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Summary

Type 1 fimbriae are typically expressed in nutrient poor environments and facilitate
colonization through attachment when the bacterium can no longer support a motile lifestyle
that demands a high metabolic flux. They play a key role in the colonization of various host
tissues by E. coli and in biofilm formation on abiotic surfaces such as catheters. The
expression of type 1 fimbriae is phase variable and controlled by the site-specific inversion of
a DNA segment (fimS), which contains the promoter for the structural components of type 1
fimbriae. In bacteria growing in mid-exponential phase at 37°C in LB broth, the FimB
protein inverts the fimS element from the on phase to the off phase and back again at
approximately equal rates. However, when novobiocin is used to inhibit DNA gyrase activity,
allowing DNA to become more relaxed, the FimB-catalyzed fimS inversion reaction adopts a
pronounced bias in favour of the on orientation. Previously, the leucine-responsive regulatory
protein (LRP) was identified as playing a role in determining the directionality in this
reaction. Specifically, the LRP protein is required to maintain the fimS element in the on
orientation and it does this by binding to the LRP-1 and LRP-2 sites within fimS. In the
present study, the IHF protein bound to the IHF-1 site was identified as a second
recombination directionality factor (RDF) that is required to maintain fimS in the on
orientation when gyrase activity is inhibited. The location of the IHF-1 binding site in the
non-inverting chromosomal DNA immediately adjacent to IRL explains the differential
interaction of IHF with LRP bound within fimS because all three sites are only juxtaposed

when the switch is in the phase-on orientation.

Previous work has suggested a role for the H-NS protein in influencing the FimB-mediated
inversion of fimS. Careful examination of H-NS interactions with fimS and its flanking
regions showed that H-NS interaction with the switch was contingent on fimS orientation.
This study showed that the H-NS binding site in the fimS region is distributed across three
incomplete sites; one of these is in the invertible fimS element and is adjacent to the P
promoter and the others are located in the non-inverting parts of the chromosome
immediately outside the inverted repeats (IRs) that flank fimS. The absence of H-NS causes a
dramatic increase in the percentage of phase-on cells in a population indicating that H-NS
binding overlapping the left IR (IRL) in the phase-off orientation prevents switching from

phase-off to phase-on.

iii



A major finding of this study was that the ubiquitous reporter gene gfp, which encodes the
Green Fluorescent Protein, was bound by the global repressor protein H-NS. H-NS binding in
gfp caused a repression of transcription in vivo and thus previous studies utilizing gfp may be
complicated by added H-NS regulation. In this study, a highly fluorescent, fast-folding
variant of gfp (gfp+) was reverse-engineered to reduce H-NS binding affinity without altering
the amino acid sequence of the protein. This new gfp, gfp' ", is bound with lower affinity by
H-NS and does not repress local transcription.

The reverse engineering method for reducing H-NS affinity for a region of DNA was
developed as part of this study and was the subject of a patent application. This novel method

can be applied to any DNA, including other fluorescent proteins
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Chapter 1.

General Introduction.



1.1 Overview

Pathogenic bacteria, including pathovars of the Gram-negative bacterium Escherichia colli,
display an intricate array of surface adhesins that allow colonization of a range of niches.
Surface adhesins are displayed temporally and their expression often determines the
tropism of the bacteria. The role of type 1 fimbriae in virulence of uropathogenic E. coli
(UPEC) is well established. Adhesion by type 1 fimbriae to mono-mannose residues in the
bladder epithelium is essential for the internalization of UPEC, which results in formation
of intracellular bacterial communities that aid bacterial persistence and recurrent infection.
Type 1 fimbriae are therefore important determinants of virulence. The expression of type 1
fimbriae is phase variable and controlled by the site-specific inversion of a DNA segment
(fimS), which contains the promoter for the structural components of type 1 fimbriae. Phase
variation of type 1 fimbriae often results in the bacterial population containing a mixture of
fimbriate and afimbriate cells. If the fimbriation is advantageous to the particular subset of
bacteria they will proliferate in preference to the non-expressing subset. However, if the
fimbriation is disadvantageous that particular subset will not proliferate or may be
eradicated, while the non-expressing subset of the population may survive. Heterogeneity
in the population is therefore an important determinant of bacterial persistence.
Biochemical processes that are dependent on infrequent molecular events involving small
numbers of molecules, such as site-specific recombination, are inherently stochastic
(random) events. Intrinsic factors control the rate and direction of fimS inversion but the
concentrations and activities of these intrinsic factors can be altered in response to

environmental changes to increase the probability of fimS adopting a specific orientation.

The aim of this chapter is to provide a review of the literature relevant to this study. The
structure of type 1 fimbriae and the organisation of the fim locus are outlined. The phase
variation of type 1 fimbriae is predominantly under the control of two site-specific
recombinases, FimB and FimE. These two proteins and their role in inversion of the fimS
are detailed. Inversion of fimS requires and is regulated by a number of nucleoid-associated
proteins (NAPs) including Integration Host Factor (IHF), the Leucine Responsive
Regulatory Protein (LRP) and the nucleoid associated protein H-NS. These proteins and
how they govern the regulation of type 1 fimbrial expression form an important part of this

study and are thus described in detail. DNA supercoiling and its role in regulation of fimS is



also a key element of this study and are described in detail. Other regulatory inputs that are

important for the understanding of type 1 fimbrial gene regulation are described.

1.2 Type 1 fimbriae.

Type 1 fimbriae are adhesive organelles and were the first fimbriae to be described
(Brinton, 1959). Type 1 fimbriae, also referred to as type 1 pili, are important virulence
determinants expressed in approximately 70% of E. coli strains as well as in most members
of the Enterobacteriaciae family (Kuehn et al., 1994; Soto and Hultgren, 1999). They also
contribute to virulence in pathogenic Gram-negative bacteria (Kaper et al., 2004).
Interaction between type 1 fimbriae and receptor structures has been shown in a number of
studies to play a key role in the colonization of various host tissues by E. coli (Yamamoto
et al., 1990; Bloch et al., 1992) and in biofilm formation on abiotic surfaces such as
catheters (Pratt and Kolter, 1998; Schembri and Klemm, 2001a). They play a particularly
important role in colonization of the bladder by uropathogenic E. coli (UPEC) (Iwahi et al.,
1983; Hultgren et al., 1986; Connell et al., 1996). Bacteria in the urinary tract experience
severe hydrodynamic shear forces that, without attachment to host cells, would result in
rapid clearance (Schembri and Klemm, 2001a). Type 1 fimbriae, like many surface
exposed proteins, are highly immunogenic and thus phase variation is important to prevent
clearance through strong induction of the innate immune response (Kaper et al., 2004).
Type 1 fimbriae are typically expressed in nutrient poor environments and facilitate
colonization through attachment when the bacterium can no longer support a motile
lifestyle that demands a high metabolic flux (Miiller et al., 2009). Expression of adhesins
such as type 1 fimbriae are inversely regulated with expression of flagella, which are
required for motility (Pesavento and Hengge, 2009). Binding of type 1 fimbriae to host
cells contribute to biofilm formation, which allows for efficient nutrient scavenging,
provides increased resistance to host immune responses and antibiotics, and provides a
reservoir for persistent infections (Costerton et al., 1999; Mulvey et al., 2001; Wright et al.,
2007). Type 1 fimbriae are involved in adherence to mucosal and phagocytic cells (Connell
et al., 1996). A typical type 1 fimbriated bacterium has 200-500 peritrichously arranged
fimbriae on its surface (Klemm and Christiansen, 1990). Each fimbria consists of two
distinct components; the major component is a rod containing ~3000 units of the main
fimbrial subunit FimA. The second component thin fibrillium contains the adhesin FimH.

The structure, transport and assembly of type 1 fimbriae are illustrated in Fig. 1.1.
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Fig. 1.1 Structure and assembly of type 1 fimbriae. (A) Schematic representation of type 1
pilus assembly according to the chaperone—usher pathway. Structural subunits (FimA,
FimF, FimG, FimH) enter the periplasm in an unfolded conformation. They subsequently
form 1:1 complexes with the chaperone FimC, which folds the structural subunits and
delivers them to the usher FimD. The structural subunits pass through the FimD pore and
are incorporated into the growing pilus. (B) High-resolution electron micrograph revealing
the composite structure of a type 1 fimbria (Jones et al., 2005). IM, inner membrane; OM,

outer membrane



1.2.1 Main fimbrial subunit (FimA)

FimA is a 17-kDa protein that forms a right-handed helix with an average of 3.125 FimA
subunits per turn. The rod has a length of 1-2uM, diameter of ~70 A (7 nm), a central pore
of about 20 to 25 A, and a pitch of about 24 A (Brinton, 1965; Russell and Orndorff, 1992;
Hahn et al., 2002).

1.2.2 Determinant of binding specificity (FimH)

The minor component of the fimbriae is a thin fibrillum that extends ~ 16 A from the tip of
the rod and contains the binding specificity determinant for type 1 fimbria, FimH (Jones et
al., 1995). FimH is also interspersed along the fimbrial shaft, although only FimH proteins
exposed on the tip are involved in receptor binding (Ponniah ef al., 1991). FimH contains a
lectin-like domain (Choudhury et al, 1999) that confers binding specificity of type 1
fimbriae to mannosylated glycoproteins (Krogfelt ez al., 1990). FimH adhesion to mannose
residues dramatically increases under shear stress conditions by a catch-bond mechanism
(Tchesnokova et al., 2008; Yakovenko et al., 2008), whereby under increasing shear
conditions, a mannose binding pocket of the lectin domain of FimH adopts a new
conformation, relative to the pilin anchored domain of FimH, that increases FimH binding
affinity. This switches binding from rolling bacterial adhesion to strong binding with
cessation of bacterial movement and prevents clearance by urination (Thomas et al., 2002).

While FimH is highly conserved among members of the Enterobactereciae (Abraham et
al., 1988), minor mutations in the protein can lead to significant functional heterogeneity
(Sokurenko et al., 1994; Schembri et al., 2000; Sokurenko et al., 2004). The affinity of
FimH variants toward mannose targets can vary due to changes in the primary structure of
FimH.

E. coli isolated from faeces typically express FimH that is capable of binding only to tri-
mannose residues receptors. In contrast, the FimH adhesins present in urinary tract isolates
carry minor mutations (compared to the faecal isolates) that enhance their ability to
recognize mono-mannose receptors, which are abundant in the urinary tract (Sokurenko et
al., 1995). Strains with FimH alleles that allow binding to mono-mannose residues have a
significantly higher tropism for the uroepithelium and are correspondingly more virulent
(Sokurenko et al., 1998; Sokurenko et al., 2004). FimH variants (e.g. FimH-Arg66) that

have unusually strong mono-mannose binding affinity are cleared from the urinary track



more rapidly than the congenic strain, due to reduced resistance to shearing conditions
caused by the alteration in FimH (Weissman et al., 2007).

Other mutations in the FimH adhesion can lead to production of fimbriae with a twisted
appearance that promote clumping of bacterial cells (Schembri ez al., 2001) in a molecular
handshake mechanism similar to Ag43 mediated auto-aggregation (Danese et al., 2000;
Kjaergaard et al., 2000).

The agglutination assay is a standard diagnostic test for the expression of type 1 fimbriae. It
involves incubation of bacterial cells with eukaryotic cells that express mannosylated
glycoproteins, such as erythrocytes (Salit and Gotschlich, 1977) or yeast (Saccharomyces
cerevisae) cells (Eshdat et al., 1981). Binding of the type 1 fimbriae to receptors on the
eukaryotic cells causes agglutination. This can be inhibited by the addition of exogenous

mannose.

1.2.3 Minor components (FimF and FimG)

Other components of type 1 fimbriae include FimF and FimG, which form part of the
fibrillar tip (Fig. 1.1) (Hanson and Brinton, 1988; Choudhury et al., 1999). FimF (16 kDa)
and FimG (14 kDa) are not essential for the production of functional type 1 fimbriae but
mutants in these loci produce fimbriae with altered length and abundance (Russell and
Orndorff, 1992). Strains containing fimG, fimH and double knockout mutants are capable
of agglutinating guinea pig erythrocytes (Russell and Orndorff, 1992). The absence of
FimF reduces the number of fimbriae per cell, whereas the absence of FimG caused causes
production of extra-long fimbriae (Russell and Orndorff, 1992). The double mutant
displayed the characteristics of both single mutants. On the basis of the phenotypes
exhibited by the single and double mutants, it was proposed that FimF aids the initiation of
fimbrial assembly and that FimG inhibits fimbrial polymerization (Russell and Orndorff,
1992).

1.2.4 Fimbrial assembly proteins (FimC and FimD).

The assembly machinery is comprised of two specialized classes of proteins, the
periplasmic chaperone FimC, which contains two immunoglobulin-like domains separated
by a deep cleft, and the usher protein FimD that forms a pore in the outer membrane
(Thanassi et al., 1998) required for type 1 pilus assembly (Klemm and Christiansen, 1990).
The structural subunits (FimA, FimF, FimG and FimH) aggregate as monomers in solution

and cannot fold into a native three-dimensional structure. The steric information required
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for folding is donated to the hydrophobic core of the subunit by the FimC (Choudhury et
al., 1999). Once transported through the outer membrane the fimbrial components self-
assemble. The FimCH chaperone—adhesin complex binds to the FimD usher (Dodson et al.,
1993) faster and with higher affinity than the other chaperone-subunit complexes (Saulino
et al., 1998). The kinetic dissociation rates of all of the chaperone complexes are relatively
slow. These kinetics combined result in the early presentation of FimCH to FimD, which is

a critical factor positioning the FimH adhesin at the tip of the pilus (Saulino et al., 1998).

1.3 The fim operon

In E. coli, the genes involved in the regulation, synthesis and assembly of type 1 fimbriae
are arranged in a nine gene, tri-cistronic operon (Swaney et al., 1977) located between
minutes 97.81 and 97.98 of the linkage map of E. coli K-12 (Fig. 1.2) (Brinton et al., 1961,
Burland et al., 1995; Blattner et al., 1997). Fimbrial gene expression is controlled through
inversion of a 314-bp invertible element (fimS) containing the promoter for the major
fimbrial subunit fim4 (Abraham et al., 1985). Type 1 fimbriae are encoded by the genes
fimA, fiml, fimC, fimD, fimF, fimG and fimH, which are transcribed from the fim4 promoter
(Pfims) (Abraham et al., 1985; Burland et al., 1995). The control of fimbrial expression is
mediated by two site-specific recombinases FimB and FimE, encoded by genes located

immediately upstream of the invertible element (Klemm, 1986).

1.4 Site-specific recombination.

Site-specific recombination is required for many important biological processes including
bacterial genome replication, conjugative transposition of plasmid DNA, resolution of
catenated DNA circles, integration and excision of phage DNA and virulence, through
phase or antigenic variation of surface components (Hallet and Sherratt, 1997). Site-
specific recombination involves DNA breakage and reunion of DNA and requires no DNA
synthesis or high-energy cofactor (Grindley et al., 2006). Unlike general recombination that
requires large segments of homologous DNA, site-specific recombinases catalyse
recombination between substrates that share limited sequence identity (Grindley et al.,
2000).

The minimal requirements for tyrosine recombinase-catalysed recombination are two DNA

segments termed “core sites”, which contain binding sites for the recombinases separated
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by repeat regions where the strand exchange takes place (often referred to as a spacer). This
arrangement allows the binding of four recombinase molecules that when brought in close
proximity, can catalyse the recombination reaction (Fig. 1.3). The sequence identity usually
extends over the short strand exchange region and flanking recombinase binding sites and is
critical to the recombination reaction in most cases studied (Rajeev et al., 2009). The
outcome of a recombination event depends on the relative orientation and location of the
two spacers. Intra-molecular recombination between inverted sites, as is the case with fim,
causes the inversion of the intervening DNA. Intra-molecular recombination between
directly repeated sites, as is the case with lambda phage, causes the excision of the
intervening DNA. Recombination between sites on separate DNA molecules will integrate
one molecule into the other (Hallet and Sherratt, 1997). Bacteriophages, such as phage
lambda, use this cut-and-paste mechanism to insert their own genomes into the genome of a
bacterial host (Nash, 1981). Some reactions, including Fim recombinase mediated DNA
inversion, require accessory proteins to promote juxtaposition of the spacer regions (termed

synapsis; see sections 1.8.2 and 1.8.4).

1.5 The serine and tyrosine site-specific recombinases

Site-specific recombinases can be divided into two families according to the nucleophile
that is used for cutting and rejoining the defined DNA segments: the tyrosine recombinase
family (also known as the lambda integrase (Int) family) and the serine recombinase family
(also known as the resolvase/invertase family) (Stark e al., 1992; Grindley et al., 2006).
The lamda-integrase family, to which the Fim recombinases belong, can be identified by
the conserved Arg-His-Arg-Tyr catalytic tetrad, of which the tyrosine residue performs the
important catalytic role (Esposito and Scocca, 1997; Grainge and Jayaram, 1999). The
family of tyrosine site-specific recombinases contains over 150 members from all domains
of life (Nunes-Duby et al., 1998). Some of the best-studied members of the family are
phage lambda integrase (Int) and the Flp, Cre, and Xer recombinases.

While the enzymes from both families show significant functional overlap, the
recombination mechanisms of the two families of enzymes are distinctly different. Tyrosine
recombinases break and re-join single strands in pairs to form a Holliday junction
intermediate Fig. 1.3. By contrast, serine recombinases cut all strands in advance of strand
exchange and religation (Grindley et al, 2006). Despite the difference in mechanism,

enzymes from either group perform similar functions. For example, the Hin serine
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Fig. 1.2 Arrangement of the fim operon. The genes encoding type 1 fimbriae are arranged
in an operon. The 7 structural genes are located downstream of the Pj,,4, which is located
on an invertible element fimS. Two recombinases, encoded by fimB and fimE, control fimS
inversion of fimS by binding to sites flanking the 9-bp inverted repeats (red triangles) and

catalysing strand exchange.
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Fig. 1.3 The Cre—loxP site-specific recombination pathway. Current model of the Cre—/oxP
site-specific recombination mechanism. Two Cre monomers (blue or light blue ovals) bind
to recombination sites flanking the strand exchange region and promote synapsis of the
DNA substrates through protein—protein interactions (a). One monomer bound on each
DNA duplex cleaves a phosphodiester bond on the adjacent DNA (cis cleavage) using a
conserved tyrosine side-chain (indicated by Y) to form a covalent 3' phosphotyrosine
linkage (b). The liberated 5' hydroxyl groups (OH) can either attack the adjacent
phosphotyrosine linkage to return to the starting configuration or attack the partner
substrates to exchange one pair of strands and form a Holliday junction intermediate (c).
Isomerization of the Holliday intermediate (d) alters the position of the catalytic tyrosines
(Y) deactivating the first pair of monomers and activating the second pair, allowing
cleavage (e) and exchange (f) of the second pair of DNA strands to give recombinant
products. This model is believed to be a general mechanism for tyrosine site-specific

recombinases (van Duyne et al., 2005).



recombinase and the Fim recombinases both control surface protein expression by site-

specific DNA inversion (Simon et al., 1980; Klemm, 1986).

1.5.1 Mechanism for tyrosine site-specific recombination.
The availability of crystal structures for a number of tyrosine site-specific recombinases in
complex with their substrates has provided an understanding of how tyrosine site-specific
recombinases use a common reaction pathway to mediate recombination in a range of
physiological processes (Grainge and Jayaram, 1999). The interaction of the Cre
recombinase from bacteriophage P1 with its target sites (/oxP) is the best characterized
recombination event in the Int family. Several structures of intermediates in the Cre-loxP
pathway have been solved in recent years, which provided a detailed mechanism of action
(Guo et al., 1997; Gopaul et al., 1998; Guo et al., 1999) (Figure ). Structural insights
gained from the crystal structures of Int (Aihara et al., 2003; Biswas et al., 2005), XerD
(Subramanya et al., 1997) and FLP (Chen et al., 2000) indicate that the Cre-/oxP pathway
is a general recombination pathway for tyrosine site-specific recombinases (Van Duyne,
2001).
In the Cre-/oxP model, strand exchange proceeds by a strand-swapping mechanism similar
to that proposed by Nunes-Duby (1995) (Fig. 1.3) (Nunes-Duby et al., 1995). Cre binds to
its recognition element by forming a ‘C-shaped clamp’ around the DNA duplex. The 13 bp
recombinase-binding element (RBE) in the Cre-DNA structure is bent only slightly as a
result of Cre-DNA contacts, but the full recombination site (34 base pairs) is bent sharply
in the strand exchange (spacer) region between the half-sites (Van Duyne, 2001). The
spacer regions are aligned (synapsed) in an antiparallel fashion. The recombination reaction
is then performed by a tetramer of the recombinase protein in two spatially and temporally
distinct steps (Fig. 1.3). In the first step, two strands in different duplexes at one end of the
exchange region (spacer) are cleaved by the catalytic tyrosine, which forms a hydrogen
bonded to the adjacent phosphate, that can be attacked by either the free hydroxyl group on
the same or opposing DNA duplex (Fig. 1.3b). Attack by the frans hydroxyl group leads to
strand exchange and formation of a Holliday junction (Fig. 1.3c). Cleavage of a
phosphodiester bond of the DNA backbone by the recombinase monomer bound adjacent
to it is termed cis cleavage. Conversely, cleavage by the monomer bound on the opposing
DNA duplex is called frans cleavage. Int, Cre, XerD and Flp all cleave DNA in cis,
although some tyrsosine-integrase recombinases do act in trans (Van Duyne, 2002).
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The second step involves isomerization of the recombination complex to move the tyrosine
of the previously inactive recombinase monomers into an ideal position for cleavage (Fig.
1.3d). This allosteric change moves the tyrosine of the monomers that catalysed the initial
strand cleavage step into an unreactive position. The second strand cleavage and exchange
step is performed in this new conformation (Fig. 1.3e), after which both strands of the DNA
duplex have been exchanged and the recombination reaction is complete (Fig. 1.3f). Some
recombination reactions, including the recombination of fimS, require the binding of
accessory factors that alter DNA topology to promote interactions between the two
recombinase dimers and thus promote formation of the recombination complex (see section

165,

1.6 Site-specific recombinases FimB and FimE

Fimbrial gene expression in E. coli is controlled through inversion of a 314-bp invertible
element (fimS) containing the promoter for the major fimbrial subunit fim4 (Eisenstein,
1981; Abraham et al., 1985). Inversion of fimS leads to either fimbriate (phase on) or
afimbriate cells (phase off) cells. Inversion of fimS is catalysed by two integrase-like
tyrosine site-specific recombinases, FimB and FimE, which are encoded by genes located
immediately upstream of fimS (Fig. 1.2) (Klemm, 1986). These proteins are small (FimB
25-kDA; FimE 23.5-kDa), basic, and are highly homologous at the level of amino acid
sequence (48% identical) (Klemm, 1986), but have distinct activities. As suggested by the
family name, the catalysis of DNA inversion by a member of the integrase family is an
unusual feature of the Fim recombinases (Nunes-Duby et al., 1998).

The FimB protein inverts the switch in the ON-to-OFF (resulting in afimbriate cells) and
the OFF-to-ON direction (resulting in fimbriate cells) with approximately equal efficiencies
at a rate of ~10~ inversions per cell per generation, whereas FimE inverts it predominantly
in the ON-to-OFF direction at the much higher rate of up to 0.7 inversions per cell per
generation (Blomfield ef al., 1991a; Gally ef al., 1993). As a result, when FimB and FimE
are co-expressed in bacteria growing in Luria—Bertani at 37°C, the switching preference of
FimE predominates and most bacteria in the population are in the OFF phase for fimbrial
expression (McClain et al., 1991). Both recombinases act by binding at a half-site internal
to fimS at the border of the switch, and a second half site in proximal DNA external to fimS.
Inversion of fimS involves DNA cleavage, strand exchange and religation reactions within
the 9-bp left and right inverted repeats (IRL and IRR) that flank fimS (Dove and Dorman,
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1996; Gally et al., 1996; Kulasekara and Blomfield, 1999; Burns et al., 2000; Holden et al.,
2007; McCusker et al., 2008). Since only the 9-bp repeats, and not the flanking half-sites
are identical both recombinases have varying binding affinities for the 4 half-sites. For
example, FimE binds poorly to the combination of half sites that flank the IRL in the phase
off orientation, which contributes to the low rate of inversion by FimE from phase off to
phase on (Gally ef al., 1996; Kulasekara and Blomfield, 1999).

The Fim recombinases are remarkably tolerant of sequence changes in fimS. Recent studies
have shown that extensive rearrangements of the external and internal half sites (Holden et
al., 2007; McCusker et al., 2008) and complete replacement of the fimS region with
unrelated DNA (Holden et al., 2007) are tolerated by the recombinases, and in some cases
even increases the inversion frequency.

Mutants deficient in FimE arise frequently and in those cases, FimB-alone catalyses fimS

inversion (Blomfield ez al., 1991b).

1.7 Control of directionality in lambda Int-mediated integration and excision.
Bacteriophage lambda integrase (Int) is a tyrosine site-specific recombinase that mediates
lambda phage integration into and excision out of the bacterial chromosome (Landy, 1989).
This involves site-specific recombination between phage and chromosome encoded core
sites (Nash, 1981; Richet ez al., 1988; Kim and Landy, 1992; Segall and Nash, 1993).

The product of integrative recombination between the viral core site (aftP) and
chromosomal core site (aftB) is an integrated prophage bordered by hybrid a#t sites (attL
and attR), which are themselves substrates for excisive recombination (Van Duyne, 2005).
The Int-system has a highly evolved mechanism for controlling the recombination
directionality, which includes a phage encoded excision enhancing protein (Xis) and host
encoded proteins IHF and the factor for inversion stimulation (FIS). Xis binds site-
specifically as a homodimer to DNA and introduces a bend of >140° in DNA (Thompson
and Landy, 1988; de Vargas and Landy, 1991). Binding of Xis alters DNA topology and
the occupancy of Int and IHF binding sites, which promotes excision and inhibits
integration (Better ef al., 1983; de Vargas and Landy, 1991). FIS can substitute for Xis and
promote excision by binding to a site overlapping the site for one Xis protomer (Thompson
et al., 1987; Ball and Johnson, 1991a; b). FIS can introduce a bend of 50° to 90° depending
on flanking sequences (Pan ef al., 1994; Pan et al., 1996). This DNA bending activity may
facilitate formation of the excissive nucleoprotein complex in the absence of Xis. FIS also
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promotes excision by aiding Xis binding (Papagiannis et al., 2007). IHF binds at 3 sites
(H1, H2 and H') in phage lambda and can promote Int interaction with low affinity sites
flanking the core regions (De Vargas et al.,, 1989a). IHF binding to H1 is required for
integrative but not excissive recombination, whereas H2 and H' are required for both
reactions (Bushman er al., 1985; Thompson et al., 1986). IHF binding to H1 inhibits
excision. Since IHF levels increase upon entry into stationary phase (see section 1.8.1) the
H1 site is more likely to be occupied during poor growth conditions. This growth phase
control is further supported by the role for FIS in stimulating excision at low Xis
concentrations. FIS levels dramatically increase upon nutrient upshift (Ball et al., 1992),
which results in an increase in excision of phage lambda (Ball and Johnson, 1991b).

The regulatory inputs of growth phase regulated host proteins (IHF and FIS) appear to
promote excision in good growth conditions and repress excision in poor growth
conditions. Nutrient availability supports the production of high levels of phage and also
ensures the presence of a viable bacterial population to infect upon transition to lytic
growth. It therefore appears that the lambda phage has incorporated host regulatory
proteins to promote its survival.

The integrative and excissive recombination events can also by distinguished by their
requirement for negative supercoiling. Negative DNA supercoiling is required for lambda
phage integration but not excision due to the different DNA topology formed in the

nucleoprotein complexes formed during integration and excission (Crisona ef al., 1999).

1.7.1 Regulation of fimB and fimE expression.

Differential expression of the fimB and fimE genes in response to changing environmental
signals allows for variation in recombinase levels (Schwan et al., 1992; Gally et al., 1993;
Schwan et al., 2002; Sohanpal et al., 2004; Lahooti et al., 2005; Sohanpal et al., 2007).
Since FimE-mediated switching is dominant to FimB-mediated switching, altering the
relative levels of the two recombinases is an important component of controlling fimbrial
gene expression (McClain ef al., 1991).

Feedback mechanisms play an important role in maintaining heterogeneous populations
that are pre-adapted for changes in the environment (Balaban et al., 2004). For example,
fimS contains a Rho-dependent transcription terminator that, when in the phase-off
orientation, causes shortening of the fimE transcript. The shortening of this transcript
decreases the half-life of fimE mRNA and hence reduces the level of FimE protein in the
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cell (Sohanpal et al., 2001; Joyce and Dorman, 2002; Hinde et al., 2005). A reduction in
FimE levels allows FimB-mediated switching to phase on, which in turn allows for the
accumulation of FimE. Accumulation of FimE causes the rapid switching of fimS back to
phase off. The cyclic control of fimS orientation through FimE is referred to as orientational
control (Sohanpal ef al., 2001; Chu and Blomfield, 2007). Orientational control is believed
to provide a form of memory to fimbrial expression and is modelled to be responsible for

maintaining fimS in phase on for sufficient time to allow full fimbriation of the cell (Wolf

and Arkin, 2002; Chu and Blomfield, 2007).

Another method of ensuring population heterogeneity involves fimS in the ON orientation.
It has been reported that cells undergo phase variation independently of fimS orientation or
Pma activity resulting in 10% of phase ON cells remaining afimbriate (McClain et al.,
1993). The effects of nucleoid-associated proteins and environmental changes on

transcription of fimB and fimE are discussed in sections 1.8 and 1.10.

1.8 Trans acting factors regulate phase variation of type 1 fimbriae

1.8.1 Integration host factor (IHF)

Integration host factor (IHF) is a small, basic protein that was originally identified as the
host factor required for integration of phage lambda (Miller and Nash, 1981). IHF is a
heterodimeric protein whose subunits are encoded by iif4 (formerly known as himA) and
ihfB (formerly known as himD or hip) (Weisberg et al., 1996). These genes are found at
distinct locations in the chromosome and are subject to independent regulatory influences
(Aviv et al.,, 1994). Each subunit is ~11kDa and they share ~30% sequence identity.
Although IHF is usually considered as a heterodimer, its subunits are capable of forming
functional homodimers that are less stable in vitro (Zulianello ef al., 1994) but functional in
vivo (Werner et al., 1994; Zablewska and Kur, 1995; Hiszczynska-Sawicka and Kur, 1997;
Mangan et al., 2006). THF binds tightly to a well-defined consensus sequence that consists
of a 13-bp element WATCAANNNNTTR (W is dA or dT, R is dA or dG, and N is any
nucleotide) (Yang and Nash, 1989; Goodrich et al, 1990; Hales et al.,, 1994) and an
upstream A+T rich region (Hales et al., 1996). While sites with a very good match to the
consensus provide good targets for IHF, sites that match less perfectly are often still bound

by IHF, albeit with lower affinity (Goodrich et al., 1990; Yang and Nash, 1995a). IHF
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dimers interact with the minor groove of DNA (Yang and Nash, 1989) interchelating
hydrophobic residues, located on two extended arms, between the DNA base pairs causing
severe wrapping of the DNA around the protein (Rice ef al, 1996) and creating the
characteristic U-turn in DNA of up to 180° (Fig. 1.4) (Robertson and Nash, 1988;
Thompson and Landy, 1988; Rice et al., 1996).

The intracellular concentration of IHF is growth phase dependent and increases with the
onset of the stationary phase (Bushman et al., 1985; Aviv et al., 1994; Ditto et al., 1994;
Weglenska et al., 1996; Murtin et al., 1998; Azam and Ishihama, 1999). Thus, IHF plays an
important role in integrating stationary phase and virulence gene expression in Salmonella
enterica serovar Typhimurium (Mangan et al., 2006). IHF binds specifically to high-
affinity (nM Kd) and non-specifically to low-affinity (uM Kd) sites and is therefore
considered to have an important role in DNA compaction and genome organization

(Oppenheim et al., 1993; Yang and Nash, 1995a; Ali ez al., 2001).

[HF is directly involved in regulating a diverse range of processes (Freundlich et al., 1992)
including transcriptional activation (Giladi et al., 1990; Sheridan et al., 1998), chromosome
replication (Ryan et al., 2002), phage integration (Bushman ez al., 1985), transposition
(Crellin et al., 2004) and DNA inversion (Dorman and Higgins, 1987). One example where
[HF facilitates long-range molecular interactions is found in the lambda integration system.
The role of IHF in lambda integration was effectively replaced with other DNA bending
proteins (CRP and HU) or through the introduction of DNA that forms a stable bend in the
DNA (Goodman and Nash, 1989; Goodman et al., 1992). Similar studies showed the
importance of helical phasing in the juxtaposition of distal sites by IHF binding (Surette e?
al., 1989). IHF binding to DNA can activate transcription of certain promoters through a
mechanism not involving stabilizing long-range protein-protein interaction. For example,
[HF activates transcription of the i/vG promoter by binding to an upstream site located in a
highly A+T-rich region (~88% A+T). IHF binding prevents the A+T-rich region from
becoming single stranded, transferring the superhelical energy downstream to the ilvG
promoter and increasing transcription by promoting the formation of an open transcription

complex (Parekh and Hatfield, 1996; Parekh et al., 1996; Sheridan et al., 1998).
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Fig. 1.4 The nucleoid associated proteins IHF, LRP and H-NS alter DNA topology. (A)
Binding of an IHF dimer to DNA introduces a bend of >160° in the DNA. IHF; yellow
ribbon strucuture (Yang, 2008). (B). Binding of LRP dimers to adjacent LRP sites
introduces a bend of up to 135° in the DNA. LRP dimers; blue and green ribbon structures
(de los Rios and Perona, 2007). (C) Ribbon structure of a H-NS dimer showing the DNA
binding domains (green) and oligomerization domains (red) joined by flexible liner
domains (black lines). H-NS binding to DNA can cause (D) inter- and (E) intra-molecular

bridging of DNA. For clarity the interaction of a single H-NS dimer with DNA is shown as
a simplified version of the ribbon structure (Rimsky, 2004).



1.8.2 Integration host factor and fim gene expression

A knockout mutation in either of the genes encoding the IHF subunits completely arrests
both FimB- (Dorman and Higgins, 1987; Eisenstein et al., 1987; Blomfield et al., 1997)
and FimE- (Blomfield et al., 1997) mediated inversion of fimS. Two perfect matches to the
[HF consensus were identified in the fim sequence (Fig. 1.5). The first site (IHF-1) is
located outside fimS, centred ~30-bp upstream of the left inverted repeat (Dorman and
Higgins, 1987; Eisenstein et al., 1987). The second site (IHF-2) is located asymmetrically
within fimS (Dorman and Higgins, 1987). Each of these sites was confirmed by gel
retardation assay and DNA protection studies, the results of which are consistent with
binding of a single dimer of IHF to each site (Blomfield ez al., 1997). By analogy with the
lambda integrase system (de Vargas et al., 1989b), it is thought that the IHF protein plays
an architectural role in promoting efficient recombination through the appropriate
juxtapositioning of the 9-bp inverted repeats (Fig. 1.6). Analysis of the switching
frequencies of fimS containing mutated IHF binding sites confirmed that IHF had a direct
effect on fimS switching for both FimB- and FimE- mediated recombination. The combined
binding site mutations reduced FimB and FimE mediated switching by 100 fold. While this
fully accounted for the reduction in FimB mediated switching in an IHF deficient cell, it
was markedly lower than the 15,000 fold reduction seen in FimE mediated switching in an
IHF deficient cell (Blomfield et al., 1997). This suggests a role for IHF in transcriptional
activation of fimE. IHF is also required for full activation of the fim4 (Dorman and

Higgins, 1987) and fimB promoters (see section 1.10.1) (Sohanpal et al., 2007).

1.8.3 Leucine responsive regulatory protein (LRP)

The leucine responsive protein (LRP) is a major global regulator of the Asn/LRP family
that is present in £. coli growing in minimal medium at 37°C at a level of ~3000 dimers per
cell (Willins et al., 1991). It is thought that the primary function of LRP is to monitor the
nutritional state of the cell to adjust its metabolism to changing nutritional conditions and to
coordinate these changes with the physical environment of the cell (Cho et al., 2008). LRP
levels increase in response to nutrient stress (Landgraf er al., 1996). Depending on the
architecture of the individual promoter, LRP can act as an activator and/or a repressor and
its affects can be antagonized, enhanced or not affected by the presence of branched-chain
amino acids such as leucine. LRP regulates >10% of the E. coli genome (Hung et al., 2002;

Tani et al., 2002; Cho et al., 2008).
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Among the genes regulated by LRP in E. coli are operons involved in amino acid
biosynthesis and catabolism (Calvo and Matthews, 1994), nutrient transport (Haney et al.,
1992) and P and type 1 fimbria production (Braaten et al., 1992). In general, among LRP-
regulated operons, those which function in biosynthetic pathways are stimulated by LRP
while those involved in catabolic pathways are repressed (Calvo and Matthews, 1994). LRP
plays a key role in regulation of genes upon nutrient depletion and entry into stationary
phase (Tani et al., 2002). Mutations that confered a growth advantage during prolonged
carbon starvation were linked to the /rp locus and found to abolish the DNA binding ability
of LRP, thus dramatically altering global gene expression and allowing adaptation to the

new environment (Zinser and Kolter, 2000).

LRP binds cooperatively (Chen et al, 2005b) to a consensus sequence
YAGHAWATTWTDCTR, where Y =Cor T, H=not G, W=Aor T,D=not C,and R =
A or G (Wang et al., 1993; Cui et al., 1995). LRP is an 18.8 kDa protein that forms higher
order structures. Upon binding of a LRP dimer to a single site in DNA, LRP bends DNA by
~52°. Binding of a second LRP dimer to an adjacent site increases the angle of bending to
at least 135° (Fig. 1.4) (Wang and Calvo, 1993). Further binding of LRP to adjacent sites
can allow the formation of an LRP octamer that wraps the DNA duplex around its outside
surface by interacting with the DNA binding N-termini of successive monomers (de los
Rios and Perona, 2007). At nM concentrations LRP exists predominantly as a dimer (Cui et
al., 1996; Chen et al., 2001c¢). It can self-associate to form an octamer or an hexadecamer,
with the hexadecamer being the predominant species at high cellular concentrations (uM
range) (Chen et al., 2001¢; Chen et al., 2005b; de los Rios and Perona, 2007). The presence
of leucine causes the dissociation of LRP hexadecamers to octamers, which can alter gene
expression at sensitive promoters and thus links gene expression with environmental

signals (Chen et al., 2001¢; Chen and Calvo, 2002).

While exogenous leucine does not affect the total amount of LRP within E. coli cells, it
dramatically affects the quaternary structure and DNA-binding characteristics of LRP. It
promotes the dissociation of hexadecamer to the leucine-bound octamer (Chen et al.,
2001c; Chen and Calvo, 2002), increases the binding of LRP to non-specific sites on DNA
(Chen et al., 2001b), decreases the intrinsic affinity of LRP for binding to a single site (Cui
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Fig. 1.5 Arrangement of nucleoid-associated protein binding sites in fimS. LRP binds to
two sites asymmetrically within fimS (LRP-1 and LRP-2). IHF binds to two sites (IHF-1
and IHF-2). IHF-2 is located asymmetrically within fimS proximal to the fimA promoter

(pfimA). IHF-1 is located in a static (non-inverting) region upstream of the IRL.
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Fig. 1.6 The nucleoid associated proteins IHF and LRP alter DNA topology at fimS (A) The
DNA bending activity of IHF and the DNA wrapping ability of LRP may facilitate
juxtaposition of the inverted repeats (IRL and IRR). Site juxtaposition is a pre-requisite for
strand exchange catalyzed by FimB and FimE. This model also highlights the unique
topologies of the phase on and phase off invertasome complexes with respect to the fixed

(non-inverting) reference point IHF-1.



et al., 1995) and it increases the cooperativity with which dimers bind to adjacent sites

(Chen et al., 2005b).

LRP has only a 20—400-fold binding discrimination between specific and non-specific
DNA sequences (Peterson et al., 2007). It binds with high affinity to non-specific sites.
Non-specific binding of LRP shows significant cooperativity and can lead to an octameric
solenoid-like structure that is similar to that formed by high-affinity, specific, binding of
LRP to multiple adjacent sites (Chen et al., 2005b; Peterson et al., 2007). Therefore high
affinity, non-specific binding of LRP may play a key role in genome organization under

certain conditions (D'Ari et al., 1993; Peterson et al., 2007).

1.8.4 Leucine responsive regulatory protein and fim gene expression

LRP has only minor effects on transcription of fimB and fimE (Blomfield et al., 1993) but
plays a major role in regulation of fimS inversion. It binds at two discrete sites located
asymmetrically within fimS (Fig. 1.5) (Gally et al., 1994) and is required for efficient
inversion of fimS. In LRP deficient cells, or when LRP binding to both sites within fimsS is
abolished, FimE-mediated switching is 100-fold lower and FimB-mediated switching is 50-

fold lower than in the wild type (Blomfield et al., 1993; Gally et al., 1994).

The fim switch is subject to environmental control by temperature and independently by the
amino acids alanine, isoleucine, leucine, and valine (Gally et al.,, 1993). Both fimB-
promoted switching and fimE-promoted switching are stimulated by these amino acids, and
this stimulation requires LRP. While the addition of leucine stimulates fimS inversion, it
reduces LRP binding in fimS in vitro (Roesch and Blomfield, 1998). Leucine therefore
affects inversion of fimS by modulation of the occupancy of a third, low-affinity, LRP
binding site in fimS that, when occupied, inhibits inversion of fimS (Roesch and Blomfield,
1998; Lahooti et al., 2005).

LRP binding in fimS is believed to be required for efficient synapsis (Fig. 1.6) and is
required for the maintenance of the DNA relaxation induced phase-on bias (see section

1.9.2) (Kelly et al., 2006; Corcoran and Dorman, 2009; Miiller et al., 2009).
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1.8.5 Histone-like nucleoid structuring protein (H-NS).

The histone-like nucleoid structuring protein (H-NS) is an abundant nucleoid-associated
protein. H-NS protein levels are maintained through growth at 10,000-20,000 copies per
cell (Spassky et al., 1984). H-NS contains an amino terminal DNA binding domain that is
connected by a flexible linker to the carboxyl terminal oligomerization domain (Fig. 1.4)
(Shindo et al., 1995; Badaut et al., 2002; Bloch et al., 2003; Rimsky, 2004). This structural
arrangement allows H-NS dimers to create DNA-protein-DNA bridges between separate
DNA strands, which play a major role in DNA compaction (Spassky et al., 1984; Spurio et
al., 1992; Spurio et al., 1997, Stella et al., 2005; Dame et al., 2006; Noom et al., 2007;
Maurer et al., 2009). The abundance of H-NS and its ability to form DNA protein-DNA
bridges provides support for the hypothesis that this protein can act as a topological
insulator on DNA loops in the folded chromosome of the nucleoid (Hardy and Cozzarelli,
2005; Noom et al., 2007). H-NS molecules can form bridges on different portions of the
same DNA molecule leading to trapping of RNA polymerase at a promoter with
concomitant repression of transcription (Prosseda et al., 2004; Nagarajavel et al., 2007; Liu
et al., 2010; Stoebel et al., 2008). In addition, H-NS can spread laterally from nucleation
sites on DNA to silence transcription without a need for bridging (Amit et al., 2003; Chen
et al., 2005a; Liu et al., 2010). H-NS silences ~15% of the E. coli and S. enterica genomes
and the genes affected contribute to virulence, motility, metabolism and cell adhesion
(Noom et al., 2007). Deletion of the hns gene results in pleiotropic effects on gene
expression (Higgins et al., 1988). H-NS binds with low sequence specificity to regions of
high A+T content and strong intrinsic DNA curvature (Yamada et al., 1990; Owen-Hughes
et al., 1992; Lucchini et al., 2006, Navarre et al., 2006; Oshima et al., 2006).

Other intrinsic characteristics, such as DNA flexibility, may also contribute to the
specificity of H-NS binding. DNA that has become single stranded (melted) is considerably
more flexible than double stranded DNA (Forties et al, 2009), which may aid DNA
bridging by H-NS. While a consensus binding site has been proposed for H-NS (Lang et
al., 2007b), it was later shown that the A+T content of the 10-bp motif (70% A+T) and not
the order of the nucleotides was important (Dillon ez al., 2010). H-NS has a high off-rate
from DNA indicating that there is substantial breathing of bridged regions (Dame et al.,
2006). This allows effective competition for DNA binding by other proteins in vivo. Since

an active RNA polymerase can generate 75 pN of force and as a force of only 7 pN is
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required to disrupt a DNA-HNS-DNA bridge, a transcribing RNA polymerase would be
sufficient to displace H-NS from a downstream region (Dame et al., 2006). This allows H-
NS to stabilize DNA loops while still allowing for dynamic reorganization (Dame et al.,

2006; Noom et al., 2007).

1.8.6 Histone-like nucleoid structuring protein and fim gene expression.

H-NS affects inversion of fimS both directly and indirectly. H-NS deficient cells have
increased rates of FimB-mediated inversion (Higgins et al., 1988; Kawula and Orndorft,
1991; Donato et al., 1997; Schembri et al., 1998). Although transcription of fimB increases
in the absence of H-NS (Donato et al., 1997) the associated increase in FimB protein levels
is not the primary cause of the rapid-switching phenotype that is characteristic of Ans null
alleles (Dove and Dorman, 1996; Donato et al., 1997). H-NS binding in fimS is believed to
repress inversion directly by an unknown mechanism (Kawula and Orndorff, 1991; O' Gara
and Dorman, 2000). Overexpression of H-NS results in decreased inversion of fimS (May
et al., 1990), most likely through repression of fimB expression. The effects of H-NS are
typically masked in FimE+ backgrounds due to the rapid ON to OFF switching, however
H-NS is essential for maintaining the FimB-mediated inversion bias to phase off that is
induced by transcription from within fimE (O' Gara and Dorman, 2000).

H-NS plays an important role in regulating fimS inversion and Pp,4 activity in response to
changing environmental temperature (Dorman and Ni Bhriain, 1992). Since changes in
transcription and changes in temperature cause changes in DNA supercoiling (Dorman,
2006), H-NS can be considered an important mediator of the sensitivity of fimbrial gene

expression to changes in DNA supercoiling.

1.8.7 Recombinase overexpression and accessory protein redundancy
Increasing the amount of FimB in the cell by supplying fimB cloned in a multicopy plasmid
increases the rate of bidirectional inversion of fimS (Klemm, 1986; Dove and Dorman,
1996) and allows for efficient switching to phase on in a FimE+ cell (Klemm, 1986). Over-
expression of FimB also restores DNA inversion in cells that are deficient in IHF and LRP,
which were previously thought to be essential for inversion of fimS (Dove and Dorman,
1996). Presumably the over-expression of FimB leads to increased binding of FimB to
fimS, allowing the DNA bending activity of FimB to replace the predicted architectural
roles of IHF and LRP in aligning the IRs for efficient inversion (Dove and Dorman, 1996).
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When overexpressed, FimB binding at the right inverted repeat (IRR) is responsible for
repressing transcription of the fimA promoter by approximately 10-fold (Dove and Dorman,
1996). Thus, overexpression of FimB in a FimE+ background leads to an increased number
of cells with a phase on switch that have reduced levels of fimbriation, compared to a
normal fimbriae expressing cell (Klemm, 1986; Dove and Dorman, 1996).

Overexpression of FimE also represses transcription of the fimA4 promoter by over 10-fold
in a phase locked-on cell (Smith, 1999). Unusually, increasing levels of FimE also causes

an increase in phase on cells in the population (Pallesen ef al., 1989; Smith, 1999).

1.9 DNA supercoiling

The bacterial chromosome is a single, circular DNA molecule (Cairns, 1963). Supercoiling
represents a state of relatively greater free energy in a closed circular DNA molecule that
arises when the molecule has either an excess (positive supercoiling) or a deficiency
(negative supercoiling) of duplex turns relative to the same molecule that has been nicked
on a single strand and is thus energy free or relaxed (Dorman, 2006). Bacterial DNA almost
always exists in a state of negative supercoiling (Cozzarelli, 1980). DNA gyrase introduces
negative supercoils into relaxed DNA by a double-strand breakage, passage and religation
mechanism that uses ATP as a source of energy; it removes positive supercoils by the same
mechanism (Gellert et al., 1976a; Cozzarelli, 1980; Champoux, 2001). DNA topoisomerase
I removes negative supercoils by a DNA single-strand cleavage, swivelase and religation
mechanism that relies on the energy stored in the negatively supercoiled DNA (Brown et
al., 1979; Champoux, 2001).

DNA supercoiling levels vary with the stage of growth of the bacterial culture (Dorman et
al., 1988), with DNA becoming more relaxed at the onset of stationary phase when the
metabolic flux in the cell and the concentration of ATP are diminished (Balke and Gralla,
1987; van Workum et al., 1996). These physiological conditions correlate with a reduction
in the negative supercoiling activity of DNA gyrase. ATP hydrolysis by gyrase can be
inhibited by treatment with the drug novobiocin (Gellert et al, 1976b). As the
concentration of novobiocin increases, the level of gyrase activity in the cell is reduced,
allowing DNA topoisomerase I to relax the DNA (Gellert et al., 1976b; Heddle et al.,
2000). DNA supercoiling levels are responsive to changes in other environmental signals
such as temperature (Goldstein and Drlica, 1984; Dorman et al., 1990), anaerobiosis
(Yamamoto and Droffner, 1985; Dorman et al., 1988; Hsieh et al., 1991a) and osmolarity
(Higgins et al., 1988; Hsieh et al., 1991b). Homeostasis is maintained since transcription of
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DNA gyrase and topoisomerase 1 is alternatively regulated in response to changes in DNA
supercoiling levels (Menzel and Gellert, 1983; Tse-Dinh, 1985).

The movement of RNA polymerase along DNA during transcription alters the local DNA
topology such that positive supercoils accumulate ahead of the transcribing polymerase and
negative supercoils accumulate behind the transcribing polymerase (Liu and Wang, 1987;
Samul and Leng, 2007). This transcription-induced alteration in DNA supercoiling can

affect local gene expression (Fang and Wu, 1998b; a).

Negative supercoiling can be further defined as the deficit in linking number (Ly) where Ly
= Twist (Ty) + Writhe (W;). While writhe illustrates the shape of the DNA, T, is best
illustrated as the number of base pairs in a single helical turn, and hence, the number of
helical turns in the DNA (Fuller, 1971). Both of these parameters change in response to
changing supercoiling levels (ALy) to adopt the lowest free energy conformation. A change
in twist can either involve the smooth torsional deformation (change in the number of base
pairs per helical turn) or alternatively, can involve a portion of the DNA molecule
becoming single stranded (Benham, 1979). The constraint of this helical twist (e.g. through
protein binding the DNA) can cause a corresponding alteration in writhe as the lowest
energy state is achieved.

Stress induced duplex destabilisation (SIDD) regions are typically A+T-rich regions in
DNA and hence are prone to strand separation when placed under a superhelical stress
(ATy). When nucleoid associated proteins (e.g. LRP and IHF) bind within a region which is
prone to strand separation such as a SIDD region, the bound protein constrains the DNA
and prevents strand separation (Sheridan er. al., 1998). Since the strand separation is
necessary to adopt the lowest free energy state, the altered DNA twist (ATy,) is transferred
to another region (often A+T-rich but sometimes containing G+C-rich stretches), which
then becomes single-stranded (Sheridan et. al, 1998; Opel et. al, 2004). By this
mechanism, nucleoid associated proteins can facilitate increased promoter activity through
increased RNA polymerase accessibility. Negative supercoiling may play a similar role in
promoting site-specific recombination by promoting single-strand formation at inverted

repeats.
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1.9.1 DNA supercoiling and site-specific recombination

Recombination by tyrosine site-specific recombinases can be affected by changes in
negative DNA supercoiling through a number of different mechanisms; (i) an increase in
the efficiency of formation of the synaptic complex (by an increase in the rate of the
forward reaction or a decrease in the rate of the backward reaction); (ii) an increase in the
catalytic recombinase-mediated reaction (Holliday junction formation); or (iii) an increase
in the efficiency of resolution of the Holliday junction, possibly produced by modifications
in the geometry of the Holliday junction brought about by changes in DNA supercoiling
density (Mikheikin et al., 2006).

Negative supercoiling of DNA increases the juxtaposition of distal sites and thus aids
synapsis (Vologodskii and Cozzarelli, 1996). In the Int-system DNA supercoiling
facilitates formation of a higher-order nucleoprotein complex at a#P, that catalyses
integrative recombination with the chromosomal site (a#/B) (Richet et al., 1986, 1988).
DNA supercoiling is also essential for synapsis in serine-recombinase mediated
recombination systems such as circular molecule resolution by the Tn3 resolvase
(Benjamin and Cozzarelli, 1988), the Hin-mediated inversion of the hin segment that
controls antigenic variation of flagellar proteins in Salmonella (Moskowitz et al., 1991;
Sanders and Johnson, 2004; Dhar er al., 2009) and the Gin mediated inversion of the G
segment in bacteriophage Mu (Plasterk et al., 1984).

DNA supercoiling is also known to influence some recombination reactions after synapsis
by lowering the activation energy required to complete the recombination reaction and thus

increasing the rate of recombination (Castell and Halford, 1989).

1.9.2 DNA supercoiling and fim gene expression

FimB-mediated inversion of fimsS is sensitive to changes in DNA supercoiling. Previous
work has shown that when DNA gyrase is progressively inhibited by novobiocin treatment,
the fimS element shows a novobiocin-dose-dependent bias towards the on phase (Dove and
Dorman, 1994; Kelly et al., 2006; Miiller ef al., 2009). In addition, it has been shown in
earlier work that this off-to-on bias is contingent on binding by the LRP protein to two
adjacent sites, LRP-1 and LRP-2, within fimS (Kelly et al., 2006) (Fig. 1.7). The two LRP
binding sites are located asymmetrically within fimS, raising the possibility that they may
contribute to a structure that distinguishes the phase-on switch from the phase-off switch.

This hypothesis postulates the existence of a reference point that somehow communicates
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Fig. 1.7 A model for the FimB-mediated, LRP-dependent, phase on bias of fimsS in response
to DNA relaxation. The model involves the formation of a nucleoprotein complex between
LRP and an unidentified reference point, potentially IHF bound at IHF-1, at the IRL in the
phase on orientation where, upon DNA relaxation, the IRL is sequestered. This prevents
efficient switching from phase on to phase off, which results in an increase in the amount

of on cells in a population. This bias is reversed in the absence of LRP binding in fimS.



with the LRP-occupied LRP-1 and LRP-2 sites in the phase-on switch. An inspection of the
DNA adjacent to fimS revealed that, in the on phase, the two LRP binding sites lie close to
a well characterized binding site for IHF (Fig. 1.7).

This novobiocin-induced phase-on bias is independent of transcription from within fimA
(Kelly et al, 2006). However, transcription from within fimS is essential for the
establishment of a phase bias caused by transcription from within fimE (O' Gara and
Dorman, 2000). CSH50 contains an /S1 insertion in fimE that prevents expression of FimE
(Blomfield et al., 1991b) and also prevents transcriptional read through into fimS (O' Gara
and Dorman, 2000). Strains that contain an inactivated fimE gene but which allow
transcription into fimS are strongly biased to phase off. This phase-off bias was removed in
the absence of transcription from within fimS and also dependent on H-NS (O' Gara and
Dorman, 2000).

The action of topoisomerase 1 is required for inversion of fimS (Dove and Dorman, 1994).
Inactivation of topoisomerase 1 causes an increase in negative supercoiling levels.
Reduction in negative supercoiling levels using novobiocin failed to restore switching in
the AtopA strain (Dove and Dorman, 1994) possibly indicating that TopA is required to
reduce transcription-induced hyper-negative supercoils that are inhibitory to DNA
inversion.

DNA supercoiling facilitates synapsis in many recombination reactions and may have a
similar role in synapsis of the fimS IRs. DNA supercoiling may also facilitate
recombination by facilitating single-stand formation at the IRs (See section 1.9). The fimS
region is highly A+T-rich. For example, the 296-bp fimS region between the IRs is 70%
A+T while the 100-bp 5' to the IRL (where IHF-1 is centrally located) is 79% A+T. The
high A+T content of these regions makes them highly unstable and prone to single-strand
formation (Bi and Benham, 2004). In contrast, the 9-bp IRs are highly G+C rich (67%).
Since recombination requires single-strand formation at the IRs, transfer of superhelical
energy from the A+T-rich regions in fimS by IHF and LRP binding may contribute to
melting of the IRs and may thus promote recombination. This model is also compatible
with the proposed structural roles for IHF and LRP in promoting synapsis of the IRs that
allows for fimS inversion (Fig. 1.6). A reduction in DNA supercoiling could therefore affect
both synapsis and strand separation, preventing recombination under certain conditions.
Considering the asymmetric nature of fimS topology due to the asymmetric binding of IHF
and LRP binding in fimS (Fig. 1.5), a reduction in DNA supercoiling may affect switching
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from ON to OFF and OFF to ON differently. This directionality would be reminiscent of
the differential requirement for DNA supercoiling in Int-mediated recombination by phage

lambda (section 1.7).

1.10 Control of fimbriation by signal transduction.

Multiple signal transduction pathways alter expression of type 1 fimbriae in response to
changes in the environment. One effective mechanism of controlling fimbriation is through
altering the levels of the recombinases, particularly levels of FimB. A number of pathways

for this are summarized below.

1.10.1 Sialic acid response

During inflammation, host defences enhance the release of the common sialic acids N-
acetylneuraminic acid (NeusAc) and N-acetylglucosaminic acid (GlcNAc) (Kriat et al.,
1991), which are known to inhibit transcription of fimB and thus inhibit type 1 fimbrial
gene expression (El-Labany et al., 2003; Sohanpal et al., 2004; Condemine et al., 2005;
Sohanpal et al., 2007). The promoters for fimB and the divergently transcribed gene nanC
are located within the large (~1.4 kb) intergenic region and are co-regulated by a number of
proteins. Two proteins, NanR and NagC, are responsive to cellular concentrations of
NeusAc and GlcNac and control transcription of nanC, which encodes a voltage-dependent
outer membrane channel that transports NeuSAc (Condemine et al., 2005).

NanR and NagC binding near the nanC promoter (P,q.c) represses transcription of nanC
and activates transcription of fimB. IHF binding in between two NagC sites promotes their
interaction and thus promotes activation of the fimB promoter (Sohanpal et al., 2007).
NanR, which binds directly overlapping the nanC promoter, does not require IHF to
enhance transcription of fimB (Sohanpal et al., 2007).

The regulation of fimB by NanR and NagC provides a mechanism for modulation of type 1
fimbrial gene expression according to the host immune response (Kriat ez al., 1991; El-
Labany et al., 2003; Sohanpal et al., 2004; Condemine et al., 2005; Sohanpal et al., 2007).
The inhibition of fimbriation in response to inflammation may allow E. coli to limit the
inflammatory response and prevent clearance by the immune system. However, a moderate
inflammatory response may be advantageous since sialic acid can be converted by E. coli

into the high-energy metabolite GIcNAc-6-P (Plumbridge and Vimr, 1999).
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1.10.2 Stringent response

The small nucleotide guanosine tetraphosphate (ppGpp) is produced in response to multiple
stresses including amino acid limitation, nutrient limitations and circumstances that cause
growth arrest (Magnusson et al., 2005). Aided by DksA, ppGpp binds in the secondary
channel of RNA polymerase (RNAP) near the active site and alters transcription
(Artsimovitch et al., 2004; Paul et al., 2004; Perederina et al., 2004). ppGpp affects
multiple genes in response to poor growth conditions, including the positive regulation of
amino acid biosynthesis promoters (Traxler et al., 2008). It is also a key component of the
stringent response where in response to amino acid starvation uncharged tRNAs bind to the
ribosomal A site, signalling ribosome-associated RelA to synthesize ppGpp (Wendrich et
al., 2002) which leads to the transcription of stable RNAs (ribosomal and transfer RNAs)
being shut-off (Chatterji and Ojha, 2001).

ppGpp enhances transcription of fimB, which leads to increased fimbriation (Aberg et al.,
2006, 2008). In contrast to its usual role facilitating ppGpp, DksA deficient strains are
hyper-fimbriate indicating a negative role for DksA in controlling fimbrial gene expression
(Magnusson et al., 2007; Aberg et al., 2008). DksA does promote transcription of fimB in
vitro. A model for this discrepancy between in vivo and in vitro data predicts an increased
role in vivo for the DksA homologues GreA and GreB in induction of fimB transcription in
the absence of DksA (Aberg et al., 2008). Enhanced transcription of fimB in the absence of
DksA 1is independent of previously known regulators of fimB transcription, such as RpoS,
H-NS, NanR or NagC, (Aberg et al., 2008). The role of ppGpp in promoting fimbriation is
consistent with the involvement of type 1 fimbriae in promoting a sessile lifestyle and

biofilm formation in nutrient poor conditions.

1.11 Regulatory cross-talk between surface adhesions

The expression of surface adhesions in uropathogenic E. coli are intrinsically linked
(Holden and Gally, 2004; Kaper et al., 2004). Many uropathogenic strains contain multiple
fimbrial gene clusters with different binding specificities, which determine tropism of the
organism (Kaper et al., 2004). While some pathogenic strains contain over 16 fimbrial gene
clusters (Low et al., 2006), this section will provide a brief overview of well characterized

examples of adhesin gene cross talk in uropathogenic E. coli.
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1.11.1 Pyelonephritis associated pili

In strains that cause cystitis, type 1 fimbriae are continually expressed and the infection is
confined to the bladder (Connell et al., 1996). Pyelonephritis associated pili (P-pili) are
expressed in the kidney where they bind specifically to digalactoside receptors (Korhonen
et al., 1986). Induction of P-pili leads to repression of type 1 fimbrial genes in the same
bacterial cell (Xia et al., 2000; Gunther et al., 2001; Holden et al., 2001; Holden et al.,
2006; Holden et al.,, 2007). PapB, which can both activate and repress P-pili gene
expression, directly inhibits FimB activity and promotes FimE activity, resulting in rapid
switching of fimS from the ON to OFF orientation (Xia et al., 2000). This cross-regulation
may facilitate nephritic infection by releasing bacteria from the bladder epithelium,

allowing movement through the ureters to the kidneys.

1.11.2 Antigen 43

The cross-talk between adhesins extends further than co-ordinate regulation of P-pili and
type 1 fimbriae. An impressive hierarchical cascade exists where expression of P-pili is
dominant to expression of type 1 fimbriae, which in turn is dominant to expression of
antigen 43 (Ag43) that is responsible for auto-aggregation of E. coli through an
intercellular handshake mechanism. Ag43 contributes to biofilm formation (Danese et al.,
2000; Kjaergaard et al., 2000) and long-term persistence of uropathogenic E. coli in the
urinary tract (Ulett ez al., 2007). Expression of fimbriae inhibits the interaction of Ag43 and
prevents auto-aggregation by preventing intimate association with neighbouring bacterial
cells (Hasman et al, 1999). Since fimbriae are phenotypically dominant to Ag43 the
temporal expression of fimbriae is important for bacterial persistence. Expression of Ag43,
which is encoded by the flu gene, is dramatically increased when the genes encoding type 1
fimbriae are deleted (Schembri and Klemm, 2001b). The mechanism for this cross-
regulation is unclear but the composition of the fimbriae, which contain disulphide
residues, may alter the cellular thiol-disulphide status of the cell leading to reduction of
redox-sensitive DNA binding protein OxyR, which is a negative regulator of flu (Wallecha
et al., 2002; Wallecha et al., 2003).
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1.12 Aims of this study

FimB-mediated inversion of fimS is sensitive to changes in DNA supercoiling. Previous
work has shown that when DNA gyrase is progressively inhibited by novobiocin treatment,
the fimS element shows a novobiocin-dose-dependent bias towards phase on (Dove and
Dorman, 1994; Kelly et al., 2006; Miiller et al., 2009). It has been shown in earlier work
that this off-to-on bias is contingent on binding by the LRP protein to two adjacent sites
(LRP-1 and LRP-2) within fimS (Kelly et al., 2006). The two LRP binding sites are located
asymmetrically within fimS, raising the possibility that they may contribute to a structure
that distinguishes the phase on switch from the phase off switch (Fig. 1.7). This hypothesis
postulates the existence of a reference point that somehow communicates with the LRP-
occupied LRP-1 and LRP-2 sites in the phase-on switch. An inspection of the DNA
adjacent to fimS revealed that, in the on phase, the two LRP binding sites lie close to a well
characterized binding site for IHF (IHF-1). The initial aim of this study was to determine
the role, if any, for IHF bound at IHF- 1 in the DNA relaxation-induced phase-on bias
(Chapter 3). A role for H-NS in phase variation of type 1 fimbriae has been well
established (see section 1.8.6). H-NS was previously shown to be essential for FimB-
mediated inversion biasing to phase off caused by head-to-head transcription from within
fimE and fimS. Since transcription induces positive supercoils (similar in effect to
relaxation of negatively supercoiled DNA), a key aspect of this study was to determine
whether H-NS played a role in the DNA relaxation-induced phase-on bias. This was
investigated by genetic analysis of fimS inversion in the presence and absence of H-NS.
The mechanism of H-NS affecting fimS was investigated in vitro and provided novel
insights into fimS regulation and the role for H-NS influencing a site-specific

recombination event (Chapter 3).

In order to aid the rapid simultaneous analysis of fimS orientation and P4 activity, a
transcriptional fusion of fimA to the gene encoding the green fluorescent protein (gfp) was
created. Analysis of this fusion led to new insights into the molecular biology of the gfp
gene and subsequently to the development of a new gfp gene, which is a more accurate

reporter of transcriptional activity (Chapter 4).
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Chapter 2.
Materials and Methods.



2.1 Chemicals and growth media.

All chemicals and reagents used in this study were purchased from BDH Chemicals Ltd,
Bio-Rad, Clontech, Invitrogen™, Novagen, PALL, Pfizer, Pierce, Promega, Qiagen, RBC
Biosciences, Roche Molecular Biochemicals and Sigma Chemical Company. DNA
restriction and modifying enzymes were obtained from Roche, New England Biolabs
(NEB), Promega, Stratagene or Fermentas. In addition, several molecular biology 'kits'
were used during this study. The basic principle of each kit is described in brief below,

without giving a complete protocol.

2.1.1 Growth conditions and media

Materials for preparing growth media were obtained from Difco (BD Diagnostic systems).
All media were sterilised by autoclaving at 120°C for 20 min prior to use. Aqueous
solutions, which would be damaged by autoclaving, e.g. amino acid or antibiotic solutions,
were sterilised by filtration through 0.2 um SupaTop Syringe Filters (Anachem). Media

were supplemented with the appropriate antibiotics as required.
All quantities listed below are for the preparation of 1 litre of medium in distilled,

deionised water (ddH,0O). Solid media were prepared by the addition of 15 g of agar per

litre of medium prior to autoclaving.

L Broth and L agar plates

Bacterial strains were routinely cultured in L broth unless otherwise stated. L agar plates
were used commonly throughout this study for culturing of strains, and selection of
transformants and transductants.

L 10 g bacto-tryptone, 5 g yeast extract, 5 g NaCl, pH7

Luria Bertani (LB) and LB agar plates

LB was used in fimS inversion assays.

LB 10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl, pH7
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Some experiments required variation in NaCl concentration. For this, NaCl-free LB was
prepared to the above recipe but only made up to 900 ml before autoclaving. Aliquots of
this broth could later be used at any NaCl concentration by adding '/;" volume of

concentrated sterile NaCl solution or ddH-0.

MacConkey Lactose Agar and X-gal agar

MacConkey Lactose agar was used to indicate the (-galactosidase activity of bacterial
colonies. The MacConkey base contains phenol red, a pH indicator that results in a red
colour under acidic conditions. -galactosidase-producing colonies are a red colour due to
the production of acidic end products during the fermentation of lactose. In contrast
colonies producing no, or very low levels, of -galactosidase are a white or a pale pink

colour.

MacConkey agar base (Difco): 40 g MacConkey agar base, 10 g lactose, 15 g agar

Alternatively, X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside) was added to LB agar
to allow blue/white screening for (-galactosidase activity. This was preferred with Ahns
strains, as these strains had reduced viability after growth on MacConkey agar. X-Gal was
prepared as a 20 mg/ml stock solution in dimethyl formamide and stored in the dark at -
20°C. X-Gal was added after autoclaving and used in solid media at a final concentration of

20 pgml™.

2.1.2 Antibiotics

Antibiotics were used at the following concentrations: carbenicillin, 100 pg ml';
kanamycin, 20 pg ml™; chloramphenicol, 25 ug ml™; tetracycline, 12.5 pg ml™. Antibiotics
were dissolved in ddH,0 with the exception of chloramphenicol and tetracycline, which
were dissolved in ethanol. Tetracycline was stored in the dark. All antibiotics were
prepared as 1000X stocks, filter sterilised and stored at -20°C. Novobiocin was prepared

fresh before use in ddH,0 to a stock concentration of 25 or 100 mg ml™.

2.2  Culture conditions
Bacterial cultures were grown aerobically in liquid medium at 37°C unless otherwise

indicated in the text. Cultures were typically grown by inoculating single colonies into 2 ml
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of LB broth in a sterile test tube and incubating at the required temperature overnight.
When larger volumes were required cultures were generally grown by inoculating 1% of an
overnight culture into a volume of fresh medium appropriate to the experimental procedure,
in a suitably sized conical flask. Bacterial cultures grown on agar plates were typically
incubated at 37°C for 18 hr.

Assays involving the DNA gyrase inhibitor novobiocin were performed predominantly as
follows: bacteria containing the fimA—lacZ transcriptional fusion were screened for their
Lac phenotype on MacConkey lactose indicator medium as previously described (Dove and
Dorman, 1994). Distinct phase-on (red) or phase-off (white) colonies were used to
inoculate overnight cultures that were in turn used to inoculate 250 ml flasks containing 25
ml of LB and these were grown to an ODgg of ~0.1 at which point novobiocin (stock
solution 100 mg ml"') was added to a final concentration of 25, 50, 75 or 100 pg ml™.
Cultures were further incubated overnight (20 h) before sampling for determination of fim
switch orientation.

The majority of novobiocin-mediated gyrase inhibition assays were performed using fimB
cloned on a multi-copy plasmid (pSLD203), which dramatically increases bidirectional
inversion of fimS (Dove and Dorman, 1996). Rapid switching allows for rapid response to
environmental changes and thus, rapid equilibration of fimS orientation in a population.
CSHS50 (wild type fimB at the native chromosomal location) has lower switch rates than
strains containing pSLD203 and those experiments that involved CSH50 were performed
as follows. Phase on or phase off colonies were distinguished by colony morphology;
phase-on colonies are small and smooth while phase off colonies are larger and have a
rough appearance (Hasman et al., 2000). Phase on or phase off colonies were resuspended
in 100 pul LB broth and used to innoculate 3 ml of LB in a 15 ml test tube. Cultures were
grown until exponential phase at which point they were diluted and used to innoculate pre-
warmed 3-ml broths containing increasing concentrations of novobiocin (0-25ug/ml).
Dilutions were calculated to allow 15 generations before cessation of growth (ODgg of ~3),
assuming each generation resulted in a doubling of the ODgy of the culture. Using 3-ml
cultures in 15-ml flasks allows for higher throughput of samples than using 25-ml flasks.
25-ml cultures are required to monitor fimS orientation by southern blotting (Dove and
Dorman, 1994) but are not required when monitoring fimsS orientation by PCR based assay

(Smith, 1999).
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2.3 Bacterial Strains, plasmids and bacteriophage

2.3.1 Bacterial strains

All bacterial strains used in this study were derivatives of Escherichia coli K-12. Both the
genotype and the source of the strains used, together with details relevant to their
construction are listed in Table 2.1. Bacterial strains were maintained as permanent stocks

in 20% glycerol in LB broth with appropriate antibiotic selection and stored at -70°C.

2.3.2 Plasmids
Plasmid constructs used in this study are listed in Table 2.2 together with relevant details

and source.

2.3.3 Bacteriophage
The bacteriophage used in this study was bacteriophage P1 vir.

2.4 Oligonucleotides

The sequences of all oligonucleotides used in this study are listed in Table 2.3.
Oligonucleotides were purchased from MWG-Biotech or Integrated DNA Technologies
(IDT). Primers were delivered as lyophilised DNA and were resuspended in ddH,0 to a

final concentration of 100pmol/ul before use.
2.5 Genetic techniques

2.5.1 Use of the generalised transducing phage P1 vir

Throughout this study bacteriophage P1 vir was routinely used to transduce mutant alleles
between E. coli strains. Phage P1 can encapsidate up to ~70-kb of bacterial DNA during
lytic growth of the phage. Extraction and incubation of these phage particles allows transfer
of genetic material from the donor strain into a recipient where homologous recombination
with the host DNA may result in allelic exchange. The vir mutation prevents the phage
from generating P1 lysogens (circular phage molecules that are self-replicating) among

transductants (Sternberg and Hoess, 1983).
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Table 2.1. Bacterial strains used during this study.

Strain Relevant details” Reference/source
CSHS50 A pL(209) fimE::1S1 Miller (1972)
VL386 CSHS50fimA-lacZ Freitag et al., (1985)

CJD 808 VL386 fimB::kan. fimS phase Dove and Dorman
locked-on (1994)
CID 957 VL386 fimB::kan. fimS phase Dove and Dorman
locked-off (1994)
VL386 IHF 1 VL386 recD IHF 1 x VL386 Corcoran and Dorman
(2009)
VL386 Lrp 1/2 VL386 recD LRP1/2 x VL386 Corcoran and Dorman
(2009)
VL386 IHF 1, LRP 1/2  VL386 recD IHF 1, LRP1/2 x Corcoran and Dorman
VL386 (2009)
VL386 hns tetRA  element from Tn/0 Corcoran and Dorman
inserted 205 bp into the Ans gene (2009)
VL386 hns™, IHF 1 VL386 hns” x VL386 IHF 1 Corcoran and Dorman
(2009)
VL386 hns, LRP 1/2 VL386 hns” x VL386 LRP1/2 Corcoran and Dorman
(2009)
VL386 hns™, IHF 1, VL386 hns® x VL386 IHF 1, Corcoran and Dorman
LRP1/2 LRP1/2 (2009)
VL386 recD VL386 recD::Tnl0 Smith and Dorman,
(1999)
VL386 recD IHF 1 AfimB::kan, 4bp mutation in the Corcoran and Dorman
fimS IHF 1 site. (2009)
VL386 recD IHF 2 AfimB::kan, multiple mutations This study

VL386 recD LRP1/2

that in the fimS IHF 2 site
AfimB::kan, site
mutations in fimS LRP sites 1
and 2

binding

Kelly et al., (2006)



VL386 recD IHF 1,
LRP12

CSHS50fimA-gfp-cat

CSHS50fimA-gfp-cat.rv

CSHS50fimA-gfp+kan.1

CSHS0fimA-gfp+kan.2

CSHS50fimA-gfp+.1

CSH50fimA-gfp+.2

CSH50fimA-gfp"P-kan

CSHS50proU+98-gfp+

CSH50proU+98-gfp' P

CSHS50proU+98-lacZ

AfimB::kan, binding site
mutations in [HF site 1 and LRP
sites 1 and 2.

fimA transcriptional fusion to
gfp. gfp-cat  from pZep08
inserted was inserted at the Pstl
site of fimA.

fimA transcriptional fusion to
gfp. The cat gene is reversed
compared to CHS50fimA-gfp-cat
so that transcription is directed
towards fimsS.

Kan gene from pKD4 integrated
to replace the cat gene in
CHS50fimA-gfp-cat

Kan gene from pKD4 integrated
to replace the cat gene in
CHS50fimA-gfp-cat.rv.

Kan excised from CSHS50fimA-
gfp+kan.1 using pCP20

Kan excised from CSHS0fimA-
gfp+kan.2 using pCP20

fimA transcriptional fusion to
gfp"P. gfp"P-kan inserted at
the Pstl site of fimA.

gfpt-kan inserted at +98 bp from
the transcriptional start site of
proU

gfp"P-kan inserted at +98 bp
from the transcriptional start site
of proU

lacZY-cat inserted at +98 bp

from the proU transcriptional

Corcoran and Dorman

(2009)

Corcoran et al., (2010)

This study

This study

This study

This study

This study

Corcoran et al., (2010)

Corcoran et al., (2010)

Corcoran et al., (2010)

Corcoran et al., (2010)



CSH50proU+936- gfp+
CSH50proU+936-
2P

CSHS50proU+936- lacZ

DMS1976

start site

gfpt+-kan inserted at +936 bp
from the transcriptional start site
of proU

gfp"P-kan inserted at +936 bp
from the transcriptional start site
of proU

lacZY-cat inserted at +936 bp
from the transcriptional start site
of proU

MG1655 lacA::cat

Corcoran et al., (2010)

Corcoran et al., (2010)

Corcoran et al., (2010)

Stoebel et al., (2009)

a. Transductional crosses are represented as A x B, where A is the donor and B is the

recipient.



Table 2.2. Plasmids

Plasmid name Relevant details Reference/source

pMMC106 pMCL210 cut with Xhol, Nhel McCusker et al.,
and relegated to delete the lac (2008)
promoter. AmpR.

pMMC108 pMMC106 containing a 550-bp McCusker et al.,
region of fim (fimS-fimA) (2008)
inserted at the Pstl site (phase
off).

pMMCI108IHF-2 pMMC106 containing binding This study

pCPC2

pCPC2 IHF-1

pSGS501

pSGS501 THF-1

pSGS501 IHF-2

pSGS501 LRP-1, LRP- 2

pSGS501 IHF-1, LRP-1,

LRP-2

pSLD203

pCoCl

site mutations in [HF-2

700 bp (from fimE::IS] to fimA-
lacZ) inserted in Pstl site of
pMMC106 (fimS phase ofY).
pCPC2 containing a 4-bp
mutation in the IHF-1 site
fimB::kan, fimE::1S1, fimA-lacZ
cloned in pACYCI184, fimS
phase off. Kan®, Cm"

pSGS501 containing binding site
mutations in site [HF-1

pSGS501 containing binding site
mutations in IHF-2

pSGS501; binding site mutations
in sites LRP -1 and LRP-2
pSGS501containing binding site
mutations in sites IHF- 1 and

LRP-1 and LRP-2
fimB cloned in pUC18

g/p"P provided by DNA2.0 in
the custom vector pJ204. pUC

origin, Amp®

Corcoran and Dorman

(2009)

Corcoran and Dorman
(2009)
Smith and Dorman,

(1999)

Corcoran and Dorman

(2009)

Kelly et al., (2006)

Corcoran and Dorman

(2009)

Dove and Dorman,
(1994)
Corcoran et al., (2010)



pCoC2

pCoC2-BFP
pPro
pPro-gfp+
pPro-gfi pTCD
pPro-bfpTCD

pKD46

pKD4

pCP20

pZep08

kan cassette from pKD4 cloned
downstream of gfp"“ in pCoCl
(AmpR, Kan®).

gf»'®  chromophore mutated
(Y66H) to convert GFP to BFP.
Propionate inducible cloning
vector, AmpR

gfp+ under the control of the
propionate promoter

2" ? under the control of the
propionate promoter

bfp'® under the control of the
propionate inducible promoter
Lambda genes gam, bet and exo
under the control of the
arabinose inducible pBad
promoter (Amp").

kan gene flanked by FRT sites
that allows its excision by the
Flp recombinase. Not competent
for replication in standard E. coli
K-12 strains. (Kan®).
Temperature sensitive origin of
replication. Expresses the Flp
recombinase.

Transcriptional fusion plasmid
containing the green fluorescent
protein gene (gfpt+). (Kan®,
Cm®, Amp®)

Corcoran et al., (2010)

This study
Lee and Keasling
(2005)
Corcoran et al., (2010)
Corcoran et al., (2010)
Corcoran et al., (2010)
Datsenko and Wanner

(2000)

Datsenko and Wanner

(2000)

Datsenko and Wanner

(2000)

Hautefort ez al., (2003)




Table 2.3. Oligonucleotides

Primer name ¢

Primer sequence (5' - '3) 2

OL 4

OL 20
[hfl.int.fw
fimS.rv
fimE.chip.fw
fimA.chip.rv
hns.fw
hns.rv

hns.mut.fw

hns.mut.rv

Thfl.fw.pstl

fimS.rv.pstl

[hfl.mut.fw

[hfl.mut.rv

[hf1.bs.fw.BIO

[hfl.bs.rv

IHF2.mut.fw

[HF2.mut.rev

[HF2.bs.fw.BIO

IHF2.bs.rv

+98proU-gfp+.fw

+936proU-gfp+.fw

CCG TAA CGC AGA CTC ATC CTC

GAGTTT TAATTT TCA TGC TGC TTT CC

GCA CCT CAA AAACACCATCA

GAC ATG GGC AGT CGTTCT GTAC

GAT TAT CTC GGG CAT CGA AA

AGA GCC GAC AGA ACA ACG AT

CTC AAC AAACCACCCCAATA

TGG CGG GAT TTT AAG CAA GT

TAA ACT GCA GCA ATA TCG CGA AAT GCT GAT
CGC TGA CTA ATT AAG ACC CACTTT CAC ATT
TTG CTT GAT CAG GAA ATC GTC GAG GGA TTT
ACCTTG CTC ACT AAGCACTTGTCTCCT G

TTG GCG GCT GCA GGC AGG CCT ATC GCA TTA
TTC GCG AT

GGC GGC TGC AGG ACA TGG GCA GTC GTT CTG
TAC

GAG AAG AGG TTT GAT TTG GCT TAT CGA TAA
TAA AGT TAA AAC AAC AAA TAA ATA CAA GAC
GTC TTGTAT TTATTT GTT GTT TTA ACT TTA TTA
TCG ATA AGC CAA ATC AAA CCT CTT CTC

CTC ATA AAC GAA AAATTA AAA AGA GAA G
ACG TAA CTT ATT TAT GAT ATG GAC AG

ATA GAA ATA ATT TAC AGC GAC CGT CTC CGG
ATGCTT TTT GTC G

CGA CAA AAA GCA TCG CCA CAC GCT GCC TGT
AAATTATTTCTAT

GAA GAA TGA GGA AGA TGC G

CCA AAA GAT GAA ACATTT GGG

GGC AAT TAA ATT AGA AAT TAA AAA TCT TTA
TAA AAT ATA ATG AGC GTT CTA GAT TTA AGA
CCG CCG GAC ACC GAA TGG CTT AAT TCG TAA



+98proU-gfp' P fw
+936proU-gfp' P fw
proU.(stop).kan.rv
+98proU-lacZ.fw
+936proU-lacZ.fw
proU.(stop).cat.rv

proU.fw
proU.rv
gfpt+.bs.fw
gfp+.bs.bio.rv
gfp+.bs.rv
gfpTCD.bs.fw
gfpTCD.bs.bio.rv
gfpTCD.bs.rv
proV.bs.fw
proV.bs.bio.rv
lacZ.bs.fw
lacZ.bs.bio.rv
fimA.fw
fimA.rv

kan.Xmal.fw
kan.Xmal.rv

fimA.gfpTCD.kan.fw

AAC CCC TTA ATG AGC GTT CTA GAT TTA AGA
GGC AAT TAA ATT AGA AAT TAA AAA TCT TTA
TAA AAT ATG ATT GAT TAA GAA GGA GAT

CCG CCG GAC ACC GAA TGG CTT AAT TCG TAA
AAC CCC TTG ATT GAT TAA GAA GGA GAT

GTC CGC CGC TG CGT GGT ATC CCA CGG ATT
ATT TTG ATC ACA TAT GAA TAT CCT CCT TA

GCA ATT AAA TTA GAA ATT AAA AAT CTT TAT
AAA ATA TAA TGA GCG GAT AAC AATTTC ACA
CGC CGG ACA CCG AAT GGC TTA ATT CGT AAA
ACC CCT TAA TGA GCG GAT AAC AATTTC ACA
GIC €GC CaC TGG CAT GOGT ATC CCA CGG ATT
ATT TTG ATC ACA TAT GAA TAT CCT CCT TAG
AGG GGT TGC CCT CAG ATT CTC

GTC AGT CGG TGC AGT CGT C

ATG AGT AAA GGA GAA GAA CTTTTC

TTA TTT GTA GAG CTC ATC CATG

TTATTT GTA GAG CTC ATC CATG

ATG AGC AAA GGC GAA GAGCT

TTA CTT ATA CAG TTC ATC CAT ACC G

TTA CTT ATA CAG TTC ATC CAT ACCG

AGG GTGTTA TTT TCA AAA ATATCA C

CAT ATG CGG CAT TAA GGC AA

ATG ACC ATG ATT ACG GAT TCA CTG G

AGC GCG GCT GAA ATC ATC AT

GGA AAG CAG CAT GAA AAT TAA AACTC

GGT TAT TGA TAC TGA ACCTTG AAG G

CAT AAC GAG CCC GGG TGT AGG CTG GAG CTG
CITC

CAT AAC GAG CCC GGG CAT ATG AAT ATC CTC
CTTA

TCT GCA CAC CAA CGT TTG TTG CGC TAC CCG
CAG CTG AAC TCA TAT GAA TAT CCT CCT TA



fimA.gfpTCD kan.rv GAT TGA TGC GGG TCA TAC CAA CGT TCT GGC
TCT GCA GGA TTG ATT AAG AAG GAG AT

fimE.HindIIIL.fw CCC AAG CTT GCA TTA TTC GCG ATG CCG GTA
TTG

fimD.HindIILrv CCC AAG CTT CGA GTT GCT GAG TAA CGG TGA G

gfp+.fw.pstl CCC CCT _GCA GTA AGA GCG TTC TAG ATT TAA
GAA GGA G

cat.rv.pstl CCC CCT GCA GCGTCATTT CTG CCATTC ATCC

cat.swap.fw TAG CAG CAC GCC ATA GTG AC

cat.swap.rv CGG TCG CTA CCATTA CCA GT

fimA.gfp+.cat.fw GAT TGA TGC GGG TCA TAC CAA CGT TCT GGC
TCT GCA GTA ATG AGC GTT CTA GAT TTA AGA

fimA.gfp+.cat.rv TCT GCA CAC CAA CGT TTG TTG CGC TAC CCG
CAG CTG AACTCT ACG AGA CAG CAC ATT AAC

kan.int.fw AAT GTC ATG ATA ATA ATG GTT TCT TAG ACG
TCA GGT GGC GTG TAG GCT GGA GCT GCT TCG

kan.int.rv AGT TCA GCT GCG GGT AGC GCA ACA AAC GTT
GGT GTG CAG ACA TAT GAA TAT CCT CCT TA

gfpTCD Y66H.fw CAA CTT TGG TGA CCA CCC TGA CCC ATG TGT
TCC AGT GTT TTA GCC GTT AC

gfpTCD Y66H.rv GTA ACG GCT AAA ACA CTG GAC ACC ATG GGT
CAG GGT GGT CAC CAA AGT TG

gfp.ChIP.1.fw GGG TCA TAC CAA CGT TCT GG

gfp.ChlP.1.fw TTG TGC CCA TTA ACATCA CCATC

gfp.ChlIP.2.fw CTA CAA GAC GCGTGC TGA AGT C

gfp.ChIP.2.rv GTT TGT GTC CGA GAA TGT TTC CAT C

gfp.ChIP.3.fw CAT GGC ATG GAT GAG CTC TAC AAA

gfp.ChIP.3.rv TTT CCT TAC GCG AAA TAC GGG C

gfp.ChIP.4.fw TCA CTA CCG GGC GTATTTTT

gfp.ChIP.4.rv TTG AGC AAC TGA CTG AAA TGC

gfp.ChIP.5.fw TGT CGG CAG AAT GCT TAAA TG

gfp.ChIP.5.rv CTGCCATTC ATCCGCTTATT

a. BIO identifies primers that have a 5' biotin tag.

b. Restriction enzyme sites used for cloning are underlined.



2.5.2 Preparation of a high titre P1 vir lysate

A high titre lysate of the donor strain (strain containing the allele for transduction) was
made as outlined previously (Thomason et al., 2007). Donor strains were grown in 3ml of
L broth containing SmM CaCl, and 0.2% glucose at 37°C, 200rpm, to an ODggy 0.4-0.6. An
overnight culture (1/100 dilution) or single colony was used as an inoculum. 100 pl of high
titre P1vir (~10° phage ml") was added to one of the cultures. Initial lysis was visible
typically 1 hr after addition of the phage with further lysis progressing rapidly. This
resulted in clearing of the culture and accumulation of clumps of cell debris. Several drops
of chloroform were added to the lysate, which was then vortexed and centrifuged at 13,200
rpm for 3 min to pellet cell debris and any remaining whole cells. The supernatant was then
passed through a 0.45 puM filter into a 2ml Eppendorf tube and if not used immediately,
stored at 4°C.

2.5.3 Transduction with P1 vir

Recipient strains were grown in 2-ml cultures to turbidity (typically overnight). Cells were
pelleted at 6,000 rpm for 5 min and re-suspended in 2 ml L broth containing 10ml MgSO4
and SmM CaCl,.

The transduction reactions were set up as follows in 2ml Eppendorf tubes;

A B @ D E
Phage (ul) - 1 10 100 100
Cells (ul) 100 100 100 100 -

Reaction tubes were mixed gently and incubated at 37°C for 30 min in a static waterbath,
after which 200 pl of 1M sodium citrate (NaCi) was added to each tube using an Eppendorf
multi-pippetor. NaCi chelates the Ca*" ions that are required for phage adhesion and thus
stops further infection. ~1 ml of L broth was added to each tube and incubated for 1 hr to
allow expression of the antibiotic resistance gene. Cells were then centrifuged, all but ~100
ul of supernatant removed, resuspended and plated onto L agar containing 10mM NaCi and
with the appropriate antibiotic selection. Reactions A and E are negative controls.
Transductants were streaked to single-colony purity twice and screened by PCR for the
presence of the allele or alleles of interest. Permanent stocks of the new strain were then

made.
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If no transductants were obtained the following points were considered. One reason for
transductions using P1vir not working was a low phage titre. Some protocols suggest 1 hr
growth or growth to an ODgyy of ~0.2 before the addition of phage but lysis of a more
turbid culture produced higher phage titres, which often considerably increased the yield of
transformants. If no high-titre phage stock was available when preparing the donor lysogen,
a high titre stock was prepared as follows; an L agar plate containing 5 mM CaCl, was
lawned with a strain of interest, 100ul of turbid culture, and allowed to dry. 10 ul spots of a
neat Plvir stock were placed in each quadrant of the plate, which was incubated upright
overnight at 37°C. Zones of clearing were visible where the phage has replicated and lysed
the cells. Using a sterile spatula, the layer of phage/cell debris was scraped into a 1.5 ml
Eppendorf tube, to which ~200 pl of L broth containing 5 mM CaCL,, followed by 2-3
drops of chloroform, were added. The phage/cell debris mixture was centrifuged, filter
sterilized and stored as describe for liquid phage/cell debris mixtures. This method
produces consistently high P1vir titres.

Secondly, when transducing alleles that caused a reduction in growth rate it was found that
colonies from successful transductions were often not visible after overnight growth. In
such cases, incubation was continued for 2 days to allow transductants colonies to become

visible.

2.6 Purification and precipitation of DNA

2.6.1 Isolation of plasmid DNA

Plasmid DNA was isolated from bacterial cells using the HiYield plasmid mini-kit (RBC
Biosciences) according to the manufacturers' instructions. Plasmid DNA was eluted in 50-
100 pl ddH20. The kit is based on the alkaline-lysis method of plasmid extraction. This
involves lysis of the bacterial cells, denaturation of the DNA into single stranded molecules
followed by a short renaturation step. Plasmid DNA is a small closed circular molecule it
can easily reform under renaturing conditions. Only double-stranded DNA binds to the
silica column provided in the kit, thus separating the plasmid DNA from denatured
chromosomal DNA. Plasmid DNA was routinely eluted in 50ul of ddH,0 although larger
plasmids >5 kb were eluted using elution buffer pre-warmed to 60°C, as described in the

manufacturers' instructions.
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2.6.2 Purification of linear DNA

Linear DNA, either from PCR amplification or restriction digestion of plasmid DNA was
purified after electrophoresis through from TAE (40 mM Tris, ImM EDTA, 0.114% (v/v)
glacial acetic acid)/agarose gels containing 1 pg/ml of ethidium bromide. The DNA
fragment of interest was identified by a brief exposure to short-wave (254 nm) UV light to
minimize DNA damage caused by UV. The gel containing the DNA was cut out using a
surgical blade and the DNA extracted using the HiYield gel/PCR DNA fragments

extraction kit (RBC Biosciences).

2.6.3 Precipitation of DNA

Ethanol precipitation of linear DNA was routinely performed using Pellet Paint co-
precipitant (Novagen) according to the manufacturers' guidelines. Pellet Paint is a visible
dye labelled nucleic acid carrier that aids the precipitation and visualization of nucleic acids
during alcohol precipitation. Precipitation with Pellet Paint negates the need for prolonged
low-temperature incubation and thus dramatically reduces the time required for
precipitation. Initially, the following ethanol precipitation protocol was used. '/;o™ volume
of 3M sodium acetate, and 3 volumes 100% ethanol were added to the DNA sample. The
contents of the tube were mixed by inversion and incubated at -70°C for at least 1hr before
centrifugation at 13400 g for 10 min. The pellet was resuspended by vortexing in 200 pul of
70% ethanol, re-centrifuged and the ethanol aspirated away from the pellet. The pellet was

then air-dried and resuspended in a suitable volume of ddH20 or the desired buffer.

2.7 Manipulation of DNA in vitro

2.7.1 Restriction endonuclease cleavage of DNA

For ligation reactions, typically 0.5-2.0 ug of plasmid and linear DNA were cut with 1-2 U
of restriction enzyme in a 30 ul volumes containing the appropriate reaction buffer. 1 U is
defined as the amount of enzyme required to fully digest 1 ug of DNA in 1 hr. For digests
involving simultaneous cleavage of DNA by two endonucleases, a buffer was chosen in
which both enzymes had adequate activity (>75%) according to the manufacturer's
guidelines. For double digests where no compatible buffer was available, sequential digests
separated by DNA purification were performed. Reactions were typically incubated at the

recommended temperature for 1-2 hr.
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2.7.2 Phosphatase treatment of restriction endonuclease-cleaved DNA

Cleavage of DNA by restriction enzymes leaves phosphoryl groups on the DNA. These
phosphoryl termini are required for formation of phosphodiester bonds between adjacent
ends of DNA. Shrimp alkaline phosphatase (SAP; Roche) catalyses the dephosphorylation
of 5' phosphates from DNA and RNA. Removal of the 5' phosphoryl group of digested
plasmid DNA molecules prior to use in cloning reactions prevents self-ligation and
decreases the empty-vector background in cloning experiments. SAP was used for blunt-
ended cloning or when cloning into a single restriction site.

Typically DNA sufficient for a number of ligation reactions was incubated with 2 U SAP in
a 20-pl volume in 1 x dephosphorylation buffer (supplied with the enzyme) and incubated
for 30 min at 37°C. 5' blunt ended fragments were incubated for 1-2 hr at 37°C. SAP was
irreversibly inactivated by heat treatment for 15 min at 65°C. DNA was recovered as

described in section 2.6.2.

2.7.3 Ligation of DNA molecules

Bacteriophage T4 DNA ligase (Roche) was used to clone DNA inserts into plasmid
vectors. T4 DNA ligase, in the presence of ATP and Mg”" ions, catalyzes the formation of
phosphodiester bonds between neighbouring 3'-hydroxyl and 5'-phosphate ends in double-
stranded DNA. Single-stranded nicks in double-stranded DNA are also closed by T4 DNA
ligase. A 1:3 molar ratio of vector DNA to insert DNA was used for cloning of sticky ends
while a 1:5 molar ratio was used for cloning of blunt-ended fragments. Also, while both
types of reaction were incubated for 16 hr, sticky-end ligations were incubated at 4°C and
blunt-end ligations were incubated at 16°C.

Ligations were performed in 30 pul volumes to which 2 pl of T4 DNA ligase was added and
the mixture incubated at room temperature for 5-10 min. Typically a standard E. coli
cloning strain (either Dh5a or XL1-Blue) was transformed with 10 pl of the ligation

reaction by the calcium chloride method (section 2.8.2).

2.7.4 DNA amplification by Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) was used for the in vitro amplification of DNA
products. The PCR method is based on a technique in which double-stranded template
DNA is thermally denatured, and then annealed to specific oligonucleotide primers

flanking the region to be amplified. A thermostable DNA polymerase in the presence of
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dNTPs carries out second-strand synthesis from the annealed primers. The denaturation and
annealing steps are then repeated for 20-35 cycles such that subsequent rounds of strand
synthesis are initiated using both the parent DNA strands and the newly-synthesised
daughter strands resulting in exponential amplification of the DNA region of interest from

only a few molecules of original template (Saiki et al., 1988).

2.7.5 Amplification of DNA using Phusion Polymerase

Phusion DNA polymerase was used as standard for PCR reactions as it contains all the
desired characteristics that were previously specific to individual DNA polymerases
(André, 2009). For example, the DNA polymerase from Thermus aquaticus (Taq) has high
processivity but does not contain proof-reading activity and is thus considered to be a low-
fidelity enzyme. The DNA polymerase from Pyrococcus furiosus (Pfu) does have proof-
reading activity and can amplify DNA with high-fidelity, but it has reduced processivity
and requires longer extension times than Taq. Phusion DNA Polymerase (Phu) is a
Pyrococcus-like enzyme that has been fused to a domain that stabilizes the association of
the polymerase with the DNA, reducing the dissociation constant and allowing faster DNA
amplification (Wang et al., 2004). Phu has approximately 50-fold and 6-fold higher fidelity
than the Thermus aquaticus (Taq) and Pyrococcus furiosus (Pfu) DNA polymerases,
respectively. Calculation of annealing temperature for Phusion PCR is done differently to
other commonly used polymerases and was determined using the calculator provided by
Finnzymes (https://www.finnzymes.fi/tm_determination.html).

PCR reactions were carried out according to the polymerase manufacturers’ instructions;
briefly 50 pl PCR reactions contained 0.5 U Phusion polymerase, 200 uM dNTPs, 0.5 uM
of each primer and 10-50 ng DNA template. Reactions were typically performed in the
high-fidelity buffer provided with the enzyme. Reactions were performed in 500-ul thin-
walled PCR tube (Sarstedt) using a Peltier Thermal Cycler, model PTC-200 (MJ Research).
DNA was amplified using the following PCR cycle: Initial denaturation, 98°C for 3 min,
followed by 34 cycles (98°C for 10 sec, annealing temperature for 30 sec and 72°C for 15-
30 sec/kb) and a final extension of 10 min at 72°C.
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2.7.6 Direct amplification of DNA from colonies or cultures
Direct amplification of DNA from colonies or cultures using PCR was carried out as
described in 2.7.5. except instead of using purified DNA as template single colonies were

resuspended in 20 ul ddH2O, boiled for 5 min and 2 pl used for each PCR reaction. 50 pl

of overnight cultures were also boiled for 5 min and 2 pl used for template in each PCR

reaction.

2.7.7 Determination of fimS orientation by PCR

The orientation of the invertible fimS DNA element was determined by a PCR-based assay as
previously described (Smith, 1999). This method exploits a restriction fragment length
dimorphism, which arises due to the orientation-dependent location of a unique BstUI
restriction site within the amplified DNA. The switch region was typically amplified with
primers OL4 and OL20 (Table 2.3) to generate a 726-bp DNA product. DNA was amplified
with Phusion polymerase (Finnzymes) using the following PCR cycle: denature 98°C for 3 min
followed by 34 cycles (98°C for 10 sec , 66°C for 30 sec and 72°C for 22 sec) and a final
extension of 10 min at 72°C. 10 ul of each reaction was digested with 1 pl BstUI (2U/ul) in a
20ul reaction and incubated for 1-2hrs at 60°C. Digested PCR products were resolved on 2%
agarose (w/v) gels run at 100 V in TAE buffer. The size and relative concentrations of the
BstUI restriction products are dependent on the orientation of the invertible promoter. Phase on
cells were identified by two DNA bands on an agarose gel of 433 bp and 293 bp. Phase off
cells were identified by two bands of 539 bp and 187 bp. Band intensities were quantified by

densitometry using ImagelJ analysis software.

2.7.8 Site-directed mutagenesis

Site-directed mutagenesis (SDM) was performed using the QuikChange II SDM kit according
to the manufacturer’s recommendations (Stratagene). The QuikChange II kit can be used to
make single mutations or multiple point mutations, to exchange DNA sequences and to delete
or insert single or multiple nucleotide base pairs into a DNA target contained on a small
plasmid (<4 kb). Primers, complementary to the region of the vector to be mutated, contained
15-20 bp of homology on each side of the non-homologous nucleotides. 10-50 ng of plasmid
DNA was used as a substrate with 125 ng of each oligonucleotide. A standard annealing

temperature of 55°C degrees was used for all primers; if SDM was unsuccessful this was
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lowered to 53°C. Following amplification, the product was digested for 2 hr with the restriction
enzyme Dpnl to remove the methylated parental DNA template. Only newly synthesized DNA
containing the required mutation should remain, which is then transformed into an appropriate
E. coli strain. Typically 1 ul of the 30-ul reaction was transformed by the calcium chloride
method (section 2.8.2). If no colonies were obtained, the remainder of the SDM reaction was
transformed and cells were allowed recover overnight before plating on appropriate antibiotic

selection.

2.7.9 Quantitative PCR

Quantitative PCR (qPCR) was used to determine the enrichment of DNA after chromatin
immunoprecipitation (ChIP) and was performed as described previously (Dillon et al.,
2010). qPCR was performed on enriched DNA and unenriched (input) DNA using the
Rotor-Gene 3000 real-time PCR machine (Corbett Research) and SYBR green
(QuantiTect) as per manufacturers instructions. Each PCR product was between 100- and
150 bp in length and generated only a single specific product (analyzed by agarose gel
electrophoresis after a 40 cycle PCR). ChIP DNA samples were diluted 1 in 10 in AnalaR
water (BDH). Each reaction was also performed using 20 ng of input DNA (4 ng/ul). The
SYBR green PCR was set up in a 25 pl reaction containing 2.5 pl AnalaR water, 5 pl 1.5
puM forward and reverse primer mix, 12.5 pl SYBR green PCR mix and 5 pl of the DNA
sample. The following thermocycle was used: 1. 95°C for 15sec, 2. 52°C for 60sec, 3.
72°C for 15 sec. This was repeated for 40 cycles. Cycle threshold (Cr) values were
extracted and the change in cycle threshold (ACt) for each probe determined as follows;

ACt = Ct input sample - Cy ChIP sample.

The ACt of the ChIP probe with the highest Ct value (i.e. the lowest amount of amplified
DNA), was normalized to 0 by adding that ACy to the ACt of all of the ChIP probes. This

ensures a positive value for the fold enrichment calculation.

Fold enrichment was calculated as follows; Fold enrichment= (1+PCRyield)ACT. The PCR
yield refers to the efficiency of the amplification. Since PCR amplification is exponential,
the amount of DNA is doubled in every cycle. Therefore, when the Cr values of 10-fold
dilutions of input DNA are plotted against the logl0 of the amount of input DNA per
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reaction, the slope should be -3.32 [2°7°=10]. When the slope approaches this number the

PCR yield=1.

2.8 Transformation of E. coli with DNA

2.8.1 Transformation of E. coli with plasmid DNA
E. coli was transformed with plasmid DNA using calcium chloride coupled to heat-shock
(Sambrook and Russell, 2001). This method was routinely used for transformation with

purified plasmid DNA or ligation reaction products.

2.8.2 Preparation of competent cells by the calcium chloride method

1 ml of an overnight culture of the strain to be transformed was used to inoculate 100 ml of
L broth and the culture was grown to an ODgy ~ 0.2-0.4. The cells were pelleted by
centrifugation at 4000 g for 10 min and the bacterial pellet resuspended in 20 ml of ice-cold
CaCl2 solution (100 mM CaClp, 10% glycerol v/v). This step was repeated, after which the

cells were resuspended in 2 ml of cold CaCl) solution. Cells were subsequently incubated

on ice for between 1-4 hr, then aliquoted and stored at -70°C.

2.8.3 Transformation of calcium chloride competent cells

DNA to be used in transformation (10 ng-100 ng in a volume not exceeding 10 pl) was
added to a sterile 2-ml Eppendorf tube containing competent cells (100- 200 pl) and
incubated on ice for 30 min. The tubes were then placed with rapid warming at 42°C for 1
min and then returned to ice for 2 min. L broth was added to a final volume of 1 ml and the
culture was incubated at 37°C for 1hr. Subsequently, 100 pl of the transformation mix was
plated with an appropriate selection. The remainder of the transformation mixture was
centrifuged for 3 min at 6,000 g. Pelleted cells were resuspended in 100 ul of L and spread
onto an appropriate selective plate. Cells to which no DNA had been added but had
otherwise been treated in the same way served as a control for contamination. Following
overnight incubation, single colony transformants were streaked to single-colony purity on

fresh selective plates.
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2.8.4 Transformation of E. coli with linear DNA

E. coli was transformed with linear DNA, generated by PCR or by digestion of plasmid
DNA, using a high-voltage electroshock treatment termed electroporation. This was used
for techniques requiring high-efficiency uptake of linear DNA, primarily the creation of

gene knockouts or gene fusions by allelic replacement (see section 2.16).

2.8.5 Preparation of electrocompetent cells

1 ml of an overnight culture of the recipient strain was used to inoculate 100 ml of LB
broth and grown with aeration at 37°C to an ODgy ~0.2-0.4. The bacterial culture was
chilled on ice for 15 min after which the cells were pelleted by centrifugation at 6000 g for
10 min. Cells were then resuspended in 10 ml of ice-cold sterile ddH2O, the centrifugation
step repeated and the cells resuspended in 5 ml of ice-cold sterile ddH2O. After another
centrifugation step the cells were finally resuspended in 2ml of cold 10% (v/v) glycerol.

The electrocompetent cells were stored at -70°C in 50 pl aliquots.

2.8.6 Electroporation of electrocompetent cells

DNA (100ng -2 pg) to be electroporated, in a volume not exceeding 5 ul, was added to the
50 pl aliquot of electrocompetent cells and incubated on ice for 2 min. The mixture was
then transferred to a pre-chilled electroporation cuvette (EquiBio) with a gap-width of 2
mm. The cuvette was then left on ice for 5 min. It was wiped with a tissue to remove any
moisture and placed in the Gene Pulser chamber (Bio-Rad). A pulse, typically of 4-5 msec
duration, was delivered with the Gene Pulser set to deliver 2.5 kV from the 25 pF capacitor
and a Pulse Controller resistance setting of 200 €. 1 ml of pre-warmed L broth was added
to the cuvette and the cells transferred to a sterile Eppendorf tube, which was incubated at
37°C with agitation for at least 1 hr. Cells were pelleted by centrifugation at 9,700 g for 2
min, resuspended in 100 pl of broth and plated onto LB agar plates supplemented with the
appropriate selective antibiotic. Cells to which no DNA had been added were treated in the
same way and thus served as a control for contamination. After incubation at 37°C
overnight transformants were single-colony purified on fresh LB agar plates with the

appropriate antibiotic selection.
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2.9 Assays based on spectrophotometry

2.9.1 Monitoring the growth of bacterial cultures

The growth of bacterial cultures was monitored by measuring the optical density of the
culture at a wavelength of 600 nm (ODgy) in a spectrophotometer (Genesys 10uv;
ThermoSpectronic). Bacterial cultures were assayed as 1-ml fractions. Neat sample was
used for dilute cultures (ODggo <0.4). Cultures of ODggo >0.4 were diluted in sterile culture
medium to maintain the absorbance reading between 0.1 and 0.4, where the relationship
between ODggo and cell count is linear. Sterile culture medium was used as a blank to

account for background absorbance.

2.9.2 Assay of B-galactosidase

B-galactosidase activity of strains harbouring /acZ fusions was measured as described
previously (Miller, 1992) but with some minor differences. Bacterial culture samples were
chilled on ice for 20 min. To permeabilize cells, 500 ul Z buffer, 100 ul chloroform and 50
ul 0.1% SDS was added to each 500 pl sample in a 2 ml Eppendorf tube. The sample was
mixed by votexing and placed on ice until used. -galactosidase activity was monitored
kinetically using a multiscan ascent plate reader (Thermo labsystems). Reactions were
performed in 96-well flat-bottomed microtiter plates. The total volume of each reaction was
maintained at 200 ul. Typically 20 pl of permeabilized cells were assayed using 180 ul of
the chromogenic [-galactosidase substrate o-nitrophenyl--D-galactopyranoside (ONPG; 4
mg/ml in Z buffer)

The kinetics of substrate hydrolysis at 37°C was measured for at least ten samples, at 30
second intervals after an initial 3 minute lag period. The measurements were plotted (OD44
vs Time) and the slope of the line used to determine B-galactosidase activity according to
the following equation:

Slope (ODy44/time) / (ODggp x volume (ml) of cells used)

Z-Buffer: 60 mM NapHPO4.2H20
40 mM NaH2PO4.2H»0

50 mM B-mercaptoethanol
10 mM KCl
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1 mM MgS04.7H20
pH 7.0; made up to 1 litre with ddH2O

2.9.3 Determination of nucleic acid concentrations

The concentration of DNA samples was determined using a NanoDrop device (Thermo
Scientific). DNA concentration is measured by the absorbance at 260 nm (Ae) and
reported in ng/pl. ddH,0 was used to calibrate the machine which then also measures the

absorbance of the buffer to calibrate a base line.

2.10 Flow cytometry

Green Fluorescent Protein (GFP) levels in single cells were measured by flow cytometry.
20 pl of overnight cultures were added to 1 ml of 2% (vol/vol) formaldehyde/phosphate
buffer saline (PBS). Samples were left at 4°C under tin-foil until measuring fluorescence

using a flow cytometer (Beckan Coulter). The following detection settings were used;

Volts Gain
Forward scatter 55 100
Side scatter 400 500
F1 650 1:9

2.11 Fluorescence microscopy

Green Fluorescent Protein (GFP) levels in single cells were visualized using fluorescence
microscopy as described previously (Cabrera and Jin, 2003). Briefly, strains to be analysed
were cultured overnight in appropriate conditions. 100 ul of bacterial culture was removed,
centrifuged at 4,000 g and the pelleted cells resuspended in 100 pl of PBS. Formaldehyde
was added to a final concentration of 3%, cells were mixed and incubated at room
temperature for 30 min. The fluorescent DNA stain DAPI (4',6-diamidino-2-phenylindole;
2ul of 10pg/ml solution) was added and cells were incubated for a further 15 min. DAPI
stained cells were diluted 1/10 in PBS and 10 pl of the diluted cell solution pipetted onto a
clean microscope slide. Cells were mounted using either ~10 pl of Vectashield (Vector

Labs) or 1% TAE/agarose. Mounted cells were immediately covered with a coverslip.
40



TCD

Congenic strains (gfp+ or gfp inserted at the proU locus) cultured using identical

conditions were imaged on a single slide to limit experimental error between samples.

Microscopy was performed using a Nikon Eclipse E400 microscope equiped with a 100X
objective lens (Plan Fluor; Nikon) and epifluorescence filters. Images were captured using
a DXM 1200 digital camera (Nikon).

Excitation of cells mounted using TAE/agarose resulted in rapid photobleaching; therefore
images were acquired within 1 sec of illumination. Vectashield dramatically reduced
photobleaching of GFP but were still imaged within 10 sec of illumination. No differences
in initial fluorescence levels were observed between samples mounted using TAE/agarose

or Vectashield.

2.12 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) using a monoclonal antibody allows identification
of DNA that was bound in vivo by a protein of interest . By purifying the antibody bound
DNA-protein complexes, the DNA bound by the protein is enriched relative to DNA that is
not bound by the same protein. The fold enrichment is an indication of the affinity of the
protein for the DNA. Its affinity for sequences in a whole genome can be measured using
ChlIP, fluorescent labelling of the DNA followed by hybridization to a microarray slide
(ChIP-on-chip). Alternatively, the enrichment of DNA of interest in the immunoprecipated
DNA can be quantified using quantitative PCR (qPCR). ChIP using a monoclonal H-NS-
specific antibody has been described previously (Dillon er al., 2010) and is further

described below.

2.12.1 Day1. Fixing cells, fragmenting the DNA and adding the antibody.

This protocol is for cell volumes of exponentially growing cultures in 25 ml of broth. The
culture used in this study was sampled in late exponential growth phase (ODggo 0.7) in
standard growth conditions (200rpm, 37°C). Cells were harvested by centrifugation at room
temperature, at 4000 rpm for 5 min. The cell pellet washed once in PBS pre-heated to 37 °C
and transferred to a glass flask. 1.355 ml of formaldehyde solution (38% stock; final
concentration 1%) was added to cross-link the DNA-protein interactions. Formaldehyde

was added drop-wise and left with gentle agitation for 30 min at room temperature. To stop
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the cross linking reaction, 3.425 ml of 2 M glycine was added drop-wise (final
concentration 0.125 M) while maintaining agitation, and left for a further 5 min. Cells were

chilled on ice and centrifuged at 4°C for 10 min.

The supernatant was removed, the cell pellet resuspended in 600 pl of lysis buffer (LY) and
chilled on ice. After 10 min, 1.4 ml of immuno-precipitation dilution buffer (IPDB) was
added and the mixture transferred to a 5 ml falcon tube for sonication (Sanyo/MES

Soniprep sonicator) using the following settings.

Amplitude (microns): 10
Number of bursts: 20
Length of bursts: 30 sec.

The sonication probe was cleaned between samples using 0.1 % SDS followed by ddH,O
(10 microns, 15 sec each) and dried before use. Samples were kept on ice at all times
during sonication and then sonication probe was kept ~ 1 cm below the surface. Using
these conditions, DNA was sheared to fragments ranging between 300 bp and 1000 bp.

The following steps were carried out at 4°C unless stated otherwise.

The sonicated mixture was transferred to a 2-ml Eppendorf tube and centrifuged at 13,000
rpm for 5 min. This pellets all unlysed cells (cream) and cell debris (black). The
supernatant was transferred to a 15-ml falcon tube containing 1 ml IPDB. To this 50 pl of
normal rabbit IgG (Upstate Biotechnology) was added and incubated for 1 hr on a rotating
wheel. After this, 100 pl of homogenous (after vortexing) protein G-agarose suspension
(Roche) was added using a p1000. The mixture was left to rotate for 3 hr (or overnight).
The previous two steps were performed to remove any DNA-protein complexes that non-
specifically interacted with rabbit IgG. The mixture was centrifuged at 3,000 rpm for 2 min
and left on ice for a further 2 min to allow the beads settle. The supernatant was removed
and 1.35 ml was put into two 2-ml Eppendorf tubes.

S pl of an H-NS specific monoclonal antibody (provided by Professor Jay Hinton) was
added to 1.35 ml of chromatin. Unused chromatin was stored at -70°C. The antibody

containing mixture was left rotating for 3 hr (or overnight).
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2.12.2 Day 2. Binding the antibody bound DNA to, and washing the antibody

bound DNA from, protein G agarose.

The chromatin-antibody mixture was centrifuged at 13,000 rpm for 5 min at 4°C. This was
pelleted any precipitated SDS that would otherwise interfere with the protein G agarose.
Samples were transferred to a new 1.5 ml Eppendorf tube, to which 50 pl of homogenous
protein G agarose suspension was added. This mixture was incubated for 3 hr at 4°C with
rotation at which point it was centrifuged at 13,000 rpm for 1 min at 4°C. (After each step
involving the centrifuging of protein G agarose, the sample was left on ice for 1 min after
each spin to allow the resin settle further.)

The supernatant was removed and the resin pellet washed twice with 750 ul of IP wash
buffer (IPWB) 1. The pellet was then washed once in 750 pul IPWB 2 (a harsh detergent
that removed non-specifically bound proteins), followed by 2 washes with TE, pH 8.0
(diluted IPWB 2). The sample was centrifuged at 7,500 rpm for 2 min after each wash step,
with the tube being left undisturbed for 2 min on ice after each centrifugation step.

The immune complexes (DNA-protein-antibody) were eluted at room temperature from the
resin by adding 225 pl of IP elution buffer (IPEB). The sample was vortexed briefly after
the elution step and centrifuged at 7,500 rpm for 2 min at room temperature. This elution
step was repeated and the supernatants combined in a new 2-ml Eppendorf tube.

0.2 pl of RNase A (10mg/ml stock) and 27 ul NaCl (final concentration 0.3 M) were added
to the sample, which was then mixed thoroughly by pipetting and incubated at 65°C for 6 hr
(or overnight). This heat step also reversed the formaldehyde cross-linking of the protein to
the DNA.

After cooling to room temperature, 9 pl of proteinase K (10 mg/ml, 20 U/mg, GibcoBRL)
was added to the sample and incubated at 45 °C overnight (or at least 3 hr)

2.12.3 Day 3. Phenol chloroform extraction of the enriched DNA.

Two microlitres of tRNA (5Smg/ml, Invitrogen) was added to the sample immediately
before the addition of 250 pl of phenol (Tris saturated, pH 8.0, Sigma), followed
immediately by the addition of chloroform (do one sample completely before moving to the
next sample.)

The mixture was vortexed and then centrifuged at 13,200 rpm for 5 min at room

temperature. The aqueous layer was transferred to a new 2ml epindorf. 500 pl chloroform
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was added (to remove residual phenol), the sample vortexed and the centrifugation and
transfer steps repeated.

One microliter (Smg/ml stock) of glycogen (DNA carrier, Roche), 1 pl tRNA (Smg/ml
stock, aids visualization of the DNA pellet, Invitrogen) and 50 pl (1/10 total volume) of 3
M sodium acetate (pH 5.2) was added to the recovered DNA (mixed well) before the
addition of 1.35 ml 100% ethanol. The DNA was precipitated at -70°C for at least 30 min.
Samples were centrifuged at 13,000 rpm for 20 min at 4°C. The DNA pellets appeared
glassy or opaque and were firm. The supernatant was removed and the pellet washed with
500 pl ice cold 70 % ethanol (resuspended by inversion) before being centrifuged for S min
at 13,000 rpm. The supernatant was removed and the DNA left to air dry at room
temperature for 10 min to evaporate residual ethanol. The DNA pellets were resuspended in
50 pl of ddH,O (BDH). 5 microlitres of the immunoprecipitated DNA was run on a 2 %
TAE/agarose gel. Samples were stored at -20°C and diluted 1/5 before use in quantitative

PCR reactions.

2.12.4 Buffers

Lysis buffer (LY)

e 50 mM Tris-HCI pH 8.1
e 10mMEDTA
e 1% SDS

e Sigma protease inhibitor tablet

IP dilution buffer (IPDB)

e 20 mM Tris-HCI pH 8.1
e 150 mM NaCl

e 2mMEDTA

e 1% Triton X-100

e 0.01% SDS

e Sigma protease inhibitor tablet
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IP wash buffer 1 (IPWB1)

e 20 mM Tris-HCI pH 8.1
e 50 mM NaCl

e 2mM EDTA

e 1% Triton X-100

e 0.1% SDS

IP wash buffer 2 (IPWB2)

e 10 mM Tris-HCI pH 8.1
e 250 mM LiCl

e 1mMEDTA

e 1% NP-40

¢ 1% deoxycholic acid

IP elution buffer (IPEB)

e 100 mM NaHCO;

e 1% SDS

TE (pH 8.0)
e 10 mM Tris base (pH 8.0)

e | mMEDTA

2.13 Proteomic analysis

2.13.1 Preparation of total cellular extracts

Crude cellular extracts for SDS-PAGE and western immunoblot analysis were prepared as
described below. A sufficient volume of cells was harvested to provide a 50-ul sample after
equalization of sample density to an ODggo of 0.2. Fifty microliters of 2x Laemmli buffer
(Sigma) was added to each sample, mixed and boiled for 10 min. Samples were stored at -

20°C or 10ul loaded immediately onto a 12% SDS-PAGE gel.
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Laemmli 2x contains 4% SDS, 20% glycerol (v/v), 10% 2-mercaptoethanol (v/v), 0.004%
bromophenol blue (w/v) and 0.125 M Tris-HCI, pH approx. 6.8, made up to 100 ml with
ddH20. The presence of SDS and 2-mercaptoethanol makes Laemmli buffer unsuitable for

non-denaturing electrophoresis (section 2.15).

2.13.2 Separation of proteins by SDS-PAGE

The SDS-PAGE gels used consisted of a stacking gel containing a low percentage of
acrylamide for focusing of the proteins before migration through the high percentage
acrylamide matrix which separates the proteins by molecular mass. The electrophoresis
apparatus used was a Mini-Protean II® vertical electrophoresis cell supplied by Bio-Rad,

assembled in accordance with the manufacturers’ instructions.

Briefly, a 12% (w/v) separating gel mix was made by mixing 2 ml Protogel (National
Diagnostics), 1.25 ml of 1.5 M Tris-HCI (pH 8.8), 50 ul 10% (w/v) SDS and 1.648 ml of
ddH,0. Immediately prior to pouring, 50 pl of 10% (w/v) ammonium persulphate (freshly
made) and 2 pl of N.N.N',N'-tetramethyl-ethylenediamine (TEMED) were added to the gel
mix to promote polymerisation. The gel mix was applied between the glass plates of the
electrophoresis rig using a clean 10 ml pipette. The separating gel was then overlaid with
300 pl isopropanol (100%) and allowed to polymerise for 20 min. Upon polymerization,
the isopropanol was removed by inverting the gel and using absorbent paper (Protran). A
stacking gel was then poured on top of the separating gel. The stacking gel was made by
the mixing of 0.833 ml Protogel (National Diagnostics), 1.25 ml 0.5 M Tris-HCI (pH 6.8),
50 ul 10%(w/v) SDS and 2.667 ml of ddH2O. Prior to pouring, polymerisation was

promoted by the addition of 50 pul 10% (w/v) ammonium persulphate and 5 pl of TEMED
to the gel mix. Following the insertion of a well-forming comb, gels were allowed to

polymerise for 15 min.

The polymerised gel cassette was assembled in the electrophoresis chamber as directed by
the manufacturer. The apparatus was filled with 1 x Tris-glycine running buffer [25 mM
Tris-HCI, 250 mM glycine (electrophoresis grade) pH 8.3, 0.1% (w/v) SDS]. The comb
was removed from each gel and the wells were flushed out with running buffer. 10 pl of
prepared samples were electrophoretically separated on 12% SDS-polyacrylamide gels.

Five microliters of Laemmli buffer was added to any lanes not containing a sample. Pre-
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stained protein marker (NEB) was used to estimate the molecular mass of proteins of

interest. Electrophoreses was at 90 V for 90min.

2.13.3 Visualisation of proteins in SDS-PAGE gels

Gels were removed from between the glass electrophoresis plates and a small portion of the
upper left-hand corner of the gel was removed to facilitate subsequent orientation. Gels
were stained using Coomasie Brilliant Blue (0.1% (w/v) Coomassie R250, 10% (v/v)
glacial acetic acid, 40% (v/v) methanol). Gels were covered in Coomasie stain and
microwaved at high power for 30 sec. After 10min with agitation the Coomasie stain was
replaced with destain solution (11 destain; 200 ml methanol, 100 ml glacial acetic acid, 700
ml ddH,0). The gel/solution was microwaved again for 30sec. Destaining typically took 30-
60min which agitation and replacing destain when it became blue. Paper tissue was usually
added in the corner of the container to absorb the stain and thus increase the effectiveness

of the destain.

2.13.4 Transfer of proteins to nitrocellulose membrane

Following electrophoresis, gels were removed from the glass electrophoresis plates and
were covered on one side with 0.2 mM Protran nitrocellulose membrane (Schleicher and
Schuell). The gel/nitrocellulose was sandwiched between absorbant paper (Protran) in a
Mini Trans-blot electrophoretic transfer cell (BioRad). Transfer was at 90V for 60min in
ice-cold buffer buffer (25 mM Tris, 192 mM glycine, 20% methanol) ensuring that the gel

was between the cathode (-) and the nitrocellulose membrane.

2.13.5 Western immunoblot analysis

Equal loading and consistent transfer to nitrocellulose was confirmed by staining the
membrane with Ponceau S for 1 min followed by extensive washing with distilled water.
The membrane was then blocked for 2 hr using 20mls 5% Marvel low-fat milk powder in
phosphate buffered saline (PBS). The membrane was then, incubated with shaking for 1hr
at room tempterature with a primary antibody typically diluted 1/2000 in 20mls of 5%
(w/v) Marvel/(PBS). The primary antibody/marvel solution was then decanted and stored at
-20°C for re-use. The nitrocellulose membrane was washed repeatedly with PBS for 1hr

followed by incubation with a HRP-conjugated secondary antibody, which was incubated
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for 1 hr at room temperature. The 1 hr wash step was repeated before incubation for Smin
using SuperSignal substrate (Pierce). Detection of emitted light was performed using
developer and fixer solutions (Kodak) and Hyperfilm (Amersham Biosciences), typically

requiring a 30 sec exposure.

2.14 Protein purification.

[HF purification was attempted during this study but is not referred to in the results
chapters. Information provided by Professor Stephen Goodman is presented here for
posterity. IHF should be purified from E. coli strain DH5a pHN1084 (ampicillin resistant)
which contains ii#fA and ih/B under the control of the IPTG inducible Ptac promoter.
Induction with 1 mM IPTG for 1 hr during mid-log phase is recommended. The
purification process has been described in detail elsewhere (Nash et al., 1987). A cleared
lyaste with a single pass over a P-11 phosphocellulose column should result in 50% pure
[HF. IHF antibody, provided by Prof. Goodman, is 20% cross-reactive with HU. Therefore,
an ihfA ihfB double mutant [K3374: E. coli N99 himD::cat and AhimA (no marker)] was
provided as a negative control for western blots to detect IHF in eluted fractions. These
strains were also kindly provided by Prof. Goodman. It is also possible to purify IHF

homodimers as described previously (Werner et al., 1994).

2.15 Electrophoretic mobility shift assays (EMSA)
EMSA analysis is based on the reduced electrophoretic mobility of DNA bound by protein
compared with identical DNA unbound by protein. A number of protocols were used

during the course of this work and they are detailed below.

2.15.1 EMSA analysis using IHF

Purified IHF (a kind gift from Prof. Steven Goodman) was stored in 0.6M potassium
chloride (KCI), TrisCl pH 7.4 in 10% glycerol at -80°C. The final concentration of KCl for
[HF binding to DNA should be less than 100 mM. Once the salt was dialyzed away, unless
DNA was present, the IHF aggregated irreversibly. The protein would then have to be
denatured and renatured to restore activity. IHF was therefore diluted in storage buffer
(0.6M KCL TrisCl pH 7.4 in 10% glycerol) to the desired concentration and used as a 10X

stock for EMSA.
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The binding of purified IHF protein to the wild type and mutant binding sites in fimS DNA
was tested by electrophoretic mobility shift assay (EMSA) as described previously (Yang
and Nash, 1995b). Appropriate primers, one of which contained a 5' Biotin molecule, were
used to ampify ~120-bp regions of DNA containing either the wild type or mutant IHF sites
after which the DNA probes were gel purified. 0.5 ng of DNA were incubated in 0.5x TBE
(45 mM Tris-borate [pH 8.3] containing 1.25 mM disodium EDTA), 5 ug ml" bovine
serum albumin (BSA), 10% (v/v) glycerol, 60 mM KCI and 1 pg poly.di.dc with increasing
concentrations (typically 0 to 30 nM) of purified IHF in a final reaction volume of 20 pl.
Samples were incubated for 30 min at room temperature and loaded onto gels without the
addition of loading dye. Protein-DNA complexes were resolved by electrophoresis through
a 6% polyacrylamide gel (Invitrogen) for 1 hr at room temperature. The gel was then
transferred to Biodyne B membrane (Pall), UV crosslinked (GS GeneLinker, BioRad) and
developed using the electrophoretic mobility shift assay kit (Pierce) as per manufacturer's
recommendations. While 6% polyacrylamide gels (Invitrogen) were used for IHF EMSAs,
issues with supply and the short shelf-life of the gels lead to a cessation of their use in
future EMSA. A recipe for non-denaturing polyacrylamide gels is provided in section

2.154.

2.15.2 EMSA analysis using H-NS.

H-NS was kindly provided by Professor Jay Hinton. A detailed protocol for purification of
native over-expressed H-NS has been described previously (Tupper et al., 1994). Purified
H-NS was snap frozen in liquid nitrogen, stored at -70°C and thawed as follows; the H-NS
containing vial was thawed rapidly in warm running water and once thawed, immediately
placed on ice. Thawed H-NS was not re-frozen but instead maintained as a concentrated
solution (1.3 mg/ml) at 4°C. Similar to IHF, H-NS aggregates in the absence of salt (NaCl)
and thus was maintained in a high salt storage buffer (400 mM NaCl) until use in the
EMSA. The final concentration of NaCl must be <100mM to allow efficient interaction of
H-NS with the DNA.

No change in H-NS DNA binding activity was detected after 6 months at 4°C. Diluted H-
NS solutions (100 mM H-NS) were typically used for 1-2 weeks before being discarded.
More dilute solutions were discarded immediately after use. Two different methods were

used for H-NS EMSA, which are detailed in sections 2.15.3 and 2.15.4.
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H-NS storage buffer: 20mM Tris-HCL, 1 mM EDTA, 100 pg/ml BSA, 1 mM DTT,
10% glycerol and 400 mM NacCl.

H-NS reaction buffer: 20mM Tris-HCL, 1 mM EDTA, 100 ug/ml BSA, 1 mM
DTT, 10% glycerol and 80 mM NacCl.

2.15.3 Competative H-NS bandshifts.

To assess the interaction of H-NS with fimS, regions encompassing fimS were PCR
amplified from phase-locked substrates. Multiple fragments (~1 pg total DNA per reaction)
were incubated in 20 pl reaction mixtures containing increasing concentrations of purified
H-NS protein (final concentrations; 0, 7, 35, 70, 100, 135 and 165 nM). The reactions were
incubated at room temperature for 30 min before loading (without the addition of loading
dye) onto a 3% molecular screening agarose/TAE gel and electrophoresed at 90 V for 1 h.
While low percentage agarose solutions can be easily dissolved by heating in a microwave,
3% gels molecular screening agarose is very viscous and should be dissolved using a steam
oven before pouring. After electrophoresis, gels were stained for 20 min in ethidium
bromide (1 ug/ml) and visualized under UV light using an Alphalmager 2200

(Alphalnnotech) gel documentation system.

2.15.4 Determining H-NS binding affinity for individual probes.

The electrophoresis apparatus used was as described for SDS-PAGE. The components that
were exposed to buffers were thoroughly washed to remove residual SDS. Appropriate
primers, one of which contained a 5' Biotin molecule, were used to amplify the DNA of
interest. Probes used in this study were 717 bp (the equivalent to the length of the full gfp
coding sequence).

H-NS binding to each probe (0.4 ng DNA per reaction, 50 pM) was carried out in 20 ul
reaction mixtures containing increasing concentrations of purified H-NS protein. Reactions
were incubated at 4°C for 30 min during which time the 5% poly-acrylamide gel [5%
acrylamide/bisacrylamide (30:1) (National Diagnostics), 2% glycerol, 0.5X TBE. TEMED
and APS were also added to promote polymerization as described for SDS-PAGE] was pre-
run at 90V. This removes free-radicals produced during the polymerization process that

could damage the DNA. 10 pul of each reaction was loaded (without the addition of loading
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dye) and electrophoresed at 90 V for 2 h (4°C) followed by electrophoretic transfer (30V
for 1 hr) to Biodyne B 0.45 uM membrane (Pall). 0.5X TBE (45 mM Tris-borate [pH 8.3]
containing 1.25 mM disodium EDTA), was used as both running and transfer buffers. The
wet membrane was UV treated twice at 150 mJoule in a GS Gene Linker UV chamber
(Biorad). The Chemiluminescent Nucleic Acid Detection Module (Pierce) was used as per
manufacturers’ instructions followed by signal detection using developer and fixer
solutions (Kodak) and Hyperfilm (Amersham Biosciences). Since H-NS binds co-
operatively, DNA typically shifted over a narrow range of protein concentrations. Also
since H-NS does not bind site-specifically, at high concentrations H-NS bound DNA non-
specifically (Tupper et al., 1994). Densitometric analysis was performed using Image J
software (U. S. National Institutes of Health; http:/rsb.info.nih.gov/ij/). The data were
plotted as fraction of free DNA vs protein concentration to determine the apparent
dissociation constants (K,,,), which is approximately equal to the protein concentration at
which half the free DNA has become bound. K,p, were calculated by Dr. Andrew Cameron
using Prism 5.0 (GraphPad Software) as described in Corcoran et al., (2010). Cooperative
DNA binding by H-NS was modeled using nonlinear regression analysis for site specific

binding with a Hill slope. The K, values reported include + standard deviation.

2.16 Allelic replacement using linear DNA.

Unlike some bacteria, E. coli is not readily transformable by linear DNA (Smith et al.,
1981). This is due in part to degradation of incoming DNA by intracellular exonucleases
(Hoekstra et al., 1980). The recB, recC and recD genes of E. coli encode the subunits of the
exonuclease V (ExoV) protein that can perform several enzymatic activities
(Kowalczykowski et al., 1994). The RecBCD complex promotes homologous
recombination and mutations in either recB or recC result in decreased recombination
(Willetts and Mount, 1969; Lloyd and Buckman, 1985). ExoV activity is also missing in
these mutants. ExoV activity can be removed by mutations in recD but this mutation does
not affect recombination (Chaudhury and Smith, 1984; Amundsen et al., 1986; Biek and
Cohen, 1986). This discovery allowed recD derivatives of E. coli to be used in gene

disruption experiments using linear DNA (Russell ez al., 1989).
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2.16.1 Allelic replacement using recD strains

recD deficient strain (VL386recD) has previously been used for incorporation of
mutations into fimS (Smith, 1999; Kelly et al., 2006). In this study, mutations were initially
introduced by site-directed mutagenesis into fimS cloned on a small plasmid (pCPC2 or
pMMC108) before being cloned into pSGS501 (Smith, 1999) or one of its derivatives
(Kelly et al., 2006). These plasmids were subsequently digested with EcoRV releasing an
8.5-kb fragment including the fimB gene interrupted by the kan gene and the fimS
mutations. The digestion products were electrophoresed through 0.7 % (w/v) agarose/ TAE,
to allow clear separation of the fim fragment from the linearized plasmid backbone (4.25-
kb). The fim fragment was then gel extracted and precipitated using Pellet Paint co-
precipitant (Novagen). Roughly two micrograms of this fragment was electroporated into
strain VL386recD in a volume not exceeding 5 pl. Transformants were selected on L agar
containing kanamycin and after single colony purification on MacConkey-lactose agar,
phase locked-off colonies (white) were screened for the presence of the mutations by PCR
and digestion at novel sites. Presumptive integrants were then sequenced (GATC Biotech)

to ensure the correct series of mutations were present.

2.16.2 Allelic replacement using lambda-Red.

The ability of the A phage to recombine in recombination-deficient rec strains indicated
that the phage must encode proteins for its own recombination (Smith, 1988). The A phage
encoded genes v, B and exo were identified in screens for recombination deficient A phage
(A Red) (Smith, 1988) and can be used to promote integration of linear DNA in E. coli
(Murphy, 1998; Datsenko and Wanner, 2000). The A Red genes enhance recombination of
linear DNA compared to rec mutants (Murphy, 1998) and their expression in a host cell
such as E. coli allows integration of PCR products with limited (~40-bp) homology
(Datsenko and Wanner, 2000).

Allelic replacement using linear DNA was as described previously (Datsenko and Wanner,
2000). Briefly, strains for integration were transformed with the pKD46, which contains the
L Red genes under the control of an arabinose inducible promoter. pKD46 has a
temperature sensitive origin of replication and was thus maintained at 30°C to allow it to be
propagated. Strains were grown to exponential phase (ODgoy ~0.2) and arabinose was

added to a final concentration of 0.2%. Cells were harvested after 1hr as described for
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electroporation. Primers suitable to amplify the DNA to be integrated were designed with
~40-bp flanking regions homologous to the insertion site. DNA was gel purified and ~200
ng was used for electroporation as described in section 2.8.4. All integrations were
confirmed by PCR amplification and DNA sequencing (GATC biotech). All genetic
recombinants made using this method were P1 transduced into an isogenic background as
induction of the A Red genes could have led to unrecognized genomic re-arrangements in

the original strain.
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Chapter 3.

DNA relaxation-dependent phase biasing of the fim
genetic switch in Escherichia coli depends on the
interplay of H-NS, IHF and LRP.



3.1 Introduction

Type 1 fimbriae contribute to virulence in pathogenic Gram-negative bacteria and are
associated with the establishment of an attached, as opposed to a planktonic, lifestyle
(Wright et al., 2007). Type 1 fimbriae promote bacterial adherence and persistence by
binding to glycosylated mannose residues in host epithelial cells and are important
components in the initial stages of biofilm formation (Wright et al., 2007). Uropathogenic
E. coli that cannot express type 1 fimbriae are attenuated for virulence (Connell et al.,
1996; Gunther et al., 2002). Type 1 fimbriae are highly immunogenic (Brinton, 1959;
Eisenstein et al., 1983) and their expression represents a major metabolic burden
accounting for up to 8% of total cell protein in fimbriate cells (Schembri and Klemm,
2001b). The phase-variable expression of type 1 fimbriae is an important determinant of
virulence in uropathogenic E. coli (Gunther et al., 2001). Fimbrial gene expression in E.
coli 1s controlled through inversion of a 314-bp invertible DNA element (fimS) containing
the promoter for the major fimbrial subunit gene fim4 (Abraham et al., 1985), leading to
either fimbriate (phase-on) or afimbriate (phase-off) cells (Fig. 1.5). In FimE" cells the
higher unidirectional switching rate of FimE compared to FimB results in fimS remaining
predominantly in phase off (McClain et al, 1991). fimE expression is post-
transcriptionally repressed by fimS in the phase-off orientation (Sohanpal et al., 2001;
Joyce and Dorman, 2002; Hinde et al., 2005). Once FimE levels decrease FimB-mediated
switching to phase on can occur. Switching of fimS to phase on relieves the repression of
fimE expression and allows FimE to accumulate. This cyclic mechanism of fimbrial gene
expression is termed orientational control and provides an efficient mechanism for
controlling phase variable expression of type 1 fimbriae (Wolf and Arkin, 2002; Chu and
Blomfield, 2007). However mutations in fimE occur frequently (Blomfield et al., 1991b)
and in the absence of the FImE recombinase, inversion of fimS is catalysed exclusively by
FimB. Under standard growth conditions FimB catalyses inversion of fimS from phase-on
to phase-off and phase-off to phase-on with approximately equal efficiencies. There are,
however, circumstances when FimB-mediated DNA inversion displays a marked
orientational bias. For example, inversion of fimS becomes biased towards phase-on in
response to DNA relaxation and this is contingent on LRP binding within fimS (Dove and
Dorman, 1994; Kelly et al., 2006; Corcoran and Dorman, 2009; Miiller et al., 2009). FimB-
mediated switching can thus be considered programmable with multiple regulatory signals
combining to bias the switching outcome. The roles of DNA relaxation, IHF, LRP and H-
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NS in biasing the switching outcome of FimB-mediated inversion of fimS were

investigated.

3.2 Results

3.2.1 Allelic replacement of fim$

To assess accurately the role of the site-specific binding proteins IHF and LRP in the
biasing of FimB-mediated fimS inversion it was necessary to inactivate the binding sites of
these proteins in their native locations within the invertible element. The strategy for allelic
replacement of NAP binding sites in fimS (Smith, 1999; Kelly et al., 2006) is outlined in
section 2.16.1 and Fig. 3.1. Mutations were initially created by SDM on a suitable small

plasmid containing the fimS region (phase off).

While an existing plasmid (pMMC108) was suitable for mutation and cloning of sites
within fimS it did not contain a unique restriction site upstream of IHF-1to allow cloning of
the mutated site into pSGS501. The fimS region was amplified from a phase off substrate
(pSGS501) using primers IHF1.fw.Pstl and fimS.rv.Pstl to amplify a ~700 bp region
including the unique Stul site located upstream of IHF-1. This PCR product contained
flanking Pstl restriction sites that were used to clone the fim fragment into Pstl cut
pMMCI106 to create pCPC2. This plasmid was suitable for mutagenesis of the IHF-1 site.
The mutated sites were cloned into the fim locus of a larger plasmid (pSGS501) that
contained an 8.5-Kb region of the fim operon. Digestion of this plasmid with EcoRV
released the fim fragment which was integrated into the chromosome of a recD deficient
strain. Homologous recombination of the linear DNA replaced the native fimB gene with an
insertionally-inactive copy containing a gene encoding kanamycin resistance (kan) and,
depending on the location of the downstream cross-over event, replaced wild-type fimS
with the version containing mutated protein binding sites. Switching was restored by
supplying fimB in trans using pSLD203 (Dove and Dorman, 1996). pSLD203 is essential
to restore efficient switching in strains lacking IHF and LRP (Dove and Dorman, 1996).
Inactivation of IHF and LRP binding sites causes a dramatic (>50 fold) reduction in FimB
and FimE mediated inversion of fimS (Blomfield ez al., 1993; Gally et al., 1994; Blomfield
et al., 1997). IHF and LRP are believed to play a key role in alignment of the inverted

repeats, which is a prerequisite for site-specific recombination (Fig. 1.6). Efficient
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Fig. 3.1 Strategy for allelic replacement of nucleoid-associated protein binding sites in
fimS. Mutations are introduced into fimS located on a small plasmid (pCPC2) by site-
directed mutagenesis. Restriction sites flanking the mutations (Stul, Mfel, Bsrgl) were used
to clone the mutated site(s) into the identical location on pSGS501. For clarity fimS details
are only shown on the pCPC2 fragment. pMMCI108 is similar to pCPC2 but does not
contain the Stul site and was thus used only to mutate sites within fimS. Digestion of
pSGS501 with EcoRV released an 8.5-kb fragment containing fimB::kan, fimE::IS1, fimS
and fimA-lacZ. The linear DNA was integrated into the chromosome (section 2.16.1).
Integration of mutated fimS sites was confirmed by PCR amplification and digestion using

unique restriction sites and sequencing.



switching can be restored in IHF and LRP deficient cells by over-expression of FimB in
trans using pSLD203 (Dove and Dorman, 1996). This may involve increased co-
operativity between FimB molecules stabilizing FimB interactions with sites flanking the
IRs and facilitating the replacement of IHF- and LRP-induced bends with FimB-induced
bends that allow for efficient synapsis (Dove and Dorman, 1996).

The increase in FimB levels also causes a dramatic increase in switching frequency in WT
cells. Importantly, the novobiocin induced phase-on bias, which was first demonstrated in
strains expressing wild type levels of FimB, is not affected by over-expression of FimB

(Dove and Dorman, 1994; Kelly et al., 2006).

3.2.2 IHF binding to site IHF-1 is required to bias fim$ inversion to the on
phase.

Previous work has shown that when DNA gyrase is progressively inhibited by novobiocin
treatment, the fimS element shows a novobiocin-dose-dependent bias towards the on phase
(Dove and Dorman, 1994; Kelly et al., 2006; Miiller et al., 2009). In addition, it has been
shown in earlier work that this off-to-on bias is contingent on binding by the LRP protein to
two adjacent sites, LRP-1 and LRP-2, within fimS (Kelly et al., 2006) (Fig. 1.7). The two
LRP binding sites are located asymmetrically within fimS, raising the possibility that they
may contribute to a structure that distinguishes the phase-on switch from the phase-off
switch. This hypothesis postulates the existence of a reference point that somehow
communicates with the LRP-occupied LRP-1 and LRP-2 sites in the phase-on switch. An
inspection of the DNA adjacent to fimS revealed that, in the on phase, the two LRP binding
sites lie close to a well characterized binding site for IHF (Fig. 1.7).

The DNA sequence of this IHF binding site (IHF-1) was a strong match to the
consensus for such sites (Dorman and Higgins, 1987; Hales et al., 1994). IHF-1 was
disrupted by site-directed mutagenesis as described (section 2.7.8) using IHF-1mut.fw/rv
and pCPC2 as template. The wild-type and mutant sequences were then compared for their
ability to bind purified IHF protein in an electrophoretic mobility shift assay (EMSA; see
section 2.15.1). 120-bp biotinylated DNA probes containing either the wild type or mutant
[HF-1 site were amplified using primers Ihfl.bs.fw.BIO and Ihfl.bs.rv with plasmids
pCPC2 or pCPC2IHF-1" serving as templates. The EMSA results showed that the base
substitutions had abrogated the ability of IHF to bind to the mutant sequence (Fig. 3.2). The

altered sequence was then substituted for the wild type version on the chromosome and
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PCR amplification and DNA sequencing were used to confirm the presence of the mutated

[HF binding site in the chromosomal fim locus.

The effect of the IHF binding site mutation on fimS inversion following DNA gyrase
inhibition was tested using a PCR-based inversion assay (section 2.7.7) with cultures
incubated in the presence of increasing concentrations of the gyrase inhibitor novobiocin.
The results showed that mutation of the IHF-1 binding site caused fimS inversion to
become strongly biased in favour of the off orientation (Fig 3.3). This outcome was
identical to that seen previously when the LRP-1 and LRP-2 sites were mutated to prevent
LRP binding to fimS (Kelly et al., 2006). These data supported the hypothesis that IHF and

LRP were required collectively when DNA was relaxed to maintain fimS in its on
orientation.

It was anticipated that elimination of IHF binding to its IRL-proximal IHF-1 site, together
with abrogation of LRP binding to sites LRP-1 and LRP-2, would result in a strong phase-
off bias in fimS inversion following DNA gyrase inhibition. To test this hypothesis,
mutations that prevented IHF binding to its IRL-proximal site and mutations that abolished
LRP binding to sites LRP-1 and LRP-2 were all introduced into the fim locus on the
chromosome. Application of the PCR-based fimS inversion assay following DNA gyrase
inhibition with increasing concentrations of novobiocin showed that the fim switch adopted

a phase-off orientation, as expected (Fig 3.3)

3.2.3 IHF binding to site IHF-2 is not required to bias fimS$ towards the on
phase

IHF binds to a second site (IHF-2) that is located within fimS and proximal to P4 (Fig.
1.5) (Dorman and Higgins, 1987; Eisenstein et al, 1987; Blomfield et al., 1997).
Mutations aimed at disrupting IHF binding were introduced by site-directed mutagenesis
using primers ithf2mut.fw/.rv and pMMC108 as a template. The wild type and mutant
sequences were then compared for their ability to bind purified IHF protein in an
electrophoretic mobility shift assay (Fig. 3.4). ~150-bp biotinylated DNA probes
containing either the wild type or mutant IHF-2 site were amplified using primers
[hf2.bs.fw.BIO and Ihf2.bs.rv with plasmids pMMC108 or pMMC108IHF-2" serving as
templates. The mutated IHF-2 site was shown to no longer be bound by IHF at

physiologically relevant concentrations and was substituted for the wild-type version on the
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Mutant fim IHF-1 site TTGTTTTAACTTTATTATCGATAAGCCA

Fig. 3.2 Inactivation of the IHF-1 binding site. The DNA sequence of the IHF-1 binding
site (WT) for the IHF protein is shown aligned with the consensus for IHF binding site
sequences together with the base pair substitutions made in [HF-1. Matches to the
consensus sequence are shown in blue. The mutated base pairs are shown in red. The effect
of these mutations on IHF binding to IHF-1 site DNA was tested by electrophoretic
mobility shift assay. The concentration of purified IHF used is indicated above each lane.
The unshifted biotinylated DNA (free probe) and the IHF-DNA complex are shown by

arrows.
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Fig. 3.3 IHF binding affects inversion preferences of fimS. The PCR products diagnostic of
the on and off forms of the fim switch were resolved by electrophoresis on agarose gels
(insets). The concentration of novobiocin (png/ml) used to treat the culture prior to PCR is
given above each lane. Phase-on-specific and phase-off-specific DNA bands (two each) are
labelled. The bands were scanned with a densitometer and the data plotted to summarize
the effect of novobiocin treatment on fimS phase biasing. Data are presented for the wild
type (A), the mutant fim switch lacking the IHF-1 site (B), the IHF-2 site (C) and the IHF-1
site and the LRP-1 and LRP-2 sites (D).
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Fig. 3.4 Inactivation of the IHF-2 binding site. The DNA sequence of the IHF-2 binding
site (WT) for the [HF protein is shown aligned with the consensus for IHF binding site
sequences together with the base pair substitutions made in IHF-2. Matches to the
consensus sequence are shown in blue. The mutated base pairs are shown in red. The effect
of these mutations on IHF binding to IHF-2 site DNA was tested by electrophoretic
mobility shift assay using purified IHF (left to right; 0, 30 60, 90 nM IHF). The unshifted
biotinylated DNA (free probe) and the IHF-DNA complex are shown by arrows.



chromosome. IHF binding to low-affinity sites was observed when the mutated IHF-2 site
was incubated with high concentrations of IHF (90nM) (Fig. 3.4). This was consistent with
previous observations (Blomfield ef al., 1997). These low affinity sites are not occupied in
the wild type system and are not believed to be physiologically relevant (Blomfield et al.,
1997).

The removal of IHF binding at site 2 had no effect on phase biasing of fimS following DNA
gyrase inhibition (Fig 3.3C). This was consistent with the theory that DNA relaxation in
combination with IHF bound to site 1 and LRP bound to sites 1 and 2 form a nucleoprotein
complex at the IRL that is unique to the phase on orientation and is responsible for the

biasing of switching towards phase on.

3.2.4 Construction of a tetracycline resistant hns mutant.

To test the effects of H-NS on phase biasing of fimS, a hns mutant allele that contained a
compatible marker was required. The widely used hns206::amp (Dersch et al., 1994) allele
was unsuitable since selection for pSLD203 is through resistance to carbenicillin. The fim
NAP site mutant strains also contain a kan resistance marker in fimB. While the NAP
mutation strains were all constructed in a recD::Tn/0 strain the mutations were
subsequently transduced into VL386 (tetracycline sensitive) making tetracycline resistance
a suitable selectable marker. The tetRA element from Tn/0 was amplified using primers
hns205.tetRA.fw/.rv producing a linear DNA fragment that contained tetRA flanked by
regions of DNA sequence homology to the ins open reading frame. The fefRA element was
integrated using lambda-red mediated homologous recombination (section 2.16.2)
(Datsenko and Wanner, 2000) at base pair 205 of /ns in VL386. This deleted those parts of
the Ans gene that encoded the linker and DNA binding domains of the H-NS protein and
introduced an in-frame stop codon to create a 7.9 kDa H-NS truncate while also conferring
tetracycline resistance. The correct integration of the fetRA cassette was confirmed by PCR
(Fig. 3.5) and by DNA sequencing (GATC biotech). The mutant allele was P1 transduced
into a fresh background (VL386) and tested for the rapid switching of fimS on MacConkey
lactose plates. The mutant showed the expected phenotype of uniform intense red colonies
(data not shown). Western blot analysis using monoclonal anti-H-NS antibodies was
performed (Fig. 3.5). Whereas H-NS was detected in the wild type sample, the expected
truncated proteins were not detected in hns205::tetRA or in the hns206::amp control (Fig.
3.5). This was possibly due to the specificity of the monoclonal antibody for a region of H-
NS which was deleted in the mutant alleles.
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3.2.5 H-NS modulates fimS inversion directionality.

Previous research has shown that the nucleoid-associated protein H-NS influences the
inversion of the fimS DNA element (section 1.8.6); H-NS deficient cells show increased
rates of FimB-mediated inversion (Higgins et al., 1988; Kawula and Orndorff, 1991;
Donato et al., 1997; Schembri et al., 1998). Although transcription of fimB increases in the
absence of H-NS (Donato et al., 1997) the associated increase in FimB protein levels is not
the primary cause of the rapid-switching phenotype that is characteristic of /ns null alleles
(Dove and Dorman, 1996; Donato et al., 1997). H-NS binding in fimS is believed to repress
inversion directly by an unknown mechanism (Kawula and Orndorff, 1991; O' Gara and
Dorman, 2000). While H-NS has been described in detail as a repressor of transcription
(Dorman, 2004) (section 1.8.5) its contributions to DNA recombination have been studied
much less intensively.

Inactivation of the /ns gene led to a dramatic increase in phase-on cells in the population.
H-NS deficient populations consistently contained ~80% phase-on cells and their fimS were
unresponsive to novobiocin induced DNA relaxation (Fig. 3.6A). This ~80% phase-on bias
in H-NS deficient cells was previously observed by O’Gara and Dorman (2000). These
results provide genetic evidence that H-NS represses switching from phase-off to phase-on.
H-NS represses transcription from Pj,5 and thus H-NS deficient cells have increased levels
of FimB (Donato et al., 1997). The effect of overexpressing FimB on fimS inversion in the
absence of H-NS was tested using pSLD203. Overexpression of FimB alleviated the 80%
phase-on bias characteristic of H-NS deficient populations and restored the responsiveness
of fimS inversion to DNA relaxation (Fig. 3.6B). These data indicated that H-NS has a
direct role in repressing switching from phase-off to phase-on, which was alleviated by the
over-expression of FimB.

To test the role of H-NS in creating the IHF/LRP dependent DNA relaxation phase-on bias,
the hns205::tetRA allele was P1 transduced into the strains containing NAP mutations. The
results showed that in the strain lacking H-NS and without a functional IHF-1 site, fimS
displayed a strong on-to-off bias (Fig. 3.6C), a pattern that was very similar to that seen in
the absence of the IHF-1 binding site alone (Fig 3.3B). These data showed that IHF was
required for the maintenance of the DNA relaxation induced phase on bias regardless of the

status of the ins gene.

In contrast, removal of H-NS had an effect on fimS inversion in strains containing

mutations in LRP sites LRP-1 and LRP-2. Strains lacking H-NS and LRP binding at sites
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Fig. 3.5 Construction of a tetracycline resistant H-NS mutant. The presence of mutant hns
alleles in VL386 was confirmed by (A) PCR and (B) western blot. Wild-type (WT) VL386
and VL386 containing the Ans::amp allele from PD32 (Dersch et al., 1993) was used as a

control in both experiments.
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Fig. 3.6 Switch inversion preferences in the absence of H-NS. The PCR products diagnostic
of the on and off forms of the fim switch were resolved by electrophoresis on agarose gels
(insets). The concentration of novobiocin (ug/ml) used to treat the culture prior to PCR is
given above each lane. Phase-on-specific and phase-off-specific DNA bands (two each) are
labelled. The bands were scanned with a densitometer and the data plotted to summarize
the effect of novobiocin treatment on fimS phase biasing. Data are presented for the hns
mutant (A), the hns mutant with pSLD203 (B) the Ans mutant with pSLD203 with fim
switch lacking the IHF-1 site (C), the LRP-1 and LRP-2 sites (D) and the IHF-1 site and the
LRP-1 and LRP-2 sites (E).



LRP-1 and LRP-2 showed reduced bias towards phase-off (evidenced by the clear increase
in phase-on cells, even in the absence of novobiocin). This combination of mutations also
showed a reduction in responsiveness in fimS inversion to novobiocin compared with
results from previous studies (Kelly et al., 2006). The difference in switching pattern is
most clearly seen in strains lacking functional IHF-1, LRP-1 and LRP-2 sites. In the
presence of H-NS fimS is strongly biased to phase off even in the absence of novobiocin
(Fig. 3.3D). When H-NS is removed, bidirectional switching is restored (Fig. 3.6E). This is
in contrast to strains containing only the IHF-1 site mutation, where the presence or
absence of H-NS has little effect on the fimS orientational bias. These data showed that

LRP and H-NS collaborated in sustaining a phase-off trap.

3.2.6 H-NS interaction with fimS is phase variable

To assess the interaction of H-NS with fimS, ~760-bp and ~670-bp regions encompassing
fimS were PCR amplified from phase-locked substrates wusing primer pairs
Ihfl.int.fw/fimS.rv and fimE.chip.fw/fimA.chip.rv respectively. The PCR products were
then sub-divided into shorter segments by restriction enzyme digestion for use in
competitive electrophoretic mobility shift assays with purified H-NS protein (section
2.15.3). Since the fim region with either phase-on or phase-off switches had been amplified
using 2 different primer pairs, key DNA segments were present in probes of multiple sizes
(Fig. 3.7A). This broad range experiment demonstrated binding of H-NS to the IRL in the
phase-off orientation as both of the probes that contained this region (550-OFF, 340-OFF)
were shifted with increasing H-NS concentrations (Fig. 3.7A).

H-NS binding in this region was tested in a more refined experiment where a single
pair of primers was used to amplify the ~760-bp region compassing fimsS in the phase-off
orientation (Fig. 3.7B). Digestion with Hpy99l separated the PCR product into two
fragments of 550-bp and 210-bp respectively, each containing one of the inverted repeats.
A separate restriction enzyme digestion with Mfel cleaved the DNA within IRL to produce
two fragments of 400-bp and 370-bp (Fig. 3.7B). Incubation of all of these DNA fragments
with increasing amounts of H-NS clearly showed high affinity H-NS binding to the 550-bp
fragment that contained the intact IRL and its flanking DNA with the Pg,4 promoter in the
phase-off orientation (as had been suggested in Fig. 3.7A). The lack of binding in the Mfel-
cut DNA fragment indicated that H-NS bound to a site that overlapped the IRL in the
phase-off orientation, and that fimS alone (i.e. the DNA extending from IRL to IRR only)
was not sufficient for H-NS binding (i.e. the 400-OFF fragment did not shift).
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Evidence suggesting that H-NS did not interact with IRR-proximal DNA sequences when
fimS was in the phase-on orientation had been obtained with DNA digested with SnaBI, an
enzyme that cut the DNA very close to IRR. The experiment was redesigned to leave more
DNA flanking IRR in the phase-on switch. A single ~760-bp DNA fragment amplified
from a phase-locked-on substrate was digested with Mfel to produce a fragment containing
the entire fimS region (including the fim promoter), IRR and upstream flanking DNA
(fragment 400-ON). This DNA segment was bound strongly by H-NS and resolved as the
H-NS-DNA complex indicated by the open arrowhead (Fig. 3.8 A). A comparison of Fig.
3.7B and Fig. 3.8 A clearly showed the phase variable nature of H-NS binding to the fim
switch: DNA fragment 400-ON (Fig. 3.8A) was identical to 400-OFF (Fig. 3.7B) except
for fimS orientation, and 400-ON was bound strongly by H-NS whereas 400-OFF was
poorly bound by the protein.

The invertible sequence extending from IRL to IRR is common to both the phase-
on and phase-off forms of the switch. The data obtained thus far suggested that this was
unlikely to support H-NS binding alone because DNA sequences in the static portion of the
chromosome flanking IRL or IRR were also needed. To test this hypothesis, the invertible
element was precisely excised from between IRL and IRR by restriction enzyme digestion
with Haelll and tested for H-NS binding. The results showed that H-NS was unable to bind
to the invertible region when this was isolated from its flanking DNA sequences (Fig.
3.8B).

Overall, the data from the EMSA analysis showed that H-NS bound to a site that
moved from one end of fimS to the other as the switch inverted. This site consisted of a
constant component that was located within fimS close to the P4 promoter and a variable
component that was provided by DNA sequences outside fimS and adjacent either to IRL or
to IRR. Only the combination of the Pj,4-proximal portion of the binding site with the
portion associated with DNA sequences flanking IRL (phase off switch) or IRR (phase on
switch) produced a fully functioning H-NS binding site. This arrangement provided yet
another means by which the phase-on and phase-off forms of the fim switch could be

distinguished.

3.2.7 The effect of novobiocin on growth
A recent study investigating the effect of metabolism on fimS inversion also utilized

novobiocin to determine the effect on DNA relaxation on fimS inversion (Miiller et al.,
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Fig. 3.7 H-NS binds overlapping the phase-off IRL. H-NS binding to the fim switch was
assessed by a competitive in vitro binding assay. DNA fragments were amplified by PCR
from phase-on-locked or phase-off-locked bacterial strains using two primer pairs to give
products of ~770 bp and ~660 bp (panel A) or a single primer pair to give a ~770-bp
product (panel B). These PCR products were then digested with restriction enzymes as
shown schematically (vertical dashed line) before being mixed and incubated with
increasing amounts of purified H-NS protein (final concentrations used in each gel lane,
left to right: 0, 7, 35, 70, 100, 135 and 165 nM). Each DNA fragment is identified on the
agarose gels by size (bp) and fimS orientation (e.g. 340-OFF). DNA fragments that either
contained only static (non-inverting DNA) or an invertible segment not attached to static
DNA are indicated by size alone. Fragments that corresponded to the phase-off IRL were
bound by H-NS (A; indicated by *). Resolved nucleoprotein complexes in which H-NS is
bound at the phase-off IRL (B) are indicated by a filled arrow.
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Fig. 3.8 H-NS binds overlapping the phase-on IRR. Binding of H-NS to fimS is phase-
variable. H-NS binding to the fim switch was assessed by a competitive in vitro binding
assay. DNA fragments were amplified by PCR from phase-on-locked or phase-off-locked
bacterial strains using a single primer pair to give a ~770-bp product. These PCR products
were then digested with restriction enzymes as shown schematically (vertical dashed line)
before being mixed and incubated with increasing amounts of purified H-NS protein (final
concentrations used in each gel lane, left to right: 0, 7, 35, 70, 100, 135 and 165 nM). Each
DNA fragment is identified on the agarose gels by size (bp) and fimS orientation (e.g. 340-
OFF). DNA fragments that either contain only static (non-inverting DNA) or an invertible
segment not attached to static DNA are indicated by size alone. Resolved nucleoprotein
complexes in which H-NS is bound at the phase-off IRL (panel A) are indicated by a filled
arrowhead while resolved nucleoprotein complexes in which H-NS is bound at the phase-

on IRR (panels A and B) are indicated by open arrowheads.



2009). Their results supported the role for LRP in the DNA relaxation induced phase on
bias, although their test conditions differed slightly to those used in this and previous
studies. Specifically, the novobiocin levels used in the study by Miiller et al., (2009) (0-25
ng/ml) were lower than those used in this and previous studies (Dove and Dorman, 1994;
Kelly et al, 2006; Corcoran and Dorman, 2009) (0-100pg/ml). While 100pg/ml
novobiocin is considered sub-inhibitory to E. coli K-12 cells (Gellert et al., 1976b),
addition of 100pug/ml novobiocin to exponentially growing cultures had a pronounced
effect on growth (Fig. 3.9). Novobiocin caused a dose-dependent inhibition of growth in
both wild-type and hns- strains (Fig. 3.9). Addition of >75 pg/ml novobiocin caused a
temporary (>2hr) cessation of growth. Growth resumed after an undefined period since
after 24 hr all cultures had increased dramatically in turbidity. The addition of 25pg/ml
novobiocin had only minor effects on growth. The response of fimS inversion to low levels

of novobiocin (<25 pg/ml) was tested.

3.2.8 fimS inversion is highly sensitive to novobiocin

The effect of low levels of novobiocin (<25ug/ml) on inversion biasing of fimS was tested
using CSH50. A dose dependent response was observed with even the lowest concentration
of novobiocin (6.25 pg/ml) resulting in an increase in phase-on cells in the population (Fig.
3.10). Since using lower levels of novobiocin had reduced effects on cell growth (Fig. 3.9)
and presumably reduced pleiotropic effects (Jeong er al., 2006), this low concentration

regime can be considered for use in future studies.

3.3 Discussion

Those tyrosine integrase site-specific recombinases that have been characterized in most
detail catalyse DNA integration and excision events such as Int-mediated bacteriophage
lambda entry and exit from the chromosome of E. coli or DNA dimer resolution reactions
such as those catalysed by XerC and XerD, or Cre, or Flp (Rajeev er al, 2009).
Recombination Directionality Factors (RDFs) have been described in the case of several
recombination systems and appear to be an important part of the machinery that ensures
that an otherwise random event proceeds in a specific direction under a given set of

physiological circumstances. For example, phage often encode an excisionase (Xis)
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protein that binds within the phage genome altering DNA topology to promote excision of
integrated phage from the host chromosome and inhibit integration of excised phage into
the host chromosome (Better et al., 1983; Lewis and Hatfull, 2001, 2003). In the case of the
Int recombinase of phage lambda, the directionality of the reaction is also regulated by host
proteins (see section 1.7) (Van Duyne, 2002). IHF binds at 3 sites (H1, H2 and H') in phage
lambda and can promote Int interaction with low affinity sites flanking the core region (De
Vargas et al., 1989a). IHF binding to H2 and H' is required for bidirectional recombination
(Bushman et al., 1985; Thompson et al., 1986). IHF binding to H1 promotes integration
and inhibits excision but binding of IHF to H1 is of lower affinity than binding of IHF to
sites H2 and H' and thus only occurs at high cellular IHF concentrations (Bushman et al.,
1985). Since IHF levels increase upon entry into stationary phase (Ditto ef al., 1994) the H1
site 1s more likely to be occupied during poor growth conditions. Host cell physiology
therefore plays an important role in controlling the directionality of lambda phage
recombination.

The direction of recombination is also controlled by the differential requirement for
negative DNA supercoiling, which is required for integration but not for excision (Crisona
et al., 1999). DNA supercoiling levels vary with the stage of growth of the bacterial
culture (Dorman et al., 1988). DNA becomes more relaxed at the onset of stationary phase
when the metabolic flux in the cell and the concentration of ATP are diminished (Balke and
Gralla, 1987; van Workum et al., 1996). Therefore the alternate requirement for DNA
supercoiling in excision and integrative recombination events may act to control the
directionality of recombination in response to bacterial growth.

The fim system is unusual since it contains two recombinases, which act independently to
catalyse recombination of fimS. The differential expression of FimB, which promotes
bidirectional switching, and FimE, which promotes rapid switching from phase-on to
phase-off only, provides an important method for biasing of recombination in response to
changing environmental stimuli. However, mutations in FimE arise frequently and here
FimB alone catalyses fimS inversion (Blomfield et al., 1991b).

In bacteria growing in mid-exponential phase at 37°C in LB broth, the FimB protein inverts
the fimS element from the on phase to the off phase and back again at approximately equal
rates (McClain et al., 1991; Gally et al., 1996). However, when novobiocin is used to
inhibit DNA gyrase activity, allowing DNA to become relaxed by the unopposed action of

DNA topoisomerase I, the FimB-catalysed fimS inversion reaction adopts a pronounced
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Fig. 3.9 The effect of novobiocin on growth of VL386 and VL386Ans-. Comparison of
wild-type and Ans- growth in the absence of novobiocin (A). Novobiocin causes a dose
dependent decrease in growth rate in wild type (B) and Ans- (C) strains. Cultures were
grown to exponential phase (OD600 ~0.3) before novobiocin was added to a final
concentration of 0,25,50,75 or 100 pg/ml. Data shown are averages of duplicate

independent experiments. Error bars are standard error of the mean (sem).
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Fig. 3.10 Inversion of fimS is sensitive to low levels of novobiocin. Exponentially growing
cells were diluted in pre-warmed broths containing increasing amounts of novobiocin (0-
25ug/ml) and sampled after 15 generations (see section 2.2). The PCR products diagnostic
of the on and off forms of the fim switch were resolved by electrophoresis on agarose gels
(inset). The concentration of novobiocin (pg/ml) used to treat the culture prior to PCR is
given above each lane. Phase-on-specific and phase-off-specific DNA bands (two each) are
labelled. The bands were scanned with a densitometer and the data plotted to summarize

the effect of novobiocin treatment on fimS phase biasing.



bias in favour of the on orientation and thus FimB mediated inversion of fimS can be
considered programmable (Dove and Dorman, 1994; Kelly ef al., 2006; Miiller et al.,
2009). Previously, the LRP NAP was identified as playing a role as an RDF in this reaction
(Kelly et al., 2006). Specifically, the LRP protein is required to maintain the fimS element
in the on orientation and it does this by binding to the LRP-1 and LRP-2 sites within fimsS.

In the present study (Appendix 1; Corcoran and Dorman, 2009), the IHF protein was
identified as a second RDF that is required to maintain fimS in the on orientation when
gyrase activity is inhibited. The location of the IHF binding site in the non-inverting
chromosomal DNA immediately adjacent to IRL creates the potential for differential
interaction with LRP bound to sites LRP-1 and LRP-2 within fimS because all three sites

are only juxtaposed when the switch is in the on orientation (Fig. 1.5).

While changes in NAPs and DNA supercoiling clearly have an important role in
controlling the directionality of fimS inversion it is difficult to predict the mechanism for
this effect by analogy with other systems. Recombination by tyrosine recombinases may be
mediated by changes in negative supercoiling through a number of different mechanisms:
(1) an increase in the efficiency of formation of the synaptic complex; (ii) an increase in the
catalytic recombinase-mediated reaction (Holliday junction formation); or (iii) an increase
in the efficiency of resolution of the Holliday junction, possibly produced by modifications
in the topology of the Holliday junction due (Mikheikin ez al., 2006).

DNA supercoiling can have different effects on recombination even in closely related
systems. This is clearly illustrated in the alternative effects of DNA supercoiling in
recombination by the Xer recombinases at the highly homologous sites mwr and cer
(Trigueros et al., 2009).

The Xer systems employs two tyrosine site-specific recombinases XerC and XerD
that bind co-operatively to different half-sites of the core site to catalyse recombination
(Blakely and Sherratt, 1996). Together they resolve multimers of chromosome and plasmid
DNA ensuring proper segregation during cell division (Blakely et al, 1993). Xer
recombination at plasmid sites is initiated by XerC-catalyzed strand exchange of one pair
of strands to form a Holliday junction. In the case of recombination at the sites cer (from
plasmid ColE1) (Summers and Sherratt, 1988; Guhathakurta et al., 1996) and mwr (from
the multidrug resistance plasmid pJHCMW 1) (Tolmasky et al., 2000; Bui et al., 2006), the
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Xer catalyzed process stops at a Holliday junction and these intermediates are resolved by
Xer-independent cellular processes (Trigueros et al., 2009).

An increase in negative supercoiling of the DNA was shown to increase recombination
efficiency between mwr sites by increasing the formation of Holliday junctions (Trigueros
et al., 2009). Recombination between mwr sites was highly sensitive to changes in DNA
supercoiling with mwr sites becoming progressively worse substrates as DNA was relaxed
(Trigueros et al., 2009). In contrast, efficiency of recombination at the highly related cer
site was not significantly modified by the superhelicity of the DNA. In this case,
recombination proceeded efficiently unless on fully relaxed DNA (Trigueros et al., 2009).
The increased levels of Holliday junction formation implied that negative supercoiling
facilitated recombination between mwr sites by either promoting synapsis and/or by

promoting the catalytic action of XerC.

The exact mechanism by which DNA supercoiling influences phase biasing of fimS must
be determined experimentally. Useful information could be gained by monitoring the
occupancy of binding sites for IHF, LRP and FimB in response to DNA relaxation. These
data, in conjunction with in vitro recombination assays would give further insight into the

mechanistic role for each component of the phase-on ‘“trap’.

One can however envisage a model whereby the DNA bending activity of IHF and the
DNA wrapping activity of LRP in combination with the relaxed nature of the fim DNA that
obtains in the absence of adequate levels of gyrase activity creates a nucleoprotein complex
that inhibits synapsis, possibly by preventing binding of FimB to IRL and thus preventing
inversion by FimB from the on-to-off direction (Fig. 3.11).

Previous work has suggested a role for the H-NS protein in influencing the FimB-mediated
inversion of fimS (Higgins et al., 1988; Kawula and Orndorff, 1991; O'Gara and Dorman,
2000). This study revealed a role for H-NS in maintaining fimS in the phase-off orientation.
Deletion of H-NS causes a dramatic increase in the percentage of phase-on cells in a
population (Fig. 3.6A), which supports previous reports of a locked-on phenotype in H-NS
deficient strains (Higgins et al., 1988; Kawula and Orndorft, 1991).

Careful examination of H-NS interactions with fimS and its flanking regions showed that

H-NS interaction with the switch was contingent on fimS orientation. These data showed
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Fig. 3.11 Model for the direct roles of DNA supercoiling, H-NS, IHF and LRP in phase
biasing of fimS. H-NS binding in fimS is phase-variable. H-NS binds overlapping the IRL
in phase off, sequestering the IRL and preventing switching from phase off to phase on
(phase off trap). The model involves the formation of a nucleoprotein complex between
LRP and IHF bound at IHF-1, at the IRL in the phase on orientation where, upon DNA
relaxation, the IRL is sequestered. This prevents efficient switching from phase on to phase

off, which results in an increase in the amount of on cells in a population (phase on trap).



that the H-NS binding site in the fimS region is distributed across three incomplete sites.
One of these is in the invertible fimS element and is adjacent to the Pg,4 promoter. The
others are located in the non-inverting parts of the chromosome immediately outside IRL
and IRR. When the switch is in the off orientation, a complete site capable of binding H-NS
in an electrophoretic mobility shift assay is formed at the IRL end of the switch; when fimS
is in the on orientation, a complete H-NS interaction site is formed only at the IRR end.
The physiological significance of H-NS binding at IRR when fimS is in the on orientation is
unknown. It may play a role in modulating the activity of the P, promoter. While this
demonstrates a novel mechanism for H-NS interacting with DNA, the concept of phase
variable binding in fimS is well established and has been studied extensively with the Fim
recombinases. Each recombinase binds to a half-site located in the invertible region and a
second half site external to fimS. Since the 4 half-sites are non-identical, certain
combinations provided better targets for binding than others. FimE binds poorly to half
sites flanking the IRL in the phase OFF orientation and this may explain the low rate of
inversion by FimE from phase OFF to phase ON (Gally et al., 1996; Kulasekara and
Blomfield, 1999).

While over-expression of FimB restores the normal phase biasing of fimS in an /ins mutant,
incorporation of the ins mutant allele with the fimS NAP site mutations showed LRP
binding within fimS supported H-NS in maintaining a phase off bias. In bacteria that
express the H-NS protein, elimination of LRP binding to fimS sites LRP-1 and LRP-2
results in switching in the on-to-off direction when DNA gyrase is inhibited (Kelly et al.,
2006). This is not the case in the absence of H-NS: here bidirectional switching continues
to be detected even though the LRP-1 and LRP-2 sites have been inactivated (Fig. 3.6D; E).
Our results show that either H-NS or LRP can sustain the 'off' trap in relaxed DNA; only
when both proteins fail to interact with fimS does the switch fail to become biased to the off
orientation following gyrase inhibition. The results also show that IHF and LRP are not
equivalent as RDF elements; prevention of IHF binding to the IRL-proximal site creates the
'off' trap regardless of the status of H-NS expression; abrogation of LRP binding to LRP-1
and LRP-2 only creates the 'off trap if H-NS is present.

Multiple types of mutations arise that alter the inversion of fimS. For example, some
uropathogenic strains contain a third site-specific recombinase termed HbiF, which

counters the effect of FimE by inverting exclusively from phase off to phase on (Xie et al.,

66



2006). Mutations in FimE (Blomfield et al., 1991b) and fimS (Leathart and Gally, 1998)
that alter the inversion of fimsS have also been isolated. While some mutations isolated have
resulted in locked phenotypes, a strain with point mutations in the IHF-1 site has been
isolated and was shown to have a preference for switching from phase on to phase off
(Leathart and Gally, 1998). This supports our findings that the IHF-1 site is required to

maintain the DNA relaxation induced phase-on bias.

Results from this study also show that the structure of fimS is important to maintain
heterogeneity in the bacterial population. The combination of IHF-1, LRP-1 and LRP-2 site
mutants effectively locked fimS in the off orientation and this bias was strengthened by
DNA relaxation (Fig 3.3). The removal of H-NS restored heterogeneity to the system,
allowing mixed phase on and phase off populations, however since mutations in H-NS
result in pleiotropic changes in gene expression (Dorman, 2004), they are unlikely to be
advantageous in the long term and thus unlikely to be fixed in a population (Chattopadhyay
et al., 2009).

Heterogeneity pre-empts the requirements for the next stage of infection and allows it to be
achieved by a successful bacterial subpopulation. Feedback mechanisms play an important
role in maintaining heterogeneous populations (Balaban et al., 2004). For example, fimS
contains a Rho-dependent transcription terminator that, when in the phase oftf orientation,
causes shortening of the fimE transcript. The shortening of this transcript decreases the
half-life of fimE mRNA and hence reduces the level of FimE protein in the cell and allows
for FimB-mediated switching to phase on (Sohanpal ef al., 2001; Joyce and Dorman, 2002;
Hinde et al., 2005). Another method of ensuring population heterogeneity involves fimsS in
the on orientation. It has been reported that cells undergo phase variation independently of
JfimS orientation or Pp,4 activity resulting in 10% of phase on cells remaining afimbriate
(McClain et al., 1993).

The phase-on nucleoprotein trap formed by IHF and LRP at fimS in response to DNA
relaxation may also play an essential role in ensuring successful niche colonization by
multiple generations of bacterial cells. Bacteria expressing a favourable combination of
surface appendages will have a growth advantage. It may therefore be important for
daughter cells to maintain the arrangement of surface appendages that allow for successful
colonisation of the niche. In steady state growth, the levels of DNA supercoiling and

nucleoid associated proteins are heritable traits and thus once the DNA is replicated, the
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nucleoprotein trap at fimS will mimic that of the mother cell. This form of heritable

memory is a key component of successful colonization (Casadesus and D'ari, 2002).

The data presented here cast new light on the issue of programmed versus stochastic phase
variation of type 1 fimbriae in E. coli. Similar to Int-mediated recombination of phage
lambda, FimB-mediated inversion of fimS is strongly influenced by changing growth
conditions. This and previous studies have shown that the FimB site-specific recombinase
acquires an orientational bias when DNA gyrase activity is impaired and DNA becomes
relaxed (Dove and Dorman, 1994; Kelly et al., 2006; Corcoran and Dorman, 2009; Miiller
et al., 2009). The maintenance of negatively supercoiled DNA depends on the activity of
DNA gyrase that is in turn dependent on the phosphorylation potential of the cell (van
Workum et al., 1996). Metabolically active bacteria typically adopt a motile or planktonic
lifestyle and become sedentary when resources can no longer support this lifestyle.
Attachment to and colonization of a surface represents a distinct lifestyle and the transition
from motility to non-motility and attachment is known to involve complex signalling
cascades and gene regulatory circuits (Miiller ef al., 2009; Pesavento and Hengge, 2009).

DNA relaxation is a feature of the stationary phase of growth that correlates with a
reduction in the negative supercoiling activity of DNA gyrase (Bordes et al., 2003) and is
an important factor in controlling the expression of many virulence genes (Appendix 2;
Dorman and Corcoran, 2009). It is possible that the fim switch becomes biased towards the
on phase when bacteria approach a state of low metabolic flux since this will promote type
1 fimbrial expression and assist attachment and colonization. The involvement of the LRP
and [HF proteins in the establishment of a phase on bias is also consistent with a need for
physiological sensitivity on the part of fim gene expression (Fig. 3.11). IHF protein levels
peak at the transition from exponential growth to stationary phase (Ditto et al, 1994)
making this protein an attractive growth stage reporter. LRP has been established as a
regulator of genes involved in the response to nutrient stress (Brinkman et al, 2003;
Yokoyama et al., 2006) and LRP levels increase as bacteria approach stationary phase

(Landgraf et al., 1996).

The variation in the supply or the activities of DNA gyrase and the NAPs described in this
study offers the bacterium an excellent mechanism for fine-tuning the phase-variable

expression of the fim structural genes to its physiological circumstances.
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Chapter 4.

Development and characterization of a novel gfp gene.



4.1 Introduction.

Since the discovery and isolation of the green fluorescent protein (GFP) from the jellyfish
Aequorea victoria over a decade ago there has been a rapid rise in the use of fluorescent
proteins as fundamental research tools (Shaner et al, 2007; Rizzo et al., 2009).
Transcriptional fusions to gfp facilitate high-throughput in vivo monitoring of gene
expression at a single cell level and have been used in landmark studies including the
identification of genes involved in virulence of Salmonella (Valdivia and Falkow, 1997)
and metabolism in E. coli (Zaslaver et al., 2000). gfp is widely used as a transcriptional
reporter gene since it requires no substrate other than oxygen to convert blue light to green
and promoter activity is easily monitored by changes in fluorescent signal from GFP (Heim
etal., 1994).

GFP variants optimized for use in flow assisted cell sorters (FACs) were developed by
random mutation of a portion of gfp encoding the 20 amino acids that flank the
chromophore (Ser-Tyr-Gly sequence at amino acids 65-67) (Cormack et al., 1996).
Mutants were pooled and screen by FACs for increased fluorescence when excited at 488
nm. The mutations isolated were placed in three groups (GFPmutl, 2 and 3) according to
the nature of the mutations although all three groups contained mutations in 365 along with
at least one other mutation. Each of the 3 classes of mutants had dramatically altered
emission wavelengths that increased the intrinsic fluorescence of the GFPmut molecules
compared to wild-type GFP. GFPmut!l (also known as enhanced GFP; EGFP), which was
the most intrinsically fluorescent mutant, contained the mutations F64L and S65T.
GFPmut2 (S65A, V68L, S72A) and GFPmut3 (S65G, S72A) exhibited approximately half
the intrinsic fluorescence of GFPmutl but were more fluorescent due to more efficient
folding than GFPmutl (Cormack et al., 1996). Another approach used in the development
of GFP used multiple rounds of random “DNA shuffling” followed by visual screening for
increased fluorescence under UV light (Crameri er al., 1996). By not screening using
FACs, Crameri et al. avoided the selection of red-shifted variants and instead isolated
mutants with increased fluorescence due to improved folding at 37°C (GFPuv; F99S,

M153T, V163A).

While these fluorescent proteins (fps) are often used as transcriptional fusions on multi-
copy based plasmids, studies requiring chromosomal based gfp fusions were limited since

only high levels of promoter activity produced enough GFP for detection (Hautefort et al.,
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2003). A gfp gene (gfpt) (Scholz et al., 2000) was developed by combining the beneficial
mutations from gfpmutl and gfpUV, which resulted in significantly increased fluorescence.
This allowed for the monitoring of promoter activity using single copy gfp fusions
(Hautefort et al., 2003).

Measurement of promoter activity from P, is complicated since a change in expression
detected by traditional (lacZ, cat, luxAB) fusions to fimA could be due to a change in P
activity, inversion of fimS, or a combination of both occurring separately in the population.
To overcome this, studies have monitored Pg,,4 expression in phase locked-ON strains
(Dorman and Ni Bhriain, 1992) or have monitored the orientation of fimS while
simultaneously monitoring /acZ activity (Dove and Dorman, 1994). A gfp fusion to fimA
would permit simultaneous measurements of promoter orientation and activity at a single
cell level. Single cell analysis may also reveal new aspects of regulation within populations
that could not be identified using techniques that involve assaying whole populations and

reporting average values (Paulsson, 2004; Newman ef al., 2006).

4.2 Results.

4.2.1 Development of a novel fimA reporter fusion.

A highly-fluorescent variant of gfp, (gfp+) designed for use in single-copy (Scholz et al.,
2000; Hautefort ef al., 2003) was used to create the fimA-gfp fusion. Initially a 4.5 kb
region of fim was amplified from CSH50iifB::Tnl0 (fimS locked-off) using primers
fimE.HindIIl.fw and fimD.hindIIl.rv. This region was then cloned into the HindIII site of
pACYC184 to create pCPC501 ( Fig. 4.1A). A 2-kb region from pZep08 was amplified
(gfpt.pstl.fw and cat.pstl.rv) and cloned into the Pstl site of fim4 on pCPC501, creating
pCPC502. The gfp+.pstl.fw primer introduced an in-frame stop codon (TAA) in fimA
preventing translational fusion of fimA to gfp. The amplified gfp gene included a near-
optimal ribosome binding site from pZep08 that ensures efficient translation. Numerous
attempts were made to clone the fimS region in the phase on orientation but these were
unsuccessful. It was previously reported that multi-copy plasmids containing fimS in the
ON orientation are toxic and cannot be transformed (Klemm, 1986; Gunther et al., 2002).
Plasmid based phase on fimS can be obtained through FimB mediated inversion of fimsS,
however to obtain a homogenous plasmid based fimS phase on population, the plasmids

must be maintained in a Aihf background to prevent maximal expression from Ppy.4
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(McClain et al., 1991). pCPC502 was transformed into CSHS0 and fluorescence was
measured after overnight growth. CSH50 pCPC502 contained dual populations of non-
fluorescent and fluorescent bacteria from which the percentage phase off (non-fluorescent)
population and phase on (fluorescent) population could be quantified ( Fig. 4.1C). The
fimA-gfp-cat cassette was amplified from pCPC502 using (fimE.hindIIl.fw and
fimD.hindIIl.rv) and integrated into the chromosome using lamda-red mediated
homologous recombination (pKobega). Lower levels of fluorescence were detected when
the fimA-gfp fusion was chomosomally located compared with the plasmid based fusion
due a reduction in copy number upon insertion into the chromosome. The chromosomal
fusion did however produce detectably fluorescent bacteria (Fig. 4.2A) that, when
concentrated by centrifugation, exhibited green fluorescence visible to the naked eye (data

not shown).

4.2.2 The fimA-gfp+ fusion has an altered response to DNA supercoiling

The chromosomal fim-gfp reporter strain was then tested under DNA relaxing conditions
which, in V386, creates an inversion bias of fimS to phase ON (Dove and Dorman, 1994).
Results from flow cytometry, PCR based assay and western blot analysis using a GFP
specific antibody showed the reporter fusion to respond in a manner opposite to that which
has been published, switching OFF in response to DNA relaxation (Fig. 4.2). A mutation
in either an IHF or LRP binding site in fimS could have accounted for this bias (Corcoran
and Dorman, 2009). However, DNA sequencing detected no mutations in the fimS region.
To rule out the possibility that other unlinked chromosomal mutations were affecting the
switch bias, the fimA-gfp fusion was transduced into a fresh background, with 3 isolates
tested showing the same reversed response to reduced negative DNA superhelicity (data
not shown).

Previous studies describing the DNA-relaxation-induced phase ON bias were
performed in VL386, a strain that contains a lacZ fusion to fimA (Dove and Dorman, 1994;
Kelly et al., 2006). Considering the sensitivity of the fim switch to local levels of DNA
supercoiling, both fusions were screened using WebSIDD for strong SIDD sites which may
be affecting the distribution of superhelical energy in the region. Although the inserted
DNA was found to have a higher A+T content (57%) than both fimA (48%) and lacZ
(44%), no strong SIDD sites were identified (data not shown).
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Since it remained a formal possibility that a mutation affecting fimS inversion was
present outside the fimS region but close enough to co-transduce at high frequency with the
chloramphenicol resistance marker, the gfp fusion strain was re-made in a fresh background
(CSHS50). The inversion of fimS to DNA relaxation was tested before and after insertion of
the gfp-cat cassette. Wild type CSH50 showed the expected phase on bias, which was then
reversed with the introduction of the gfp-cat cassette in fimA (data not shown). This
suggested that the gfp-cat cassette was itself responsible for the reversal of the DNA-
relaxation-induced phase on bias in fimS. Although the mechanism for this was unknown, it
was shown to be dependent on the H-NS protein (Fig. 4.2D). Strain CSH50AAns, fimA-gfp-
cat (Fig. 4.2D) showed the same novobiocin independent 80% phase on bias seen in VL386
Ahns (Fig. 3.6A) and in other Ahns strains containing various (inactive) promoters
transcribing from fimE into fimS (O' Gara and Dorman, 2000). This supported the role for
H-NS in FimB-mediated phase biasing of fimS (O' Gara and Dorman, 2000; Corcoran and
Dorman, 2009).

FimB-mediated inversion of fimS can be biased towards phase off by transcription from the
fimE gene in a manner that requires the presence of H-NS (O' Gara and Dorman, 2000). For
this reason the possibility that a change in DNA topology caused by transcription from the
cat gene that had been inserted downstream of fimS was investigated. Firstly the orientation
of the cat gene in fimA was reversed, directing transcription towards fimS (Fig.4.3B). The
cat gene in both orientations was then replaced by the kan cassette from pKD4 (Fig. 4.3, C
and D) which was excised using pCP20 (Fig 4.3, E and F) (Datsenko and Wanner, 2000).
This left the fimA-gfp fusion intact but removed all non-native promoters from downstream
of fimS (Fig 4.3, E and F). Although experiments to link transcriptional activity from within
fimA with the altered regulation of fimS inversion proved inconclusive, the data did suggest
that the presence of the gfp gene itself was responsible for the aberrant switching of fimS
(data not shown).

Bioinformatic analysis of the gfp+ gene showed that it was highly A+T-rich (59%) and that
it was likely to contain regions of strong intrinsic DNA curvature; these are the two key

determinants of H-NS binding.
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Fig. 4.2 The switching bias of fimS in response to novobiocin is reversed in CSH50fimA-
gfp-cat. fimS orientation was determined by monitoring the levels of GFP fluorescence by
flow cytometry (A), PCR based switch assay (B) and western blot using a GFP specific
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CSHS50fimA-gfp-cat was also tested by PCR-based assay in the absence of H-NS (D).
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4.2.3 The gfp+ gene is bound in vivo by H-NS

Mapping of H-NS binding in the genomes of E. coli (Oshima et al., 2006) and S.
Typhimurium (Lucchini ez al., 2006; Navarre et al., 2006; Dillon et al., 2010) has shown
that H-NS binds preferentially to horizontally acquired genes of high A+T content relative
to the host genome. It was therefore possible that the original gfp gene from 4. victoria,
which is 61% A+T, would be targeted by H-NS when used in E. coli, which has an average
A+T content of 50%. gfp was also predicted to contain regions of strong intrinsic
curvature, another key feature of H-NS bound DNA (Owen-Hughes et al., 1992; Spurio et
al., 1997; Dame et al., 2001). These key determinants of H-NS binding were not disrupted
by the minor substitutions in the coding sequence of gfp needed to alter the GFP protein
and create improved variants such as GFPmut2 and GFP+ (Fig. 4.4). H-NS binding in
gfp+ could dampen transcription of an associated promoter and could be responsible for the
altered inversion of fimS (Fig. 4.2).

H-NS binding to gfp+ in vivo was tested by chromatin immunoprecipation using an H-NS
specific monoclonal antibody and quantitative PCR (Dillon et al.,, 2010). Chromatin
immunoprecipitation involves crosslinking proteins to DNA in live cells using
formaldehyde, sonication of the DNA into small fragments (100-500-bp), purifying the
DNA-protein complexes and then using a specific antibody to the protein of interest (in this
case H-NS) (see Materials and Methods; section 2.12). This antibody-protein-DNA
complex can then be isolated, the protein removed from the DNA and the DNA quantified
using quantitative PCR. This confirms that a specific piece of DNA has been bound by H-
NS. The fold enrichment of the DNA is an indication of the affinity of the protein of
interest for the DNA.

Five primer sets (ChIP.1-5.fw/.rv) were used to amplify regions of the fimA-gfp+-
cat fusion before and after immunoprecipition with a monoclonal H-NS antibody (see
Materials and Methods; section 2.7.9). A region of DNA located centrally in the gfp+ gene
(probe 2), was strongly enriched for H-NS binding while the other probes covering the gfp+
and cat genes were not (Fig. 4.5). Probe 2, which was more than 12-fold enriched over
input DNA, contained a 38-bp region that was 76% A+T (nucleotides 373 to 411 of gfp+)
making it similar to other well characterized H-NS-bound regions (Chen et al., 2001a;
Chen et al., 2005a; Bouffartigues et al., 2007; Lang et al., 2007a). That only probe 2 was
enriched for H-NS binding suggested that H-NS bound in this region did not promote
nucleation of other H-NS molecules along the DNA but instead, may have formed DNA-
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protein-DNA bridges with a second H-NS binding site. This second site may have
overlapped the phase OFF IRL in fimS (Corcoran and Dorman, 2009) and thus may create a
new topological domain around fimS, altering regulation of the highly topologically
sensitive system (Fig. 4.5B).

4.2.4 Reverse engineering of gfp+

Since the other commonly used gfp derivatives were predicted to be strong targets for H-
NS we designed ab initio a gene sequence with reduced A+T content and intrinsic DNA
curvature compared to gfp+. The genetic code uses 64 nucleotide triplets (codons) to
encode 20 amino acids and stop, so that each amino acid is encoded, on average, by 3
codons (Crick et al., 1961; Brenner et al., 1967). The frequency with which codons are
used by different organisms varies significantly, leading to variation in G+C content
between genomes (Bernardi and Bernardi, 1985; Knight ez al., 2001).

The computer program that was used to alter the codon usage of gfp+ (Gene
Designer) (Villalobos et al., 2006) optimized genes for expression using a codon usage
table in which each codon is given a probability score based on the frequency distribution
of the codons in the desired genome (in this case E. coli) normalized for every amino acid.
For the redesign of the gfp+ gene, we used the EColi_CII table that is derived from a
collection of highly expressed E. coli genes (Villalobos et al., 2006). This approach
avoided the use of rare codons, which are strongly associated with low levels of protein
expression due to ribosome stalling and abortive translation (Kurland and Gallant, 1996).

Gene Designer was used to produce iterative, equally optimized sequences with
reduced A+T content (50% +/- 1%) that were then screened for reduced predicted intrinsic
DNA curvature using the Bend.it algorithm (Fig. 4.6). One sequence, which differed from
gfp+ by 157-base pair (bp) substitutions across the 717-bp gene, had a 50% A+T content
and showed dramatically reduced predicted intrinsic DNA curvature (Fig. 4.7). This gene,
termed gfp' ", was synthesized by DNA2.0 (San Diego, California, USA). gfp'° encoded
a protein that was identical in its amino acid sequence to the product of the gfp+ gene but

was predicted to be a poorer target for H-NS binding.

4.2.5 Invitro analysis of H-NS binding to gfp+ and gfpTcP
Purified H-NS, was used for comparative analysis of H-NS binding affinity to gfp+ and
gfp"P. To determine protein binding affinity accurately, the protein must be present in

excess of the DNA. Therefore, biotinylated probes were used to allow visualization of
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Fig. 4.4 DNA sequence features of the original gfp gene and two widely used derivatives
(gfpmut2 and gfp+) are conducive to H-NS binding. Data shown are A+T content (upper
plot) and predicted intrinsic DNA curvature (lower plot). Each GFP protein has
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picomolar concentrations of DNA while H-NS was used at nanomolar concentrations. This
allowed estimation of the apparent dissociation constant (K,,,), a measurement which
requires the DNA concentration to be negligible compared to that of the protein at the

midpoint (i.e. at least 10-, and preferably 100-fold, lower) (Carey, 1991).

4.2.6 Temperature affects H-NS binding in vitro
Since H-NS binding to DNA has been shown previously to be affected by
temperature (Badaut et al., 2002; Amit et al., 2003; Bouffartigues et al., 2007), the effect of

temperature on H-NS binding to both gfp+ and gfp' "

was tested by incubation and
electrophoresis of identical reactions at 4°C or 20°C (Fig. 4.8). Temperature was found to
have a major effect on H-NS binding to both probes consistent with previous observations
that H-NS binding co-operativity is increased at lower temperatures (Amit et al., 2003;
Bouffartigues et al., 2007). The association of H-NS with the DNA seemed to be
unaffected by temperature since both probes at both temperatures were completely bound
(no unbound probe visible) at 12.5 nM H-NS (Fig. 4.8). There was however a dramatic
temperature dependent difference in resolution of the bound complexes. While shifting to a
single complex represented high-affinity interactions, smearing of the DNA suggested
shorter, lower affinity interactions where H-NS disassociated from the DNA faster than it
re-associated. The dissociated DNA migrated faster than the strongly bound DNA but did
not catch up with the DNA that had never bound the protein, which led to a smearing
effect. At 4°C, resolution of a single complex occurred at considerably lower H-NS
concentrations (gfp+ 12.5-25nM; g/fp' " 25-50nM) than at 20 °C, which only fully resolved
as a single complex at 400 nM H-NS (Fig. 4.8). A difference in affinity at 4°C between
gfp+ and gfp" " was also evident since the gfp+ probe was almost fully resolved as a single
H-NS bound complex at 12.5 nM while the H-NS-gfp"“® complexes were smeared,
indicating lower affinity binding. Since performing the reactions at lower temperature
allowed more accurate analysis of H-NS affinity for DNA, all subsequent bandshifts were

carried out at 4°C.

4.2.7 H-NS preferentially binds to curved DNA
The regulatory regions flanking the proU promoter are A+T-rich, highly intrinsically
curved (Owen-Hughes et al., 1992) and contain multiple high affinity H-NS binding sites
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(Lucht et al., 1994; Bouffartigues et al., 2007). This DNA was therefore used as a positive
control for H-NS binding (Fig. 4.9). The /acZ reporter gene is a poor target for H-NS as it
is relatively G+C rich and not intrinsically curved (Fig4.9A; Owen-Hughes et al., 1992)
and was used as a negative control for H-NS binding (Fig. 4.9). While the standard method
for determining the intrinsic curvature of DNA used in this study (Bend.It) was
computationally based , intrinsic curvature can also be observed by altered migration of
DNA during gel electrophoresis (Wu and Crothers, 1984). As this aberrant mobility is
removed by ethidium bromide intercalation (Calladine et al., 1991), DNA fragments
containing curved DNA can be recognised by reduced mobility in the absence of ethidium
bromide compared to their mobility in its presence. Fig. 4.9B shows the identically sized
(717-bp) proV and lacZ probes after electrophoresis through a 1% TAE/agarose gel
containing ethidium bromide, conditions which cause DNA fragments to migrate according
to size and not curvature. Fig. 4.9C shows the same probes after migration through a 5%
polyacrylamide gel not containing ethidium bromide, conditions which cause separation of
identically sized DNA fragments by intrinsic curvature. The proV probe (0 nM H-NS),
which migrated identically to /acZ in the presence of ethidium bromide (Fig. 4.9B), had
clearly reduced mobility compared to /acZ (0 nM H-NS) when ethidium bromide was
absent (Fig. 4.9C). The differences in A+T content and intrinsic curvature between proV
and /acZ resulted in a dramatic difference in H-NS binding affinity for the two probes (Fig.
4.9C).

Electrophoretic mobility shift assays (EMSA) were performed to determine the
affinity (K,p,) of H-NS for gfp+ and gfp" " in vitro. Since H-NS binds with low specificity
and affinity and H-NS binding is highly co-operative, in order to assess H-NS binding
affinity accurately for the two gfp genes a narrow range of protein concentrations was
chosen (0.75 dilutions from 25 nM to 1.4 nM). H-NS was found to bind gfp+ strongly with
a Kgp 0f 4.9 £ 0.1 nM (Fig. 4.10A). A further indication of the high affinity of H-NS for
gfpt is the narrow range of protein (4.5-10.55 nM) required for the transition from initial
binding to fully bound probe, resulting in a single high molecular mass complex . This also
illustrates the highly co-operative nature of H-NS binding. H-NS had a lower affinity for
2fp P Fig. 4.10A; Kapp, 7.5 £ 0.5 nM). The lower affinity of H-NS for gfp"P resulted in
smearing of the DNA over a wide range of protein concentrations (7.9-18.75nM) with the

gﬁ)TCD probe only resolving as a single bound complex at 25nM H-NS.

76



(A) (B)
20°C o 20°C o
insom) o 82888 Hnsom o Su3888
f TCD
gfp+ gip -t
+ H-NS> ‘ “\-- + H-NS \ !‘ \“
‘ (Y ik
fi TCDp
gfp+> = o i
(C) (D)
4°C o - 4°C o o
4 (@) 4 (@)
H-NS(nM) c ¥ 8B 2KR ST HNS(M) o888 SRS
f + g gprCD»
+HNS ’ + H-NS (
gfp+> & gfp™®>
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Fig. 4.10 H-NS binds to gfp+ with higher affinity than gprCD in vitro. Electrophoretic
mobility shift assay (EMSA) analysis using purified H-NS and biotinylated gfp+ and gfp""
probes (A). Biotinylated proU and lacZ probes are used as positive and negative controls,
respectively (B). H-NS binding to gfp+ (C) and gfp'® (D) in the presence of equal
amounts of non biotinylated (unlabelled) probes. The concentration of purified H-NS used

is indicated above each lane.



The proU regulatory region was used as a positive control for H-NS binding (Fig.
4.10B). As expected, the proU probe was strongly bound by H-NS (K,,, 6.2 + 0.5 nM). The
proU region contains a number of well characterized H-NS binding sites (Bouffartigues et
al., 2007) and resolved as two separate high affinity complexes (arrowed). The lacZ gene,
which is not bound by H-NS in vivo (Oshima et al., 2006) and poorly bound in vitro
(Owen-Hughes et al., 1992), was used as a negative control for H-NS binding. /lacZ was
poorly bound by H-NS (K, 16.3 +1.8 nM) and the resolution of a single protein-DNA
complex at high H-NS concentrations (25 nM) simply highlights the low specificity of H-
NS, which at saturating concentrations binds independently of sequence to DNA (Tupper et
al., 1994).

TCD

Although the change in K,,, between gfp+ and gfp measured in vitro was

relatively small, coupled with the altered migration of the bound DNA we predicted that

TCD was also

this difference was highly significant in vivo. H-NS affinity for gfp+ and gfp
compared in the same reaction using biotinylated and unlabelled DNA in equal amounts
(50 pM). (Fig. 4.10C). These data showed that when both genes were present, H-NS bound
specifically to gfp+ and only bound gfp'“" when all the gfp+ DNA had been bound (14.1

nM).

4.2.8 Altering H-NS binding using divalent cations

H-NS binding to DNA can either nucleate along the length of the DNA molecule,
thus stiffening the DNA (Amit et al., 2003) or promote inter- or intra-molecular bridging
(Dame et al., 2006). The switching between these modes of binding was shown recently to
involve a role for divalent cations such as Mg”" (Liu et al., 2010). This may be due to the
compaction of DNA by divalent cations (Zinchenko et al., 2004), which could aid H-NS
bridging of opposing segments of DNA. Since all the EMSA assays described so far have
been performed in the absence of divalent cations, the effect of their addition in the form of
MgCl, was tested. The effect of 10 mM MgCl, on binding of H-NS to prol suggested that
the addition of MgCl, lowered the affinity of H-NS for DNA (Fig. 4.11A). On a technical
note, the addition of the MgCl, considerably slowed migration of the DNA in the gel. All 4
probes were then tested in the presence of 10 mM MgCl, and electrophoresed for 4 hr
instead of 1 hr to ensure migration of all H-NS-DNA complexes into the gel. The addition
of MgCl, uniformly reduced H-NS affinity for DNA and thus under these conditions, gfp+
is still bound by H-NS with higher affinity than gfp'"° (Fig. 4.11B). The reduction in



affinity for H-NS may be due to the presence of negatively charged chloride ions in
solution masking the basic charges of H-NS and reducing the attractive force between the
H-NS and the negatively charged DNA. More interestingly, the addition of MgCl,
promoted the formation of new high affinity complexes (indicated by the white arrows in
g+, gfp' P and lacZ images; Fig. 4.11B). The newly resolved complexes that have
increased mobility compared to H-NS-DNA complexes resolved in the absence of MgCl,,
may represent bridged DNA molecules. DNA is present in pM quantities making it likely
that both DNA-binding domains of an H-NS dimer will bind intra-molecularly as opposed
to binding multiple DNA molecules and forming inter-molecular bridges (Wiggins et al.,
2009) . This internally bridged DNA molecule may represent the lower H-NS bound
complexes Fig. 4.11B). The upper resolved complex which is formed at very high H-NS
concentrations and migrates at a similar rate to H-NS-DNA complexes resolved in the
absence of MgCl,, probably represents saturation of the DNA molecules with H-NS.
Saturation of DNA with H-NS disrupts the formation of DNA-H-NS-DNA bridges
(bridged complex) and instead results in nucleation along the full length of the DNA
(stiffened complex) (Tupper et al., 1994). This would also explain the subtle shifting of
fully resolved H-NS-DNA complexes in the absence of MgCl, whereby a dramatic shift
occurs in the initial binding of H-NS to the DNA but increasing the amount of H-NS, and
thus coating the complete DNA molecule, has only a minor effect on the migration of the
DNA. The high affinity H-NS-DNA complex that was initially resolved is a stiffened DNA
molecule and did not contain any looping due to DNA bridging. The transition from looped
DNA to stiffened DNA results in a larger change in DNA shape which is reflected in the
dramatically altered migration of the saturated H-NS-DNA complex (Fig. 4.12).

That a large number of the H-NS bound DNA molecules are not resolved at all
indicates that DNA structures incapable of entering the polyacrylamide matrix are forming.
This is most clearly visible for proV. As H-NS concentration increases, two distinct
complexes are formed (Fig. 4.11B). The detected signal from these complexes is +17%
relative to signal from the 0 nM DNA probe. This indicates that most of the DNA in the
reaction has entered the gel (a positive value is reasonable considering the 0 nM DNA band
is saturated). As the amount of H-NS in the reaction increases, first the lower ‘bridged’
complex and lastly the higher ‘stiffened’ complex disappear. At 100 nM H-NS <40% of the
DNA resolved at 25 nM H-NS is detected (analysed by densitometry). This formation of

higher molecular weight complexes incapable of entering the gel matrix is dependent on
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MgCl, since in Fig. 4.12B gfp+ and gfp' " probes incubated with 400 nM were clearly
resolved.

The resolution of multiple proV-H-NS complexes in the absence of MgCl, could be due to
the sequential filling of multiple binding sites. It could however also indicate that H-NS can
form DNA-bridges within prol in the absence of MgCl,, although MgCl, does still

promote formation of the bridged complex.

4.2.9 gfp+, but not gfpTCP, represses transcription in vivo.

Since H-NS binding is often associated with transcriptional repression, the effect of H-NS
binding in gfp+ on transcription from proU was tested. In E. coli, the products of the proU
operon mediate the cytoplasmic accumulation of compatible solutes following osmotic
upshock, an environmental stress that activates transcription from the proU promoter
(Gowrishankar, 1985). Transcriptional repression of the proU operon in low osmolarity
conditions involves binding by H-NS to the A+T-rich, highly curved DNA located in the
upstream and downstream regulatory elements (URE and DRE, respectively) that flank the
proU promoter (Owen-Hughes et al., 1992; Lucht et al., 1994; Bouffartigues et al., 2007).
H-NS bound at the DRE represses transcription by preventing open-complex formation
(Ueguchi and Mizuno, 1993). This repressive complex is disrupted by increasing the
osmolarity of the medium. While H-NS binding in the DRE is essential for osmoregulation
of proUs, it has previously been shown that the native DRE can be functionally replaced by
an unrelated piece of DNA that is bound by H-NS (Owen-Hughes et al., 1992). It was also
shown that the /acZ gene cannot functionally replace the DRE and thus its presence in
place of the DRE leads to derepression of proU in low osmolarity conditions (100 mM
NaCl) (Owen-Hughes et al., 1992). Therefore we tested the ability of gfp+, gfp" P, or lacZ
to functionally replace the DRE by insertion of each gene within the DRE at +98-bp
downstream from the transcriptional start site (Fig. 4.13). Expression of the proU-

TP(+98), indicating that

gfp+(+98) fusion was repressed relative to expression of proU-gfp
gfp+, but not gfp'“P, functionally replaced the DRE as a binding site for H-NS and thus
repressed proU expression. As previously described, the proU-lacZ(+98) fusion was not
repressed at low NaCl concentrations (Owen-Hughes et al., 1992). Reporter fusions that

did not disrupt the DRE were generated by insertion of each of the three reporter genes

CD

(gfp+, gfp" ™" or lacZ) at +936-bp downstream from the transcriptional start site (Fig.
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4.13A). As predicted, expression of all three proU(+936) fusions was repressed by H-NS
binding to the DRE at NaCl concentrations below 200 mM however, the proU-gfp+
construct required more NaCl to antagonize the H-NS mediated repression of proU
(compare proU-gfp+ with proU-gfp"" at 100-200mM NaCl in Fig. 4.13A). This suggests
that the presence of a second A+T-rich curved piece of DNA (gfp+) downstream of the

DRE acts to reinforce the repression of proU.

To confirm that H-NS binding to gfp+ accounted for repression of proU-gfp+(+98)
in vivo, the expression of all proU fusions was tested in a Ahns background. Cells were
cultured in the repressive conditions of 100 mM NaCl, and the data expressed as a
percentage of maximal derepressed expression to facilitate comparisons between GFP
fluorescence and [3-galactosidase activity (Fig. 4.13B). For all three fusions, proU
expression was elevated in the absence of H-NS. This revealed that even in the absence of
the DRE, H-NS continued to bind the URE and repress the proU-gfp' “°(+98) and proU-
lacZ(+98) fusions. These data allowed an assessment of the relative effects of replacing
only the DRE compared to elimination of H-NS protein from the cell (Fig. 4.13C). As

TCD

shown in Fig. 4.13A, replacing the DRE with gfp resulted in an 8-fold increase in

expression relative to expression from the proU-gfp"“°

(+936) fusion. A similar comparison
between proU-gfp+ at position +98 and +936 showed that gfp+ inserted in the DRE
maintained full repression. Consequently, eliminating H-NS genetically resulted in a 7.3 to
9.4-fold increase in expression from the gfp+ fusions while the expression of proU-
gfp"P(+98) improved only 2.2-fold upon removal of H-NS (Fig. 4.13C). This also
confirmed that H-NS-mediated repression of proU occurs primarily through binding to the

DRE.

Even in the absence of H-NS, proU-gfp'“°(+98) produced 3-fold higher levels of
GFP than proU-gfp+(+98). gfp'“® is codon optimized for translation in E. coli, and these

data suggest that gfp'°

is translated 3-fold more efficiently than gfp+ (Corcoran et al.,
2010). g/prCD mitigates the H-NS associated repression by gfp+ and is optimally translated
in E. coli, providing an ideal template for the directed evolution of novel gfp variants.

The increased fluorescence of proU-gfp' <>

(+98) compared to proU-gfp+(+98) was
analysed by fluorescence microscopy, confirming that GFP'P is present at higher levels

than GFP+ under high-osmolarity conditions (Fig. 4.14).
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Fig. 4.12 Model for the effect of MgCl, on H-NS binding in vitro. (A) In the absence of

MgCl,, H-NS (red balls) binds to DNA (grey line) according to the stiffening model (filled
arrowheads). An increase in H-NS binding to H-NS-stiffened DNA results in minor
changes to DNA topology; reflected in the minor change in electrophoretic migration of the
DNA. (B) MgCl, promotes H-NS-mediated DNA bridging (open arrow head). An increase
in H-NS binding causes disruption of the DNA-H-NS-DNA bridge and formation of a H-
NS-stiffened DNA molecule (filled arrowhead). This results in a large change in DNA
topology which is reflected in a large change in electrophoretic mobility. The direction of

electrophoresis is indicated by a blue arrow.
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Fig. 4.13 gfp+, but not gfp'“°, has repressive effects on transcription.(A) The effect of
increasing NaCl concentrations on the expression of reporter gene fusions inserted at +98
and +936 base pairs from the proU transcriptional start site. Mean values and ranges are
plotted. Diagrams not to scale. (B) The effect of removing H-NS on fusion gene
expression in 100 mM NaCl. Mean values and ranges are plotted. (C) Fold-increases in

fusion gene expression caused by changes in H-NS occupancy.



(A) GFP+ DAPI

(B) GFPTCP DAPI

Fig. 4.14 Analysis of gfp+ and gfp'"" containing strains using fluorescent microscopy.
Strains containing either gfp+ or gfp' > inserted at +98 base pairs from the transcriptional
start site of proU were grown overnight in the presence of 300mM NaCl. Samples were
fixed and imaged under identical conditions (see Materials and Methods; section 2.11).
Since the GFP+ and GFP'“ proteins are identical, the variation in fluorescence intensity
between GFP+ and GFP" must be due to increased levels of GFP'P. Nucleoid staining

using DAPI was performed as an control.



4.2.10 Mutation of the gfp chromophore
To highlight the utility of pCoC1 (gfp'“P-kan, cloned in pUC derivative pJ204) in creating

new fluorescent proteins a Y66H mutation was incorporated into the gfp' "

chromophore
by site directed mutagenesis using primers gfpTCD.Y66H.fw/.rv. Two point mutations
were introduced to convert a tyrosine residue to a histidine at amino acid 66, which is
within the GFP chromophore. This mutation lowered the emission maxima from 508 nm to
448 nm thus producing a blue light (Fig. 4.15A) (Heim et al., 1994). As expected, the

minor mutations required to dramatically alter the characteristics of the protein had no

effect on the predicted intrinsic curvature or A+T content of the DNA (Fig. 4.15B).

4.2.11 Fluorescent proteins from other species are A+T-rich.

The red fluorescent protein FP583 (commercially known as DsRed) is a recently cloned 28-
kDa fluorescent protein isolated from the coral of the Discoma genus (Matz et al., 1999).
DsRed has an emission maximum of 583 nm, which can be further extended to 602 nm by
mutation of Lys-83 to Met (Matz et al., 1999; Baird et al., 2000). This emission spectrum
makes it ideal as a fluorescent partner for GFP, as fluorescence of both proteins can be
individually measured in a single cell (Ayoob et al., 2001; Maksimow et al., 2002; Hakkila
et al., 2003). Similar to the early studies of GFP, a number of the limitations of this protein
were addressed through random mutagenesis of the coding sequence and screening for
improved variants (Baird et al., 2000; Campbell et al., 2002; Verkhusha and Sorkin, 2005).
Initially the major issues with DsRed included the long maturation time before a red signal
is detected and that it forms tetramers, both undesirable characteristics for a transcriptional
or translational fusion.

While providing a potential alternative to gfp+, dsred contains the same intrinsic features
make gfp+ a target for H-NS binding; the dsred gene is 55% A+T and is predicted to
contain strong intrinsic curvature (Fig. 4.16). The same method of optimization that was
applied to gfp+ was used to alter the dsred gene in silico. The selected optimized gene,
dsred" P, differs from dsred by 155 nucleotide substitutions across the 678 bp gene has
reduced A+T content (49%) and reduced predicted DNA curvature (Fig. 4.16). While
dsred P

gfp" P and is therefore a poor target for H-NS (Fig. 4.17).

was not synthesized or tested in vivo, it contains similar intrinsic characteristics to
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4.3 Discussion

In many bacteria, including E. coli, H-NS selectively targets horizontally acquired genes of
high A+T content preventing transcription of the potentially deleterious foreign DNA
(Dorman, 2007). It was shown in this study that the gene encoding the green fluorescent
protein (gfp), and many of its derivatives, contains the key motifs required for H-NS
silencing of horizontally acquired DNA. It was shown that H-NS binds strongly to a
modern variant of the green fluorescent protein gene (gfp+) both in vivo and in vitro. The
introduction of A+T-rich plasmid DNA can titrate H-NS away from native chromosomal
locations leading to a mild Ahns phenotype with pleiotropic effects including reduced
virulence and motility (Doyle et al., 2007; Dillon et al., 2010). Titration of H-NS may
therefore explain a recent report of reduced invasiveness of Salmonella due solely to the
presence of a promoter-less gfp+ gene on a multi-copy plasmid (Clark et al., 2009).

We have shown that H-NS binding in gfp+ can repress transcription from a
proximal promoter and may also be responsible for altered regulation of fimS inversion in
response to DNA relaxation in a fimA-gfp+ fusion strain. This could have wide-spread
implications for researchers utilizing gfp as the sole reporter of transcriptional activity.
Over the years, many bacterial studies have relied solely on plasmid-based gfp fusions, and
some of these studies may have experienced unrecognized local and global effects due to
H-NS repression and H-NS titration, respectively.

The gfp gene has been used in conjunction with plasmid based high-throughput
genetic screens in many landmark studies including the identification of promoters
involved in the intracellular survival of Salmonella enterica serovar Typhimurium
(Valdivia and Falkow, 1997) and the adaptation of the metabolism of E. coli to different
carbon sources (Zaslaver et al., 2006). Bacterial systems, particularly those based on E.
coli, are commonly used to study the fundamental processes common to all forms of life. A
recent example involving E. coli used a plasmid based gfp as a reporter to study the coding-
sequence determinants of gene expression (Kudla et al., 2009). Kudia et al., created 154
variants of gfp that encoded an identical GFP protein but differed dramatically in coding
sequence. They deduced that 5' mRNA structure was the key codon sequence determinant
of gene expression, accounting for 59% of variation in fluorescence when under the control
of a bacterial promoter (Kudla et al., 2009). They also showed that the addition of a 28-
codon leader sequence that had low mRNA secondary structure increased the expression of

all constructs to a uniformly high level of expression. The variation in coding sequence
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Fig. 4.15 Mutation of gfp'“® to create a blue shifted variant (b/p"P). (A) Visual

comparison of fluorescent proteins GFP+, GFP™® and BFP'P? (GFP'P containing a

Y66H mutation). All three genes are under the control of the prp promoter (Lee and

Keasling, 2005). Strains were grown overnight in the presence of 25 ug/ml proprionate.

Fluorescence was visualized using a handheld UV lamp (UVGL-58, UVP, Cambridge, UK)

at 365nm excitation. Images were captured using a digital camera (Canon, SD1100IS). (B)

Comparison of gfp'" and bfp"“° A+T content and predicted intrinsic DNA curvature.
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resulted in dramatic changes in both A+T content and intrinsic curvature. While 5' mRNA
structure accounts for variation in expression from a strong, actively transcribing promoter,
H-NS binding could affect gene expression when lower amounts of inducer are present or
the leakiness (expression in the absence of inducer) of the promoter. In this study, 80 of the
Kudla et al. gfp constructs were screened for A+T content and predicted intrinsic curvature
in an attempt find a correlation between expression of the gfp variants that were strong
targets for H-NS and variants that were weak targets for H-NS (Fig. 4.18). A+T content and
predicted intrinsic curvature varied widely among the gfp constructs including some with
an average A+T content >60% containing multiple highly curved regions similar to the
wild type gfp (e.g. construct 3, Fig. 4.18). Consistent with an effect of H-NS repression
construct 3 construct was less fluorescent than genes of lower A+T content and intrinsic
curvature (constructs 2 and 12, Fig. 4.18). Conversely, multiple examples of low A+T
constructs were shown to be poorly fluorescent (e.g. construct 14, Fig. 4.18) compared with
construct 3 making deciphering a role for H-NS in this system by in silico methods alone
difficult. While no consistent correlation was observed between fluorescence of ideal H-NS
targets and fluorescence of poor H-NS targets, H-NS binding within coding sequences can
repress transcription (Nagarajavel et al., 2007) and thus should be considered when
studying the coding-sequence determinants of gene expression.

We have designed a new gfp that encodes an identical protein to GFP+ but is designed to
resemble an E. coli gene and thus circumvent H-NS silencing activity of xenogenic DNA

TCD, is bound with lower

(Appendices 3 and 4; Corcoran et al., 2010). This new gfp, gfp
affinity by H-NS (Fig. 4.10) and does not repress local transcription (Fig. 4.13).

High levels of GFP, usually associated with expression from a multi-copy plasmid, have
previously been shown to be toxic to the host cell, leading to dramatic plasmid loss or
mutation in order to reduce the amount of GFP being produced (Hautefort et al., 2003). It is
possible that a part of this toxicity is due to the sub-optimal codon usage of gfp+ leading to
reduced translation efficiency. This would cause an increased burden on the translational
machinery (including the ribosomal components), preventing efficient translation of
essential host genes and thus, create toxic effects on the host (Andersson and Kurland,

1990; Kudla et al., 2009). gfp' " is optimized for high expression in E. coli and thus may

have reduced toxicity when highly expressed.

Since nucleoid associated proteins with a preference for A+T-rich DNA are found in most

cell types, including archaea and eukaryotes (Dillon and Dorman, 2010), our discovery of
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H-NS binding and repression of gfp may have far-reaching implications for the use of gfp
in all domains of life. For example, in eukaryotes the introduction of an A+T-rich curved
DNA region proximal to a promoter facilitated histone binding and nucleosome formation
and lead to transcription repression (Wolffe and Drew, 1989). Also, the murine btcD (binds
to curved DNA) gene can complement an /ns deletion mutation in E. coli (Timchenko et

al., 1996) highlighting how these basic proteins are conserved in all domains of life.

This raises the possibility that many studies utilizing gfp have exhibited unrecognised
silencing of gfp.

The high A+T content of gfp+ may also target it for post-transcriptional regulation by the
Sm-like global regulator Hfq (Brennan and Link, 2007). Hfq binds to A+U-rich RNA that
is flanked by a stem-loop structure altering translation of mRNA both directly and through
facilitating the action of small non-coding RNAs (Brennan and Link, 2007). Since gfp'
has reduced A+T content compared to other gfp variants, it is expected to be less
susceptible to post-transcriptional regulation by Hfq.

The initial aim of this body of work was to create a fimA-gfp fusion that could be used to
rapidly determine fimA4 promoter activity and fimS orientation. A fimA-gfp' > fusion was
therefore created that will allow direct monitoring of fimS inversion without the added layer
of regulation associated with previous versions of gfp.

This study shows that with its high A+T content and intrinsic curvature, the DNA in the gfp
gene makes it a favourable target for the bacterial transcriptional repressor H-NS.
Previously the /uxAB was shown to be bound strongly by H-NS leading to transcriptional
repression (Owen-Hughes et al., 1992; Forsberg et al., 1994). This subsequently led to its
reduced use in bacterial systems. Here we provide a novel solution to the H-NS-mediated
silencing of a reporter gene. This method can be applied to any DNA from any genetic
background to prevent binding of primordial gene silencing proteins, such as H-NS, as thus
reduce unrecognised regulatory inputs. To illustrate this a red fluorescent protein from a
coral of the Discosoma genus, which was shown in this study to be a favourable target for
H-NS silencing, was successfully reverse-engineered to reduce H-NS affinity (Fig. 4.16).
Using this method ‘H-NS-proofing’ of reporter genes is relatively easy and cost-effective

TCD that is both

and thus should be considered for all reporter genes. The development of gfp
a poor target for H-NS and a more accurate reporter of transcription provides a new tool for

future studies free from artefacts caused by H-NS interference.
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Fig. 4.18. Predicted H-NS binding does not directly correlate with fluorescence levels. The
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variants generated by Kudla ef al., (2009) are shown in (A). The change in percentage A+T
content and change in predicted intrinsic curvature of the constructs detailed in (A) relative
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Chapter S.

General Discussion.



Type 1 fimbriae are typically expressed in nutrient poor environments and facilitate
colonization through attachment when the bacterium can no longer support a motile
lifestyle that demands a high metabolic flux (Miiller ez al.,, 2009). They play a key role in
the colonization of various host tissues by E. coli (Yamamoto et al., 1990; Bloch et al.,
1992) and in biofilm formation on abiotic surfaces such as catheters (Pratt and Kolter,

1998; Schembri and Klemm, 2001a).

At a molecular level, the connection between fimbrial expression and low metabolic flux is
known to involve the general stress response regulator ppGpp, which is induced in poor
growth conditions and acts positively at the Pp,3 promoter to increase fimbriation (Aberg et
al., 2006, 2008). A second feature of bacteria growing in poor growth conditions is the
global reduction in DNA supercoiling levels, which correlates with an increase in
fimbriation (Dove and Dorman, 1994; Kelly et al., 2006; Corcoran and Dorman, 2009;
Miiller et al., 2009).

In bacteria growing in mid-exponential phase at 37°C in LB broth, the FimB protein inverts
the fimS element from the on phase to the off phase and back again at approximately equal
rates (McClain et al., 1991). However, when novobiocin was used to inhibit DNA gyrase
activity, causing DNA to become more relaxed, the FimB-catalyzed fimS inversion reaction
adopts a pronounced bias in favour of the ON orientation (Dove and Dorman, 1994; Kelly
et al., 2006; Corcoran and Dorman, 2009; Miiller er al., 2009). Previously, LRP was
identified as playing a role in determining the directionality in this reaction (Kelly ef al.,
2006). Specifically, the LRP protein is required to maintain the fimS element in the ON
orientation and it does this by binding to the LRP-1 and LRP-2 sites within fimS (Fig. 1.7).

In the present study (Corcoran and Dorman, 2009), the IHF protein bound to the IHF-1 site
was identified as a second recombination directionality factor (RDF) that is required to
maintain fimS in the on orientation when gyrase activity is inhibited (Fig 3.3B). The
location of the IHF binding site in the non-inverting chromosomal DNA immediately
adjacent to IRL explains the differential interaction of IHF with LRP bound to sites LRP-1
and LRP-2 within fimS because all three sites are only juxtaposed when the switch is in the
on orientation (Fig. 1.5). This work supports a model whereby the DNA bending activity
of IHF and the DNA wrapping activity of LRP in combination with the relaxed nature of
the fim DNA that obtains in the absence of adequate levels of DNA gyrase activity creates a
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nucleoprotein complex that prevents DNA inversion by FimB in the off-to-off direction
(Fig. 3.11). This constitutes a phase-on ‘trap’.

DNA relaxation is a feature of the stationary phase of growth that correlates with a
reduction in the negative supercoiling activity of DNA gyrase (Bordes et al.,, 2003) and is
an important factor in controlling the expression of many virulence genes (Dorman and
Corcoran, 2009). It is possible that the fim switch becomes biased towards the on phase
when bacteria approach a state of low metabolic flux since this will promote type 1 fimbrial
expression and assist attachment and colonization. The involvement of the LRP and IHF
proteins in the establishment of a phase-on bias is also consistent with a need for
physiological sensitivity on the part of fim gene expression. I[HF protein levels peak at the
transition from exponential growth to stationary phase (Ditto et al., 1994) making this
protein an attractive growth stage reporter. LRP has been established as a regulator of
genes involved in the response to nutrient stress (Brinkman et al., 2003; Yokoyama et al.,
2006) and LRP levels increase as bacteria approach stationary phase (Landgraf et al.,
1996).

Nucleoid associated proteins and DNA topology combine to bias the outcome of other site-
specific recombination events. For example, IHF binding to a site within phage A plays a
key role in promoting integration into the host chromosome while simultaneously
inhibiting excision from the host chromosome (Bushman et al., 1985; Thompson et al.,
1986). Changes in DNA supercoiling levels also impart directionality to the recombination
reaction since integration, but not excision, is dependent on negative DNA supercoiling

(Crisona et al., 1999).

IHF also directly controls the formation of the Tn/0 transposome in response to DNA
supercoiling (Chalmers et al., 1998); a role that is directly antagonized by H-NS (Singh et
al., 2008), and IHF is important for modulating the responsiveness of Mu transposition to
DNA supercoiling (Surette and Chaconas, 1989; Surette et al., 1989). This study therefore
provides another detailed example of I[HF and DNA supercoiling influencing a site-specific

recombination event that involves DNA inversion rather than integration and excision.

Previous work has suggested a role for the H-NS protein in influencing the FimB-mediated
inversion of fimS (Higgins et al., 1988; Kawula and Orndorff, 1991; Dorman and Ni
Bhriain, 1992; O'Gara and Dorman, 2000). Careful examination of H-NS interactions with
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fimS and its flanking regions showed that H-NS interaction with the switch was contingent
on fimS orientation (section 4.2.7). This study showed that the H-NS binding site in the
fimS region is distributed across three incomplete sites. One of these is in the invertible
fimS element and is adjacent to the Pg,4 promoter. The others are located in the non-
inverting parts of the chromosome immediately outside IRL and IRR. When the switch is
in the off orientation, a complete site capable of binding H-NS in an electrophoretic
mobility shift assay is formed at the IRL end of the switch (Fig. 3.7); when fimS is in the on
orientation, a complete H-NS interaction site is formed only at the IRR end (Fig. 3.8). The
data obtained in this study show that the H-NS-DNA complex involving IRL maintains
fimS in the off orientation and constitutes an ‘off trap’. The absence of H-NS causes a
dramatic increase in the percentage of phase-on cells in a population (Fig. 3.6A), which
supports previous reports of a locked-on phenotype in H-NS deficient strains (Higgins et
al., 1988; Kawula and Orndorff, 1991).The physiological significance of H-NS binding at
IRR when fimS is in the on orientation is unknown, although it may play a role in
modulating the activity of the Pg,4 promoter. The modulation of H-NS binding by DNA

inversion demonstrates a novel mechanism for H-NS interacting with DNA.

By furthering our understanding of fimS regulation, this study may aid the development of
new biological tools. The fim system has recently been used in conjunction with the hin
invertible system to create a heritable system that ‘remembers’ its previous orientation
(Ham et al., 2008). The hin system was the basis for a ‘bacterial computer’ which has been
used to solve complex mathematical problems (Baumgardner et al., 2009). The fim system
has also been utilized to create a tightly-controlled expression vector for the expression of
toxic genes (Ham er al., 2006). The effective use of fimS in biotechnology applications
requires a thorough knowledge of the underlying genetic regulation of the system. This

study has made important contributions to furthering this understanding.

A major finding of this study was that the ubiquitous reporter gene gfp was bound by the
global repressor protein H-NS. H-NS binding in gfp caused a repression of transcription in
vivo and thus previous studies utilizing gfp may be complicated by added H-NS regulation.
Transcriptional fusions to gfp facilitates the high-throughput in vivo monitoring of gene
expression at a single-cell level and have been used in landmark studies including the

identification of genes involved in virulence of Salmonella (Valdivia and Falkow, 1997)
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and metabolism in E. coli (Zaslaver et al., 2006). Transcriptional fusions to gfp are also
used as biological sensors for signals such as water availability (Axtell and Beattie, 2002)
and environmental pollutants (Belkin, 2003). In this study, a highly fluorescent, fast-
folding variant of gfp (gfpt) was reverse-engineered to reduce H-NS binding affinity
without altering the amino acid sequence of the protein (Chapter 4). The reverse
engineering method for reducing H-NS affinity for a region of DNA was developed as part
of this study and was the subject of a patent application (Appendix 3). This novel method
can be applied to any DNA, including other fluorescent proteins (Fig. 4.16). The ‘H-NS-
proofing’ of reporter genes alleviates unforeseen complications associated with H-NS
binding, such as the titration of H-NS from chromosomal genes to gfp on a multi-copy
plasmid (Doyle et al., 2007; Dillon et al., 2010).

One aim of this project was to create a fimA-gfp fusion that would allow monitoring of fimS
orientation and P, activity in single cells. Creation of a fimA transcriptional fusion to the
gfpt+ gene caused an alteration in the DNA relaxation-induced phase-on bias of fimS,
possibly through the interaction of H-NS bound in the gfp+ gene with H-NS bound in fimS
and the subsequent creation of a new topological domain surrounding fimS (Fig. 4.5B).
However, this aspect of this study requires further investigation since attempts to more
accurately define the response of the fimA4-gfp+ fusion (and the multiple variants described
in Fig. 4.3) using the low-level novobiocin treatment failed to mimic the altered response to
DNA relaxation that was seen in the intial experiments. However, a fimA-gfp' <> fusion was
created which conclusively mimicked the wild-type response to DNA relaxation (Appendix
4 and data not shown). While this strain will be of use in future studies, the inherent
stability of GFP may be problematic when using high-throughput methods such as flow
cytometry to determine the strength and orientation of the Pg,4 or when monitoring
switching in a single cell using fluorescent microscopy (Adiciptaningrum et al., 2009). For
example, a cell which switches from phase on to phase off will be visualized as phase on
until GFP is diluted out of the cell by growth. A GFP variant with a shorter half-life

(Andersen et al., 1998) would more accurately reflect changes in the strength and

TCD dTC D
£

orientation of the Pg,4. A second fluorescent protein gene, such as bfp ~~ or dsre
could be incorporated into fimE so that it is transcribed by P4 in the off orientation. This
would provide a robust system for monitoring fimS inversion in a single cell and permit the
rapid simultaneous measurement of promoter orientation and activity at a single-cell level.

Single-cell analysis may also reveal new aspects of regulation within populations that could
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not be identified using techniques that involve assaying whole populations and reporting
average values (Paulsson, 2004; Newman et al., 2006). That 10% of phase-on cells do not
produce fimbriae suggests that production of fimbriae is bistable (McClain et al., 1993).
Random variation is inherent in biological systems. Many systems have evolved to reduce
this variation or noise while in other systems the noise is amplified and results in the
generation of phenotypic diversity termed bistability (Paulsson, 2004). Single-cell studies

may provide insights into this poorly characterized aspect of fimbrial regulation.

This study has made important fundamental and applied contributions to prokaryotic
research both through the novel insights gained in the complex regulation of the fim
invertible element and through the development of a novel gfp gene that is a more accurate
reporter of transcriptional activity than previous gfp variants. By furthering our
understanding of the regulation of an important determinant of bacterial virulence and
increasing the accuracy of a ubiquitous reporter gene, this study will hopefully contribute to
the ultimate aim of developing improved therapeutic or preventive interventions in

infection.
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