA ATA AAAAAACAAATICTAAAGCCCGTCCTTTACGAAGTGTTTTGTA

TATG

A A\ A

-160 -140 -120
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| Site 2 | | Site 3 |
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ATTAAGCCAACCTTGCAAAAAGTGATTGTACAAGCAACTCAAACCTCTTGTCTTTTGTAGGTATAAGATG
TAATTCGGTTGGAACGTTTTTCACTAACATGTTCGTTGAGTTTGGAGAACAGAAAACATCCATATTCTAC

Fig. 1.7. DNA sequence of the rns promoter region. Numbering is relative to the
transcription start site, which is indicated as +1. The -35 and -10 hexamers of the rns
promoter are coloured green. The Rns binding sites identified by DNase I footprinting
in reference 269 are boxed.



complex at the rns promoter by RNA polymerase (269). There is speculation that Rns
activates rns transcription by directly interacting with RNA polymerase and that this
interaction may involve looping of DNA to bring distally bound Rns into proximity
with RNA polymerase, however this has not been confirmed to occur (269).

Activation of transcription by binding to sites downstream of the target promoter is
extremely unusual for prokaryotic transcription factors as downstream binding sites are
associated with repressors of transcription. Based on the unprecedented arrangement of
binding sites at its own promoter, it is suggested that Rns may represent a novel class of
prokaryotic activators (269). There are a few other bacterial regulators, including DnaA
(148), phosphorylated PhoP (231), MetR (61) and LadA (417), that positively affect
transcription from downstream binding sites. The mechanisms used by regulators to
activate transcription from such sites are largely unknown. MetR binds upstream and
downstream of the metF promoter to activate transcription by antagonising the effect of
the MetJ repressor (61). LadA is also proposed to function as an anti-repressor (417),
however it is unlikely that Rns acts in this way, as it is reported that there does not
appear to be any repressor binding sites downstream of the rns promoter (269).

Amongst the subset of AraC family members that regulate virulence factors there is a
group of proteins with strong homology to Rns (Fig. 1.8). Several of these proteins
(CfaD, CsvR, AggR and PerA) also activate fimbrial expression, while VirF regulates
the expression of genes required for the invasion of S. flexneri. Some members of this
subfamily of Rns-like regulators are so closely related that they can, to varying extents,
substitute for one another in the regulation of their target promoters (267, 312). The
finding that AggR, CfaD and VirF could activate rns transcription and required Rns
binding site 3 to do so, led to the proposal that Rns is the prototype for a family of
regulators that are not limited to acting at promoter proximal upstream binding sites
(267). Most of these Rns-related proteins, in addition to ToxT and UreR that are more
distantly related to Rns, are discussed further in the following sections.

Searches for additional Rns-regulated genes revealed that Rns binds upstream and
activates the expression of yiiS, a gene of unknown function (266), and cexE, which
encodes an uncharacterised extracytoplasmic protein (303). Most interestingly, it was
recently reported that Rns represses the expression of NIpA, an inner membrane
lipoprotein thought to contribute to the production of outer membrane vesicles that
deliver LT into eukaryotic cells (35). Thus Rns may be indirectly involved in restricting

the release of this toxin. Rns represses nlpA transcription by binding immediately
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downstream of the transcription start site and inhibiting the formation of an open
complex at the nlpA promoter by RNA polymerase (35). Therefore Rns is a
bifunctional transcription factor with a diverse and growing regulon.

The two predicted HTH motifs of Rns are present in its C-terminal half, leading to the
assumption that the C-terminal domain of Rns is involved in DNA binding, although
this has not been verified previously. Less is known about the role of the N-terminal
domain of Rns. Like most other virulence regulators of the AraC family, Rns does not
appear to respond to an exogenous ligand (19). Thus, while the possibility cannot be
ruled out conclusively, it is unlikely that the N-terminal portion of Rns is an effector
binding domain. Additionally, it was recently reported that the N-terminus of Rns does
not act as a dimerisation domain (see Chapter 4 for further discussion of Rns
dimerisation) (19). However, the N-terminal domain was found to be essential for
transcriptional regulation and DNA binding by Rns (19). The isolation of two N-
terminal point mutations that eliminated the autoregulation activity of Rns led to the
proposal that the N-terminal domain of the protein may interact with the C-terminal
domain in order to enable DNA binding (19). In the absence of evidence for such an
interaction, the role of the N-terminal domain of Rns remains unknown. Indeed, there is

much to be discovered about the structure and mechanism of action of the Rns protein.

1.5.3.2 CifaD

Expression of CFA/I fimbriae in ETEC requires two widely separated regions of
DNA on the wild type plasmid NTP113 (372). The operon containing the structural and
assembly genes necessary for fimbrial production is present in region 1 (200) while
region 2 encodes the regulatory protein, CfaD, which activates the promoter of region 1
(349). CfaD, also named CfaR (51), shares 95% amino acid identity with Rns. These
two proteins are completely functionally interchangeable and can bind to the same DNA
sites (267). CfaD was found to have two binding sites upstream of the CFA/I promoter
in a similar arrangement to that of the Rns sites at the coo promoter (303), and three
predicted binding sites in the vicinity of its own promoter in an arrangement almost
identical to that of Rns at the rns promoter (267). It is not known if CfaD is a positive
autoregulator like Rns, however CfaD activates and represses, respectively, expression
of the cexE and nlpA genes in a manner similar to Rns (35, 303). When activating

CFA/I fimbrial expression, CfaD acts partly to counteract the repressive effect of H-NS,
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Fig. 1.8. Sequence alignment of Rns-related regulators and AraC. The alignment
was carried out using the Clustal programme. Residues identical or similar to those of
Rns, which are shared among four or more of the aligned proteins, are shaded in black
or grey respectively. In the consensus line an asterisk marks identity and a dot marks

partial identity or homology between the proteins.



which silences the CFA/I promoter (199). CfaD was the first AraC-like transcriptional
activator reported to overcome H-NS-mediated repression, but it does not act only as an
anti-repressor as it can also activate the CFA/I promoter in the absence of H-NS (see
Chapter 5) (199). The cfaD gene is not transcribed at 20°C and this may be the main

cause of the temperature dependent expression of CFA/I fimbriae (see Chapter 6) (199).

1.53.3 PerA
The bfpTVW operon of EPEC, which had previously been designated the per4dBC

locus, was identified as being required for the activation of the bfp operon that encodes
bundle-forming pili (see Section 1.1.2.1) (150, 401). Initially it was thought that this
activation was mediated by PerA in association with the accessory proteins PerB and
PerC, however it has been demonstrated that PerA alone directly activates bfp
transcription (311). PerA also positively regulates its own expression by activating
transcription from the perABC promoter (250). This autoactivation of the per operon
leads to up-regulated expression of PerC, which in turn activates the Ler-encoding
LEE1 operon (see Section 1.1.2.1) thus PerA is indirectly involved in the regulation of
A/E lesion formation by EPEC (311). Indeed PerA is required for full EPEC virulence,
as a study performed with human volunteers found that a perd4 mutant caused
significantly less diarrhoea than a wild type EPEC strain (29). PerA is closely related to
Rns. The two proteins share 51% amino acid similarity and like Rns at the coo
promoter, PerA-mediated transcriptional activation involves PerA overcoming H-NS-
dependent repression at the per and bfp promoters (311). However, PerA and Rns

cannot cross-substitute for each other to regulate their target promoters (267).

1.5.3.4 AggR

The EAEC protein AggR was initially thought to act only as a transcriptional activator
of genes involved in fimbrial biogenesis. AggR is required for the expression of AAF/I
(278). AAF/II (107) and the recently identified adhesin Hda (see Section 1.1.2.3) (36).
Subsequently AggR was found to positively regulate expression of aap, which encodes
the secreted protein dispersin that promotes EAEC dispersal across the intestinal
mucosa (367), and of the aat cluster of genes that are required for the surface

translocation of dispersin (281). These factors are all encoded on the pAA virulence
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plasmid of EAEC, however AggR also regulates chromosomal genes. Dudley et al.
demonstrated that 25 contiguous genes (aaid-Y), encoded within a pathogenicity island
inserted at the pheU locus, are under the control of AggR (98). A group of these
chromosomally encoded AggR-activated genes are thought to comprise a type VI
secretion system that directs secretion of AaiC, however the role of most of the aai
genes is currently unclear (98). Recently AggR was also found to activate transcription
of the pAA-encoded shf gene, which has been implicated in biofilm formation by EAEC
(136). This has lent further support to the proposal that AggR, which autoactivates its

own expression, is a master regulator of virulence functions in EAEC (170).

1:5:.35 . YuF

The VirF protein is the primary regulator of the virulence gene cascade of S. flexneri
(95). VirF directly activates transcription of ics4, which encodes a protein involved in
intra- and intercellular spread of the bacteria, and of the gene encoding the secondary
regulator, VirB, which in turn activates expression of the invasion genes (3) (see
Section 1.1.2.4). The icsA and virB promoters are repressed by H-NS, and VirF acts, at
least in part, to overcome this repression (68, 402). VirF is involved in the
thermoregulation of virulence gene expression in S. flexneri, as both virF transcription
and VirF-mediated activation of virB are influenced by temperature (see Chapter 6)
(126, 403). In addition to temperature-dependent H-NS-mediated repression,
transcription of the virF gene is subject to negative autoregulation (308) and activation
by the nucleoid-associated proteins IHF and Fis (128, 310). Expression of virF is also
affected by post-transcriptional RNA modification (101, 191). This complex control of
VirF production is necessary due to the central role the protein plays in regulating S.

flexneri virulence.

1536 Toxl

ToxT directly activates transcription of the 7cp and ctx operons, which encode the
major virulence factors of V. cholerae; toxin-coregulated pilus and cholera toxin
respectively (81). ToxT also directly activates several other genes (acf4, acfD, aldA,
tepl and tagA) whose role in virulence is unclear (81). Expression of the cytoplasmic

ToxT protein is activated by the membrane-localised proteins ToxR and TcpP (217),
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and repressed by H-NS (284). The roxT gene is located within the 7cp operon, therefore
once it is expressed ToxT then activates its own expression (443). ToxT consists of a
C-terminal DNA binding domain and an N-terminal dimerisation and environmental
sensing domain (317). ToxT is not known to bind an effector, however environmental
signals including temperature and bile were demonstrated to repress ToxT activity
(360). Both the N- and C-terminal domains of ToxT are involved in transcriptional
activation (57, 317). ToxT binds to specific sites, known as toxboxes (432), upstream
of its target promoters and is thought to activate transcription by directly contacting
RNA polymerase subunits (187, 444). At the c/x promoter, and to a lesser extent at the

tcp promoter, ToxT also acts to overcome H-NS-mediated repression (284, 444).

1.5.3.7 UreR

UreR is the transcriptional activator of the genes required for urease production in
several species of Enterobacteriaceae (139). Urease, an important virulence factor of
uropathogens, hydrolyses urea to ammonia and carbon dioxide, which leads to an
increase in local pH that facilitates bacterial proliferation and urinary stone formation
(59). The urease gene cluster consists of the structural and accessory genes
ure DABCEFG in addition to the upstream and divergently transcribed ureR gene (67).
Transcription of these genes is dependent on both UreR and the presence of urea. UreR
binds urea (141), and then binds with high affinity to two sites in the wreR-ureD
intergenic region to activate transcription from its own promoter and the ureD promoter
(400). UreR, a dimeric protein (306), is the only AraC-like virulence regulator known
to respond to an effector. Expression of the urease gene cluster is repressed by H-NS
and it has been demonstrated that UreR and H-NS compete for binding to, and displace

each other from, the ureR-ureD intergenic region (58, 307).

1.6 Scope of this thesis

The aims of the work presented in this thesis were to define the regions of the Rns
transcriptional regulator of ETEC that are critical for its function and to investigate
whether the protein oligomerises. The regulation of transcription from the coo promoter

by Rns, H-NS and temperature was also examined.
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Chapter 2 Materials and Methods
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2.1 General Methods

2.1.1 Bacterial strains and culture conditions

2.1.1.1 Bacterial strains

All E. coli strains used in this study are listed in Table 2.1. Permanent stocks were

maintained in L broth supplemented with 8.7% (v/v) DMSO and stored at —80°C.

2.1.1.2 Bacterial growth media

All media were prepared using Millipore 18 MQcm™ grade water and chemicals
obtained from Difco, Oxoid and Sigma. Media were sterilised by autoclaving at 120°C
for 20 min prior to use. Additives not suitable for autoclaving were sterilised by

filtration through 0.2 um Millex filters (Millipore). The quantities listed below are

sufficient for 1 litre of medium.

Lennox L broth and agar:

L broth and agar were used throughout this study for the routine culturing of all
bacterial strains except where otherwise stated.
L broth: 10 g enzymatic digest of casein, 5 g yeast extract (low sodium), 5 g NaCl
L agar: 9.14 g enzymatic digest of casein, 4.57 g yeast extract (low sodium),

4.57 g NaCl, 13.72 g bacteriological agar

Luria broth:
Luria broth was used for the growth of cultures prior to the purification of His-tagged
H-NS and to grow E. coli SU101 strains for use in assays of $-galactosidase activity.

Luria broth: 10 g tryptone (pancreatic digest of casein), 5 g yeast extract, 10 g NaCl

Colonisation factor antigen (CFA) medium:

Bacteria were cultured in CFA medium to study the expression of fimbriae (122).
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CFA broth: 10 g Casamino acids (Difco), 1.5 g yeast extract (Difco),
50 mg MgSOy, 5 mg MnCl,, pH 7.4.

CFA agar: 10 g Casamino acids (Difco), 1.5 g yeast extract (Difco),
50 mg MgSOy, 5 mg MnCl,, 20 g agar, pH 7.4.

SOC medium:
SOC medium was used following electroporation of E. coli strains to increase the
recovery of viable bacteria after transformation.

SOC medium: 20 g Oxoid tryptone, 5 g yeast extract, 0.5 g NaCl
After autoclaving 0.95 g MgCl,, 1.2 g MgSO, and 1.8 g glucose was added.

Overnight Express'™ Instant TB Medium:

Overnight Express (OnEx'™) Instant TB medium is based on components that are
metabolised differentially to promote growth to high density and induce protein
expression from /ac dependant promoters (394). It is composed of Terrific Broth (TB)
and three other solutions: (i) an induction solution that is a blend of carbon sources
(glucose, glycerol and lactose) optimised for tightly regulated uninduced growth to high
cell density followed by induction with lactose and continued growth; (ii) a buffering
solution that maintains pH throughout metabolic acid production and provides
additional nitrogen to support increased protein synthesis; and (iii) a solution that
provides a critical magnesium concentration to achieve maximum cell density. It was

used for the growth of cultures prior to protein purification.

MacConkey Salicin Medium:

Bacteria were grown on MacConkey agar plates containing 1% salicin (a 3-glucoside)
to confirm that they were shns mutants. Generally E. coli cannot ferment (-glucosides
because the bgl operon is cryptic. Mutations in the Ans gene result in a B-glucoside-
fermenting phenotype (78) that causes the bacteria to appear red on MacConkey salicin
agar as opposed to white (non-fermentative).

MacConkey salicin agar 40 g MacConkey agar base (Difco), after autoclaving 10 g

of salicin was added
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TABLE 2.1. Escherichia coli strains used in this study

Strain Relevant details Reference or source
DHS5a F' endAl hsdR17 (rymy ) glnV44 thi-1 recAl gyrA96 relAl Invitrogen Life
A(laclZYA-argF)U169 deoR (©80dlacA (lacZ)M135) Technologies
KS1000 F' lacl lac” pro” / ara A(lac-pro) A(tsp)::Kan® eda51::Tn10(Tet?)  (370)
gyrA(Nal®) rpoB thi-1 argl(am)
LMCI10 A lac deletion restriction-negative derivative of the O6:K15:H16 (49)
ETEC derived strain C921b-2, which was cured of the plasmid
encoding Rns and CS3
LMC10AAns LMC10 hns::Ap* This study
MC4100 F araD139 AlargF-lac)U169 rpsL150 relA1 flb-5301 (52)
ptsF25 deoCl rbsR
NEB 5-alpha F' prod B’ lacl’ A(lacZ)MI15 zzf:Tnl0(Tet")/fhud2A(argF- New England Biolabs
lacZ)U169 (D80 A(lacZ)M15) ginV44 gyrA96 recAl endAl thi-1
hsdR17
PD32 MC4100 hns-206::Ap" (80)
SuU101 E. coli JL 1434 lexA71::TnS (Def) suld211 A(laclPOZYA)169/F" (82)

T7 Express I

XL-1 Blue

lacl? lacZAM15::Tn9 (op'/op”)

F' proA B laclzzf:Tnl 0(Tet™)/fhud2 lacZ::T7 genel [lon]
ompT gal sulAll R(mecr-73:miniTnl0—Tet%)2 [dem] R(zgh-
210::Tnl0—Tet®) endAl A(merC-mrr)114::1S10

recAl endAl gyrA96 thi-1 hsdR17 supE44 reldAl lac [F' proAB
lacF"ZAMI15 Tnl0 (Tet®)]

New England Biolabs

Stratagene
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2.1.1.3 Bacterial culture conditions

Bacteria were routinely grown on L agar plates and in shaken aerobic liquid cultures
at 37°C, except where otherwise stated. Liquid cultures were inoculated by transferring
single colonies from agar plate cultures into an appropriate volume of L broth and
grown overnight. Where mid-logarithmic cultures were required, overnight cultures
were diluted 1:50 in fresh media and grown to the appropriate optical density at 600 nm.

For thermoregulation studies it was critical that the growth temperature of certain
cultures was maintained at 20°C or below. To achieve this, a water bath set to 20°C
was placed in a cold room. Liquid cultures were then grown by incubation without
shaking in the water baths maintained at 20°C or 37°C. Agar plates were grown as
usual in a 37°C incubator or were placed in waterproof plastic bags and submerged in

the 20°C water bath.

2.1.1.4 Antibiotics and media additions

All stock antibiotics and media additives were filter sterilised through 0.2 um Millex
filters (Millipore) and stored at —20°C. Carbenicillin, kanamycin and spectinomycin
were prepared as 50 mg/ml stocks in ddH,0 and used at a working concentration of 50
ug/ml. Tetracycline and chloramphenicol were prepared as 10 mg/ml and 30 mg/ml
stocks respectively in 70% (v/v) ethanol and used at working concentrations of 10
ug/ml and 30 ug/ml respectively. The /ac operon inducer IPTG was prepared as a 100
mM stock in ddH,0 and used at concentrations of 0.1-1 mM as appropriate. X-Gal, a
chromogenic substrate for (3-galactosidase, was prepared as a 25 mg/ml solution in N,

N-dimethyl formamide and used in agar plates at a final concentration of 50 ug/ml.

2.1.2 Plasmids and oligonucleotides

2.1.2.1 Plasmids

All plasmids used in this study are listed in Table 2.2 with relevant descriptions and
sources. For plasmids constructed in this study the details of construction are described

in the relevant chapters.
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TABLE 2.2. Plasmids used in this study

Plasmid Relevant details Helalondn
source

p660AraC Tc" pSR660 derivative carrying the /exAppp-araC fusion (193)

pACYC177 Ap" Kan" p15A replicon, cloning vector (55)

pASK75 Ap" ColEl replicon, expression vector with tert4 promoter/operator and (371)
constitutively expressed tetR

pASK75Spec Ap" Spec’ pASK75 with a spectinomycin resistance cassette inserted This study

pASKrns Ap' pASK75 derivative containing anhydrotetracycline-inducible rns This study

pASKrnsSpec Ap" Spec’ pASKrns with a spectinomycin resistance cassette inserted This study

pBSKII+ Ap" ColEI replicon, high-copy-number cloning vector Stratagene

pC102 Spc’ pSS2192 derivative with 15 bp insertion encoding RCLNS after C102 of Rns  This study

pCL1920 Spc’ pSC101 replicon, low-copy-number cloning vector (226)

pCooGFP Ap' Cm" ColEI replicon, reporter plasmid containing coo promoter region (from S.G. Smith
bp —393 to bp +62) fused to a promoterless gfp+ gene unpublished

pCoo-88 Cm" Wild type coo promoter region (from bp —88 to bp + 62) inserted into This study
pZep08

pCo0-96 Cm" Wild type coo promoter region (from bp —96 to bp + 62) inserted into This study
pZep08

pCoo-352 Cm" Wild type coo promoter region (from bp —352 to bp + 62) inserted into This study
pZep08

pCoo-359 Cm" Wild type coo promoter region (from bp —359 to bp + 62) inserted into  This study
pZep08

pCo0-359-1 Cm' coo promoter region (from bp =359 to bp + 62) containing CGC substituted  This study
for TAT motif at Rns binding site I inserted into pZep08

pCoo-201-I1 Cm' coo promoter region (from bp —201 to bp + 62) containing CGC substituted  This study
for TAT motif at Rns binding site II inserted into pZep08

pCo00-359-I1 Cm' coo promoter region (from bp —359 to bp + 62) containing CGC substituted  This study
for TAT motif at Rns binding site II inserted into pZep08

pCoo-146-1&I1 ~ Cm" coo promoter region (from bp —146 to bp + 62) containing CGC substituted ~ This study
for TAT motif at both Rns binding sites I and II inserted into pZep08

pCo00-359-1&I1  Cm' coo promoter region (from bp —359 to bp + 62) containing CGC substituted  This study
for TAT motif at both Rns binding sites I and II inserted into pZep08

pCooGFP-1 Ap' Cm' Derivative of pCooGFP with CGC substituted for TAT motif in Rns  This study
binding site |

pCooGFP-11 Ap' Cm' Derivative of pCooGFP with CGC substituted for TAT motif in Rns  This study

binding site II
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pCooGFP-1&I1

pCooGFP-2

pCS1

pCS1-Sitel
pCS1-Sitell

pCS1-Sitel&II

pET-3b
pF205

pGPS4

pGPS5

pHisANACRS

pHisC102
pHisC102A
pHisC30
pHisF205
pHisL198
pHisL51
pHisQ227
pHisR103A
pHisRns

pHisS158F
pHisT23
pHisV253A
pHisY242
pHNSHIS
pK256

pKOBEG

pKRP13

Ap" Cm" Derivative of pCooGFP with CGC substituted for TAT motif in both
Rns binding sites I and 11

Kan' p15A replicon, reporter plasmid containing coo promoter region (from bp —
393 to bp +62) fused to a promoterless gfp+ gene

Ap' coo promoter region (from bp —393 to bp +62) inserted into pBSKII+

Ap' Derivative of pCS1 with CGC substituted for TAT motif in Rns binding site I
Ap" Derivative of pCS1 with CGC substituted for TAT motif in Rns binding site
11

Ap" Derivative of pCS1 with CGC substituted for TAT motifs in both Rns
binding sites [ and 11

Ap' pMBI replicon, cloning and expression vector

Spc" pSS2192 derivative with 15 bp insertion encoding MFKHF after F205 of
Rns

Cm' Transprimer donor component of GPS-LS system

Kan' Transprimer donor component of GPS-LS system

Ap' Derivative of pHisRns minus the nucleotides encoding the NACRS amino
acid sequence

Ap' Derivative of pHisRns containing the 15 bp insertion from pC102

Ap" rns (C102A) ORF in pQE-30

Ap' pHisRns derivative with 15 bp insertion encoding CLNNC after C30 of Rns
Ap" Derivative of pHisRns containing the 15 bp insertion from pF205

Ap' Derivative of pHisRns containing the 15 bp insertion from pL198

Ap" pHisRns derivative with 15 bp insertion encoding FKQFL after L51 of Rns
Ap' Derivative of pHisRns containing the 15 bp insertion from pQ227

Ap" rns (R103A) ORF in pQE-30

Ap' rns ORF inserted into pQE-30

Ap"rns (S158F) ORF in pQE-30

Ap' pHisRns derivative with 15 bp insertion encoding CLNNT after T23 of Rns
Ap' Derivative of pHisRns containing the 15 bp insertion from pV253A

Ap' Derivative of pHisRns containing the 15 bp insertion from pY242

Ap' hns ORF plus C-terminal 6 his codons inserted into pET-3b

Spc’ pSS2192 derivative with 15 bp insertion encoding CLNTK after K256 of
Rns

Cm' pSC101 replicon, Temperature-sensitive plasmid carrying the red and gam
genes of A-phage under control P,,.z4) promoter

Sp" Sm' Plasmid source of spectinomycin resistance cassette
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pL198
pL221
pM-ANACRS

pMAL-c2

pM-C102

pM-Q227
pM-RhaSLinker

pMRns5
pPrns2
pQ227

pQE-30
pRare
pRns660

pRnsLacZ-2
pRW50

pSS2192
pTrc99a
pTrcRns
pV253A

pY242

pZep08

Spc' pSS2192 derivative with 15 bp insertion encoding FKQRL after L198 of Rns
Spc’ pSS2192 derivative with 15 bp insertion encoding CLNIL after L221 of Rns
Ap" Derivative of pMRns5 minus the nucleotides encoding the NACRS amino
acid sequence

Ap" ColE1 replicon, MBP-protein fusion expression vector

Ap " Derivative of pMRns5 containing the 15 bp insertion from pC102

Ap' Derivative of pMRns5 containing the 15 bp insertion from pQ227

Ap" Derivative of pMRns5 with the DNA sequence corresponding to the NACRS
amino acid sequence of Rns replaced with nucleotides encoding the LENSASR
linker sequence of the RhaS protein

Ap" rns ORF inserted into pMAL-c2

Ap' rns promoter region inserted into pBSKII+

Spc’ pSS2192 derivative with 15 bp insertion encoding CLNNQ after Q227 of
Rns

Ap" ColEl replicon, expression vector, TS5 promoter//ac operator element; 5" six-
His tag coding sequence

Cm' p15A replicon, encodes tRNAs for rare codons in E. coli

Tc' pSR660 derivative carrying the /lexApgp-rns fusion

Tc' rns promoter region inserted into pRW50

Tc" RK2 replicon, low-copy-number vector carrying a promoterless /acZ gene
Spc' pSS2192 derivative with 15 bp insertion encoding CLNTS after S239 of Rns
Spc’ pSS2192 derivative with 15 bp insertion encoding VOchTSS after S239 of
Rns (Och, ochre stop codon)

Tc" ColEl replicon, vector encoding the LexA DNA binding domain (DBD)
sequence used for homodimerisation studies

Spc' rns gene and upstream area inserted into pCL 1920

Ap' Cloning vector with an IPTG-inducible P,,. promoter

Ap' rns ORF inserted into pTrc99a

Spc’ pSS2192 derivative with 15 bp insertion encoding VOchTGV after V253 of
Rns (Och, ochre stop codon)

Spc" pSS2192 derivative with 15 bp insertion encoding CLNTY after Y242 of
Rns

Cm" Ap" ColEI replicon, encodes promoterless gfp+ gene downstream of MCS

This study
This study
This study

New England
Biolabs

This study
This study
This study

(373)
This study
This study

Qiagen

Novagen
This study
This study
@233

This study
This study

(69)

(373)

(6)

S.G. Smith
unpublished
This study

This study

(172)
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2.1.2.2 Oligonucleotides

The sequences of all oligonucleotides used in this study are listed in Table 2.3. All

oligonucleotides were synthesised by MWG-Biotech, Ebersberg, Germany.

2.2 Nucleic acid methodologies

2.2.1 Transformation of E. coli strains

Two distinct methods were used for the introduction of foreign DNA into E. coli cells.
Cells were made competent either by repeated washes with a cold calcium chloride
solution, or cold Millipore grade water, and were then transformed by heat shock (242)
or electroporation (97) respectively. Significantly greater transformation efficiencies
were achieved using the electroporation method. Generally, the calcium chloride
method was used for routine transformation of intact plasmids into £. coli K-12 strains.
The electroporation method was used with £. coli K-12 strains when higher efficiencies

were required, and was used routinely with ETEC strain LMCI10.

2.2.1.1 Transformation of E. coli K-12 strains using calcium chloride method

A 3 ml culture of the strain to be made competent was inoculated from a single colony
into L broth and incubated overnight with shaking. This culture was then diluted 1:100
in 100 ml of fresh L broth and grown to an ODgynm of between 0.4 and 0.6. The
cultures were then incubated on ice for 20 min and the bacteria were harvested by
centrifugation at 6000 x g for 8 min at 4°C. The pellet was resuspended in 20 ml of
cold CaCl, solution (60 mM CaCl,, 15% (v/v) glycerol, 10 mM PIPES, pH 7) and
harvested by centrifugation as before. This pellet was resuspended in 20 ml cold CaCl,
solution and incubated o