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Summary

The VirB protein is a key regulator of virulence gene expression in Shigella flexneri, a 

facultative enteroinvasive pathogen that causes bacillary dysentery. Genetic evidence has 

shown that VirB is required for the activation of transcription of virulence genes located 

on the 230 kb large virulence plasmid and it has been generally assumed that the protein 

acts as a conventional transcriptional activator. However, hitherto no evidence has been 

presented in support of this assumption. Interestingly VirB does not resemble any known 

conventional transcription factor but shares extensive homology with a family of proteins 

involved in plasmid partitioning. Thus the domain structure of VirB and the mechanism 

by which it activates structural gene expression remain poorly characterised. A 

molecular dissection of the VirB was undertaken in this study to attempt to identify the 

functional domains within the protein and to further understanding of the way it activates 

virulence gene expression.

VirB was purified and found to form dimers and higher oligomeric structures both in vivo 

and in vitro, which were essential to the activation of gene expression. The 

oligomerisation activity was distributed over two domains within the protein, a leucine 

zipper-like motif towards the middle of the protein and a carboxyl terminal domain 

predicted to form a three-stranded coiled coil structure. In addition VirB was shown to 

bind specifically to putative target promoter DNA both in vitro and in vivo. D N A  

binding was shown to depend on a helix turn helix motif and a region in the N-terminus 

of the protein. The activation of expression from virulence gene promoters could not be 

reconstructed in an artificial system, suggesting that VirB requires a co-factor. However 

attempts to identify this factor through construction of a DNA library were unsuccessful. 

The identification of this factor remains a goal of future research into the VirB protein.
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Chapter 1

General Introduction
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1.1 Overview

Shigella  f le x n e r i  is a Gram negative facultative intracellular pathogen o f  hum ans and 

primates, and is the causative agent of bacillary dysentery. Shigellosis is a serious global 

health problem , causing around 600,000 deaths annually most of which occur in the 

developing world (Sansonetti, 1999). The disease affects the lower intestinal epithelium 

and the ability of the bacteria to infect the host depends on the regulated expression of 

structural proteins, which mediate invasion and spreading o f  the bacteria in the lower gut. 

The genes required for Shigella  virulence are located on a 230 kb large virulence plasmid 

(LVP). The appropriate regulation of structural gene expression is vital to the survival of 

the pathogen within the host, and thus a complex regulatory cascade, involving both 

plasmid and chromosomal regulatory proteins, has evolved to control the expression of 

these genes in response to a variety of environm ental signals. The VirB protein is 

encoded on the LV P and was identified in 1990 as a key regulator in the virulence gene 

cascade (A dler et al., 1989; W atanabe et al., 1990). VirB is absolutely required for 

virulence gene expression in S. f lexneri, however the way in which the protein mediates 

the induction of transcription at several structural gene promoters remains unclear.

VirB was discovered as a regulator of virulence gene expression in Shigella  through 

transposon mutagenesis o f  the virulence plasmid (Watanabe et al., 1990). Since then it 

has been assum ed  that VirB acts directly  at target p rom oters  as a conventional 

transcriptional activator, however, until now no evidence has been presented in support of 

this hypothesis. Indeed VirB is an unlikely candidate for a transcriptional activator 

protein, possessing no homology to known families of transcriptional regulatory proteins. 

Analysis of the nucleotide sequence of the protein reveals instead extensive homology to 

the ParB family o f  proteins. These proteins are involved in the m aintenance o f  stable
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plasmid copy number, and have no record of involvement in transcriptional activation 

(Rodionov et al., 1999; Hao and Yarmolinsky, 2002). The homology between the two 

proteins is most pronounced toward the N-terminus and includes a putative helix-turn- 

helix (H-T-H) motif between residues 151 and 170 of VirB. HTH motifs are associated 

with DNA binding in a wide variety of proteins (including ParB). In addition to the H-T- 

H motif, VirB possesses a potential coiled coil leucine zipper (LZ) motif between 

residues 193 and 228. This is a motif that is commonly associated with dimerisation in 

eukaryotic proteins such as the GCN4 yeast transcription factor protein (Nilges and 

Brunger, 1993), and less frequently in prokaryotic proteins such as the IS977 transposase 

(Haren et al., 1998). Both HTH and LZ motifs are often found in transcriptional 

regulator proteins (Harrison, 1991).

It is the aim of this study to characterise the functional domains of the VirB protein and 

thus to attempt to elucidate the mechanism by which this unusual protein activates 

structural gene expression in S. flexneri. The introduction aims to provide some 

background to the regulation of virulence gene expression in Shigella, and the role played 

by VirB in the regulatory cascade of that bacterium. Some general characteristics of 

transcriptional regulators are reviewed, with emphasis on prokaryotic examples. In 

addition the current state of understanding of the structure and function of HTH and LZ 

motifs is described in detail. Finally, the homology between ParB and VirB is examined, 

and the structural features of ParB highlighted.

1.2 Shigella flexneri and shigellosis

Shigella flexneri is one of four subgroups of the Shigella species of Gram negative enteric 

pathogens, which are the aetiological agents for bacillary dysentery. The Shigella species 

is considered to be a clonal lineage of Escherichia coli and arose approximately 80
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million years ago (Rolland et al., 1998; Pupo et al., 2000). Although the two bacteria 

share a high degree of homology, Shigella species have diverged to occupy a specialised 

pathogenic niche (Falkow, 1996). All four subgroups are pathogenic, but the 

epidemiology of each is slightly different. S. dysenteriae is most commonly responsible 

for the brisk and deadly epidemics of the disease, S. flexneri and S. sonneii account for 

the endemic forms of the disease while S. boydii is pathogenic but rarely seen in clinical 

cases (Edwards, 1999). S. flexneri is responsible for around 50% of all shigellosis cases, 

mainly in developing countries (Hale, 1988). Transmission occurs via the faecal-oral 

route, and the disease is particularly prevalent in areas with poor hygienic conditions. The 

disease is also highly infectious with fewer than 100 organisms being required to 

establish infection (du Pont et al., 1989). Clinical symptoms of the disease range from 

mild diarrhoea to severe dysentery, in which an acute inflammatory response in the large 

intestine gives rise to ulceration of the bowel and mucoidy, bloody diarrhoea. The 

infection is generally self-limiting in healthy adults, but can cause sepsis, perforation of 

the bowel and severe malnutrition and dehydration in infants, children and immuno

compromised patients. It is estimated that there are approximately 150 million cases of 

dysentery per year, with 600,000 fatalities, almost all of which occur in the developing 

world. With no effective vaccine for the disease and an increase in the appearance of 

antibiotic resistant strains it appears likely that Shigella  will continue to be a serious 

global health problem (Sansonetti, 1999).

1.2.1 Infection process o /Sh igella  flexneri

Shigella flexneri infection is restricted to the rectal and colonic mucosa in humans and 

primates. It is not currently known why Shigellae specifically invade this part of the gut. 

It is suspected that Shigella  may possess a colon specific adhesion system, and the 

observation of a ten-fold reduction in adherence of bacteria lacking the LVP to HeLa
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cells supports this theory (Pal and Hale, 1989). However no such system has been 

identified to date. Another possible explanation is that the profile of environmental 

signals required for the elaboration of Shigella  virulence factors is optimal only in this 

region of the intestine (Dorman et al., 2001). Other hypotheses include the suggestion 

that the colonic and rectal mucosa are unusually susceptible to acute inflammation in the 

presence of invasive Shigellae  and thus more prone to infection (Sansonetti, 1999). At 

present, however, there is no evidence to explain the restriction of Shigella  infection to 

this small region of the intestine.

The process by which Shigella infects the intestinal epithelium leading to the symptoms 

of dysentery can be divided into several distinct steps; (i) entry into the host via M-cells, 

(ii) macrophage apoptosis, (iii) uptake into the epithelial cell, (iv) lysis of the phagocytic 

vacuole, (v) bacterial proliferation, (vi) intra/inter cellular spreading (Fig. 1.1). Unlike 

other enteric bacteria, such as E. coli and Yersinia pseudotuberculosis. Shigella is unable 

to enter epithelia by their apical surfaces and instead utilises the antigen sampling M-cells 

in the gut to gain entry to the basolateral membrane (Fig. 1.1; Wassef et al., 1989). 

Bacteria are passively translocated through the M-cells in a phagosome, and engulfed by 

macrophage located in the basolateral layer below. In contrast to Salm onella , which 

remains and multiplies within the macrophage phagosome. Shigella lyses the phagcytic 

vacuole within minutes of internalisation, and once free in the cytoplasm, induces 

apoptosis of the macrophage (Zychlinsky et al., 1992). The activation of caspase 1 in the 

dying macrophage causes the release of pro-inflammatory IL -ip  cytokines (Zychlinsky et 

al., 1994; Dockrell, 2001). Cytokine release results in the recruitm ent of 

polymorphonuclear (PMN) cells to the site of infection. These cells migrate through the 

epithelium into the lumen of the colon, leading to destabilisation of the integrity of the 

epithelial barrier. This permits more bacteria to gain access to the basolateral membrane 

and leads to the characteristic symptoms of the disease (Perdomo et al., 1994a, b)
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Fig. 1.1 Infection process o/Sh igella  flexneri

Schematic diagram showing the process by which S. flexneri invades colonic epithial 

cells. The process is divided into seven steps: /  M-cell uptake; 2 macrophage uptake and 

escape from phagocytic vesicle; 3 induction of apoptosis in macrophage; 4 basolateral 

invasion of colonic epithelial cells; 5 escape from epithelial cell phagocytic vesicle; 6 

actin-based intercellular spreading; 7 escape from double membraned vesicles. Bacterial 

cells, M-cells, macrophage and colonic epithelial cells are indicated on the diagram 

(Adapted from Porter, 1998).
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Although unable to invade epithelial cells from the lumenal side, Shigella flexneri 

invades colonic epithelial cells from the basolateral side in a manner similar to that of 

other enteric pathogens (Fig. 1.1). Enteric bacteria have evolved several different 

strategies for facilitating penetration of host cells. Y. psuedotuberculosis  and Listeria 

m o n o c y to g e n e s  enter cells by a zipper-like mechanism, in which the bacterium 

establishes contact with the cell surface via an interaction between a single bacterial 

surface ligand and cellular receptors (Isberg, 1991; Mengaud et al., 1996). In contrast, 

Shigella and Salmonella  invade host cells in a manner that involves major cyto-skeletal 

rearrangements at the site of bacterial interaction with the cell membrane (Finlay et al., 

1991; Adam et al., 1995). These rearrangements allow the formation of cellular 

extensions reaching several microns in length to surround the bacterium resulting in 

engulfment in a macropinocytic-like process. Inside the epithelial cell. Shigella rapidly 

lyses the phagocytic vacuole, thereby gaining access to the cytoplasm of the cell, where 

conditions are optimal for growth and multiplication (High et al., 1992; Sansonetti, 

1996).

Although Shigella is a non-motile organism, infecting bacteria spread from cell to cell in 

the intestinal mucosa using actin-based motility. This movement was first observed in 

1968 through microcinematography (Ogawa et al., 1968) when it was observed that 

intracellular Shigellae moved rapidly throughout the cytoplasm of cells. Since then two 

types of motility have been described for these bacteria. The first involves organelle-like 

movement of the bacteria along host actin cables (Vasselon et al., 1991). The second 

appears to be initiated at bacterial cell division and is responsible for the rapid intra/inter 

cellular spreading of the bacteria. The mechanism of the organelle-like motility remains 

elusive, however the mechanism by which the bacteria spread rapidly has been 

characterised. Within two hours of entry into the epithelial cell, bacteria appear to be 

surrounded with host cell filaments. These polarise at one end of the cell and polymerise,
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thereby generating momentum and driving the bacterium forward. This results in the 

formation of an actin-containing tail of several micrometres in length behind the 

bacterium (Bernardini et al., 1989). The motion resulting from the association of the 

bacterium with polymerising actin not only allows it to traverse the cell it has entered, but 

also to penetrate into neighbouring cells spreading infection across the tissue layer.

Although many of the mechanisms by which Shigella infects and interacts with the host 

are understood, little is yet known about the way in which the infectious process ends. 

Recent research has begun to elucidate some of the host factors necessary for the 

clearance of Shigella infection. It appears that the cytokine, interferon gamma, plays an 

essential role in controlling the early stages of infection and susceptibility to the organism 

(Raqib et a i ,  1997; Way et al., 1998; Philpott et al., 2000). In addition two types of 

immune cell have are now known to be necessary for the clearance of Shigella infections, 

polymorphonuclear leucocytes (PMNs) and neutrophils, both of which are immune to 

apoptosis by the bacteria and contain potent bactericidal properties (Weiss et al, 1985; 

Weinrauch et al., 2002). Finally, the pattern recognition receptor, CD 14, appears to play 

a role in resolving Shigella infections by activating signalling pathways in response to 

LPS (Aliprantis et al., 2001; Kohler et al., 2002). Thus, although the mechanism by 

which Shigella infection is resolved is not entirely clear, it is apparent that a well- 

developed immune response is required to clear the bacteria from the host. This explains 

the severity of infections in immuno-compromised and very young patients.

1.3 Genetics o f  virulence in Shigella flexneri

The genes required for Shigella virulence reside on a 230 kb LVP (Fig. 1.2; Sansonetti et 

al., 1983; Maurelli et al., 1985; Sasakawa et al., 1988; Buchrieser et al., 2000). This 

virulence plasmid is sufficient to confer an invasive phenotype onto avirulent strains of
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Fig. 1.2 Large virulence plasmid o f  S. flexneri

Schem atic  representation o f  the large virulence plasm id o f  S. f lexner i ,  show ing  the 

positions of regulatory and structural virulence genes. The position o f  the regulatory 

genes virF  and virB  are shown with hatched boxes. The origin of replication o f  the LVP, 

Rep, is indicated with a filled box. The 37 kb entry region is enlarged to show positions 

of structural virulence genes, the functions of which are indicated below. The promoters 

of the virulence gene operons are also shown with arrows indicating the direction of 

transcription. Virulence genes outside of the entry region are labelled and shown with 

empty boxes.
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Shigella and E. coli (Sansonetti, 1982). It appears that this plasmid was originally 

acquired by the bacteria through horizontal transfer, as it possesses a very high A+T (65- 

75%) content compared with the chromosome of the bacteria. The virulence genes are 

grouped into a 31 kb entry region, comprising two divergently transcribed loci, coding 

for the secreted Ipa invasion proteins and the Mxi-Spa type III or contact dependent 

secretion apparatus (Table 1.1).

The Mxi-Spa Sec-independent type III secretion system has homologous counterparts in 

many other enteric pathogens including Salmonella, where it is located on a 

pathogenicity island and is involved in host-cell entry, and Yersinia, where it is involved 

in the secretion of anti-host factors (Hueck, 1998; Cornells, 2000). The full mechanism 

by which type III secretion systems operate has not yet been fully elucidated, although 

many of the components share homology with constituents of the flagellar assembly 

complex (Magdalena et al., 2002). In Shigella the Mxi-Spa system is encoded by the 

mxiGHlJKLMADCA  and the s p a l5,47,13,32,33,24,9,29,40  genes. It is responsible for 

the secretion of the Ipa proteins, which mediate invasion of the epithelial mucosa 

(Allaoui et al., 1993; Menard et al., 1993; Menard et al., 1996; Schuch and Maurelli, 

2002).

The four Ipa (invasion plasmid antigen) proteins IpaA, B, C and D arc required for host 

cell entry in the infection process of S. flexneri, and are the dominant antigens producing 

a humoral response during Shigella infection (Hale et al., 1985). They exhibit a high 

degree of homology to the Sip proteins of Salmonella (Galan, 1996). The Ipa proteins 

are produced and stored in the cytoplasm of bacteria, before being released through the 

Mxi-Spa secretion system upon contact with host cells (Table 1.1; Menard et al., 1994). 

The rate of secretion is thought to be regulated by a complex formed by IpaB and IpaD 

(Menard et al., 1994). Once outside the bacteria IpaB and IpaC form a complex that
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Table I . l  S. flexneri proteins involved in virulence

Protein Function

IpaA The Ipa proteins are required for host cell invasion. IpaB and

IpaB C form a pore in the host cell membrane, allowing injection

IpaC of the other effectors. IpaC and IpaA interact with host proteins

IpaD to mediate actin rearrangements leading to invasion

IcsB Required for lysis of protrusion of double membrane

IpgA The Ipg proteins are thought to be chaperones of the Ipa

IpgB invasins, e.g. IpgC and IpgE, to prevent damage to the bacterial

IpgC cell . IpgD appears to play an active role in invasion,

IpgD actin rearrangements in the host cell, possible through

IpgE interactions with IpaA

IpgF

Mxi and Spa proteins These proteins form a type III secretion system

IcsA Mediates formation of actin tail and intercellular spreading

SopA (IcsP) Protease required for polar localisation o f  IcsA

VirA Plays an unknown role in intercellular spreading

IpaH proteins Play an unknown role in intracellular survival

Osp proteins Play an unknown role in intracellular survival



inserts into the eukaryotic cell membrane, forming a pore through which other Ipa 

proteins are thought to enter the cytoplasm (Blocker et al., 1999; Page et a l ,  2001). The 

cytoskeletal rearrangements through which the bacteria are taken up by phagocytosis are 

induced by the IpaA and IpaC proteins, which interact with host cell signalling cascades 

and cytoskeletal proteins to induce bacterial uptake (Schuch et al., 1999; Osiecki et al., 

2001). Once internalised the bacterium escapes from the phagocytic vacuole via IpaB 

(High et al., 1992). In addition to vacuolar escape IpaB is responsible for the induction 

of apoptosis in macrophage via interaction with caspase 1 (Hilbi et al., 1998). Several of 

the Ipa proteins interact with chaperones, encoded by the ipg genes, inside the bacterial 

cell. These include the IpaC and IpaB proteins, both of which interact with IpgC, 

possibly to prevent their association and a toxic effect before secretion (Table 1.1; 

Menard et al., 1994; Page et al., 2001). To date only the IpgC protein has been shown to 

be an essential virulence factor in Shigella, and the function of the other ipg encoded 

proteins is unknown (Page et al., 2001).

The ability of S. flexneri to spread from cell to cell via actin polymerisation is an essential 

part of the infection process. This mobility is mediated by the plasmid encoded, outer 

membrane protein, IcsA (Table 1.1; Bernardini et al., 1989). Initially IcsA is distributed 

evenly around the bacterial cell, however the protein is cleaved by the IcsP (also called 

SopA) leading to localisation of IcsA at the pole of the cell (Egile et al., 1997; Shere et 

al., 1997). IcsA then binds N-WASP, a host cytoskeletal protein, which catalyses the 

polymerisation of actin leading to forward momentum and the formation of an actin tail 

(Suzuki and Sasakawa, 2001). The VirA protein is also required for intercellular 

spreading, although the role it plays in this process is not clear.

Recently it has been observed that several additional proteins are secreted into the 

medium in a secretion-deregulated Shigella mutant. These include the Osp proteins;
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O s p C l, O sp B , O s p D l, O spG , and O sp E l; and the IpaH proteins; IpaH , 8, IpaH 7  g, IpaH 4  ,, 

and I p a H B l. T h ese  appear to be p rod u ced  and secre ted  at a later stage  than the Ipa  

in vasin s and probably p lay a d ifferent role in Shige l la  v iru len ce  (B u ch rieser  e t  a l ,  2 0 0 0 ). 

T h e ro le o f  the O sp  and IpaH proteins is not clear, although it is thought that they  p lay a 

role in the survival o f  bacteria in the intracellular en vironm ent (T ab le 1.1). T h e b io lo g ica l 

a ctiv ity  o f  the O sp  proteins is not understood . T he IpaH  fa m ily  o f  proteins are id en tified  

by h o m o lo g o u s  C -term inal d om ain s, w hich  contain  leu c in e  rich repeats (L R R ). T h e Ipa 7  g 

protein  appears to p lay  a role in the esca p e  o f  bacteria from  p h a g o cy tic  v a c u o le s  and the 

Ipay g protein  is lo ca lised  to the eukaryotic n u cleu s p ost-secretion , although the reason for 

this is not y et understood  (Fernandez-Prada e t  al. ,  2000 ; T o y o to m e  e t  al . ,  2 0 0 1 ).

In add ition  to p lasm id  en co d ed  v iru len ce  factors, several ch rom osom al g en es  contribute  

to v iru len ce  in S. f l ex n er i .  T h ese  have been  id en tified  through transposon  m u ta g en esis  

and the con ju g a l transfer o f  ch rom osom al m aterial from  Sh ige l la  to E. c o l i  (H a le  e t  al . ,  

1991; G alan and S an son etti, 1996). M any o f  the proteins id en tified  are in v o lv ed  in the  

regu lation  o f  p la sm id -b o rn e  v iru len ce  g e n e s , such  as the H -N S  (h is to n e -lik e  n u cleo id  

structuring protein) and IHF (integration host factor) proteins (S ec tio n  1.4.2; O kada e t  al. ,  

1991; T o b e  e t  al . ,  1992; Porter and D orm an , 1997b ). In ad d ition  to th ese  regu latory  

g en es  it w a s fou n d  that intact lip o p o ly sa cch a r id e  (L P S ) is  n ecessa ry  for in v a sio n  and  

serum  resista n ce  o f  S. f l e x n e r i  (H o n g  and P ayn e, 1997), and a lso  appears to be required  

for in terce llu la r  sp read in g  through in teraction  w ith  Ic sA  (S a n d lin  e t  al . ,  1 9 96). T h e  

e n z y m e  su p ero x id e  d ism u tase  w as a lso  id en tified  as essen tia l for a v iru len t p h en otyp e . 

T h is is u n su rp risin g  as it form s part o f  a d e fen ce  m ech an ism  that h e lp s p rotect en teric  

b acteria  from  o x id a tiv e  d a m a g e , and m utants are particu larly  s e n s it iv e  to  k illin g  by  

p h a g o cy tes  (Franzon e t  al. ,  1990).
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Thus, most of the genes required for the invasion and spread of infection in the lower 

intestine are located on the LVP in S. flexneri. The expression of these structural proteins 

is likely to represent a heavy m etabolic  load on the bacteria l cell, which could  

com prom ise  survival if expressed in an inappropriate environment. In addition these 

proteins are highly antigenic, and would be likely to promote an immune response in the 

host if expressed constitutively. For this reason, S. f le x n e r i  has evolved a com plex 

regulatory system, which involves both plasmid-encoded, VirF, VirB and M xiE  proteins, 

and chrom osom ally-encoded  proteins, to ensure the expression of structural genes is 

strictly limited to conditions approximating to those found in the lower gut.

1.3.1 Plasm id integration and stability

It has been shown that the virulence plasmids of both entero-invasive E. coli (EIEC) and 

Shigella  can integrate into the bacterial chrom osome resulting in the silencing o f  the 

viru lence genes and m ethionine auxotrophy. The process o f  integration is R ecA  

dependent and site-specific, occurring at the m et  locus in the chrom osom e, and gene 

silencing appears to be due to the effect o f the H-NS protein repressing expression from 

the virB  promoter (Zagaglia et al., 1991; Colonna et a l ,  1995). The virulence plasmid is 

also prone to rearrangements that inactivate regulatory genes virF  and virB, as well as the 

structural genes (Porter and Dorm an, 1997c; Schuch and M aurelli ,  1997). These  

rearrangem ents take a variety of forms and can be mediated by insertions and RecA- 

dependent and RecA-independent recombination events. It appears that the function of 

these events is to stabilise and maintain the plasmid, and they occur at higher frequency 

when the bacteria undergo stress (Porter and Dorman 1997c).

1.4 Regulatory proteins in the S. flexneri virulence gene cascade

1 1



1.4.1 VirF

The VirF protein is a member of the AraC family of transcriptional regulator proteins. 

The AraC family contains over 100 members, most of which are transcriptional 

activators, and can be divided into two subgroups based on the signals to which they 

respond (Gallegos et aL, 1997, Martin and Rosner, 2001). The first group of proteins 

respond to chemical signals and is typified by the AraC protein, the prototype for the 

family. AraC regulates transcription of the ara operon in several enteric Gram-negative 

bacteria in response to arabinose (Schleif, 1996). The protein is present in solution in 

dimeric form and comprises an amino terminal domain to which arabinose binds 

controlling dimerisation of the protein, and a carboxy terminal domain that contains two 

HTH DNA binding motifs (Soisson et a i ,  1997a,b). The resolution of the crystal 

structure of the MarA and Rob, AraC-like proteins, bound to DNA showed different 

arrangements of the HTH motifs, however, both of the motifs were required for DNA 

binding in each protein (Rhee et a i ,  1998; Kwon et a i ,  2000). The two, functionally 

distinct domains within the proteins are connected by a linker region (Eustance and 

Schleif, 1996). The second subgroup of proteins in the AraC family regulates gene 

expression in response to a physical stimulus, usually temperature, although the 

mechanism by which this occurs is currently unclear (Dorman and Porter, 1998). This 

group includes several regulators of virulence gene expression including Rns, a regulator 

of C Sl pili expression in E. coli, PerA, a regulator of esp invasion expression in 

enteropathogenic E. coli (EPEC) and the VirF protein of S. flexneri (Caron et al., 1989; 

Gomez-Duarte and Kaper, 1995; Dorman and Porter, 1998; Porter and Dorman, 2002). 

Indeed VirF shows a particularly close relationship with Rns (36% amino acid 

homology), and Rns can functionally replace VirF in the activation of structural gene 

expression (Porter et al., 1998). In general a high degree of homology is observed 

between the two groups of the AraC family at the carboxy terminal DNA binding
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dom ain, while sequences in the N-terminal effector domains tend to be m ore divergent 

(M unson and Scott, 1999). The VirF protein, like other members of the family, contains 

two HTH D N A  binding motifs within its C-terminal domain, which have been shown to 

be essential for DN A binding. Dominant negative studies have implied a role for protein- 

protein interactions in VirF activity, although difficulties in purifying the protein mean 

there is little biochemical evidence to support this (Porter and Dorman, 2002).

VirF acts as a transcriptional activator at two promoters; icsA, a structural gene required 

for intercellular spreading of bacteria in the host, and virB, a putative transcriptional 

regulator required for expression of all the other the structural virulence genes (Fig. 1.1; 

Adler et 1., 1989). The VirF-dependent activation of transcription from the virB  promoter 

has been extensively studied and is described in Section 1.5.2 (Tobe et al., 1993;).

1.4.2 VirB

The VirB protein is the central regulator in the gene cascade leading to the activation of 

virulence gene expression and infection in S.flexneri.  VirB was discovered in S. sonneii, 

where it was nam ed InvE, through transposon mutagenesis o f  the LV P (Adler et al., 

1989; W atanabe et al., 1990). The VirF protein activates the expression of virB, and in 

turn VirB is essential for the expression of the ipa, m x i  and s p a  operons, encoding 

structural genes required for virulence in S. f lexneri  (Fig. 1.1; Adler et al., 1989). Small 

and basic, VirB migrates as a 35.4 kDa band on SDS PAGE. It has generally  been 

assumed that VirB acts as a conventional transcriptional activator, however analysis of 

the amino acid sequence of the protein shows that it shares no hom ology to any known 

family of transcriptional regulators (W atanabe et al., 1990; Dorm an and Porter, 1998; 

Porter, 1998). In contrast VirB shows a degree o f  hom ology to the ParB and SopB 

proteins, which are involved in plasmid partition and the m aintenance of stable copy
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num ber for the PI and F large plasmids respectively (Abeles et al., 1985; W atanabe et  

a l ,  1990; R adnedge  et al., 1996; Porter, 1998). These proteins bind to D N A  in a 

nucleoprotein complex (Section 1.8; Funnell, 1991) but to date there is no evidence for 

the involvement of a ParB-like protein in transcriptional activation, and the extent of the 

functional homology between the two proteins is not clear.

In addition to homology to ParB and SopB, the VirB protein contains two putative 

functional motifs, which offer potential insight into the activity of the protein within the 

bacterial cell. Toward the middle of the protein, between residues 148 and 171, VirB 

contains a putative HTH D N A binding motif (Section 1.7; Brennan and Matthews, 1989), 

and dow nstream  o f  this, between residues 193 and 228, a putative coiled  coil LZ 

dimerisation motif (Fig. 1.8; Section 1.8; Landshulz et al., 1988). Both D N A  binding and 

d im erisation are com m on features of conventional transcriptional activators (M uller 

2001), however the functionality of these motifs and the role they play in the activation of 

structural gene expression by VirB remains uncharacterised. The sequences of the four 

V irB-dependent promoters, icsB,  ipgD,  spa  and virA  are very d issim ilar and do not 

appear to contain possible consensus protein binding sites. Recent work has shown that 

H-NS binds directly to these promoters, acting as a repressor (C. Beloin m anuscrip t 

subm itted), suggesting  the possibility  that regulation at these p rom oters  is m ore  

com plica ted  than was originally imagined. Interestingly, attempts to reconstruct the 

activation o f  expression from structural gene promoters in an LV P' background, with 

VirB supplied in trans  from a multicopy plasmid have failed, indicating the possibility 

that o ther unidentified factors are required for the induction of transcription from these 

promoters (Porter, 1998). Thus the way in which VirB activates expression from several 

p rom oters  and w hether this activation is direct or occurs through an in term ediate  

regulator is currently unclear.
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1.4.3 MxiE

M xiE is the most recently identified regulator of virulence gene expression in S. flexneri. 

Like VirF, M xiE belongs to the AraC family of transcriptional activators, but the role of 

the protein in the regulation of expression of virulence genes is not clear. The m xiE  gene 

is transcribed as part of the m xi operon, and depends on VirB for expression. Deletion of 

m xiE  does not affect the expression o f  the type III secretion system and secretion of 

invasins in vitro, and bacteria are capable of invading epithelial cells. However, m x iE  

mutants are completely avirulent in an animal model (Kane et al., 2002). It has recently 

been shown that M xiE is required for the induction of gene expression in an intracellular 

environment, i.e. inside host cells. Genes regulated by M xiE include the osp  and ipaH  

genes, and virA  (Fig. 1.1). These genes are thought to contribute to the ability of bacteria 

to survive in the intracellular environm ent and are therefore necessary to facilitate the 

survival of Shigella  during infection (Kane et al., 2002). M xiE appears to mediate the 

expression of these genes in response to an unknown intracellular cue upon entry to the 

eukaryotic cytosol. The IpgC chaperone seems to play a role in the regulation of ipaH  

and virA  genes and may act as a co-factor with MxiE to mediate their expression (Mavris 

et al., 2002).

1.4.4 Chromosomal proteins involved in the regulation o f virulence gene expression 

in S. flexneri

In addition to the regulators encoded by the virulence plasmid, the virulence genes are 

controlled at the level of transcription by pleiotropic factors encoded by genes located on 

the chromosome. One of the most important of these is the H-NS protein. H-NS is a 

15.6 kD a protein, which binds preferentially to curved D N A  and exerts w idespread 

effects on gene expression in many Gram negative bacteria, including Shigella  (Atlung
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and Ingmar, 1997; Berlin et al., 1999; Dorman et al., 1999). Early work identified the 

virR  locus on the chrom osome of Shigella, encoding a repressor of virulence (Maurelli 

and Sansonetti, 1988). This was later shown to be allelic to the global gene regulator, hns 

(Dorm an et al., 1990; Hrom ockyj et a i ,  1992). H-NS plays a role in the negative 

regulation o f  many of the promoters in the virulence gene regulon, m aking an input at 

every level in the transcriptional cascade (Fig. 1.1; Section 1.5.1, 1.5.2; Dorm an et al., 

2001). H -N S is involved prim arily  in the therm oregulation  and osm oregula tion  of 

virulence gene expression at all of  these promoters. The temperature and salt sensitivity 

o f  H-N S repression  is due to therm ally  or osm otically  induced changes in D N A  

supercoiling (Dorman et al., 1990), which lead to changes in the binding o f  either H-NS 

or its antagonist activator VirF, with which it competes for a binding site at the v irB  

promoter, and thus the relief of repression (Tobe et al., 1995; Falconi et al., 1998; Porter 

and Dorman, 1994).

The IHF protein, another pleiotropic regulator of gene expression, also plays a role in the 

regulation of gene expression in S. f lexneri  and mutants are comprom ised in their ability 

to express structural virulence genes, particularly on entry into stationary phase. IHF is a 

heterodimeric protein, which binds to DNA in a sequence specific m anner to introduce a 

180° bend (Rice et al., 1996). A functionally diverse protein, IHF serves as both an 

architectural e lem ent, involved in recombination and replication, and a conventional 

regulator o f  transcription (Freundlich et al., 1992). In S. f lexner i ,  IH F  acts as a 

transcriptional activator at the virF  promoter at all stages of the growth phase, in contrast, 

virB  and icsB  are stimulated only in stationary phase (Porter and Dorman, 1997a, Porter, 

1998). As both of these genes are activated by the VirF protein, it is thought that IHF 

acts to constra in  negative supercoils  at the prom oter  leading to m ore  favourab le  

interactions of VirF with RN A  polym erase (Tobe et al., 1995; Porter and D orm an, 

1997a).
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The FIS protein is a small homodimeric DN A binding protein, which is fundamental to a 

variety of processes in E. coli, including chromosome replication (Filutowicz et a/., 1992), 

DN A transposition (Weinrich and Reznikoff, 1992) and the stimulation of stable RN A 

synthesis (Nilsson et a / . , 1992; Muskhelishvili et al., 1997). FIS is involved in gene 

regulation o f  a large number of genes by direct control o f  transcription initiation, through 

synergistic  interactions with other h istone-l ike  proteins, such as H-NS and through 

indirect effects on RpoS regulated genes (Xu and Johnson, 1995; Falconi et al., 1996; 

Gonzalez-Gil et al., 1996). Indeed FIS appears to a global regulator of D N A metabolism, 

coupling D N A  topology and cellular physiology (Schneider et al., 1999; Travers et al., 

2001). One of the most striking aspects of the FIS protein, which makes it so suitable as 

a m odulator of gene expression, is the pattern of FIS expression throughout the growth 

curve. FIS is present in large amounts only in the early exponential phase o f  bacterial 

growth, and levels fall dramatically as cells begin to grow logarithmically (Ninnemann et 

al., 1992). FIS is known to regulate the expression of a number of virulence factors in 

enteropathogenic E. coli responsible for attachment to intestinal epithelia (Goldberg et  

a l . ,2 0 0 \)  and the formation of biofilms (Sheikh et al., 2001). It has recently become 

apparent that the FIS protein also plays a significant role in the regulation of Salmonella  

virulence gene expression on both Salmonella  pathogenicity islands (SPI) SPI-1 and SPI- 

2 (Wilson et al., 2001; R. Carroll, unpublished data). In Shigella, FIS has been shown to 

play a role in the modulation of expression from the virF  promoter (Falconi et al., 2001).

Several two-com ponent regulatory systems have an input into the regulation o f  gene 

expression in S. f lexneri. Two-com ponent systems are bacterial signalling mechanisms, 

which involve two proteins, a signal sensor and a response regulator (Stock et al., 2000). 

The sensor protein is generally a histidine protein kinase that com m unicates with the 

response regulator via phospho-transfer. The response regulator then binds to D N A  as a 

repressor/ac tiva to r  as appropriate  (Foussard et al., 2001). T he  E nvZ /O m pR  two-
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com ponent system, which regulates porin expression in response to osmotic stress is the 

prototype tw o-com ponent system and also appears to play a role in the regulation of 

virulence in Shigella. M utants in ompB, the locus encoding the system, show reduced 

virulence gene expression, although it is not yet clear whether this is direct (Bernardini et 

a i ,  1990; Bernardini et al., 1993). Another well-characterised two-component system is 

the C pxR A  system, which regulates the virF  promoter in response to pH. In S. sonnei  

CpxR, the response regulator, binds directly to the virF  promoter to activate transcription, 

and deletion o f  the cpxR  gene abolishes virF  expression almost completely (Nakayam a 

and W atanabe, 1995; Nakayama and Watanabe, 1998).

Finally, recent evidence has shown that S. f lexner i  possesses a luxS  quorum  sensing 

system that contributes to the regulation of expression of the virB  gene. Quorum  sensing 

is the term given to the population-dependent signalling phenomenon that has emerged in 

the last decade (Dunny et al., 1997). Several categories of quorum sensing systems have 

been characterised and the salient feature of all of  these is the accumulation o f  signalling 

molecules in the extracellular milieu (Fuqua and Greenberg, 1998). The LuxS system is 

the most recently identified quorum sensing system, named for the requirem ent of the 

luxS  operon, and is unique in that it is found in both Gram positive and G ram  negative 

bacteria. In addition the signalling m olecule (termed auto inducer-2) is conserved  

between heterologous species allowing for cross-talk (Surette and Bassler, 1998; Surette 

et a/., 1999). The AI-2 is present at maximal quantities in the late-log and early stationary 

phases of growth, however, the physical nature of the molecule and the operons required 

for its synthesis have yet to be identified. Maximal expression of VirB in late log phase 

requires a LuxS system, although deleting luxS has no effect on the virulence o f  Shigella, 

and thus the relevance o f  this system to the infection process is unclear (Day and 

Maurelli, 2001).
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1.5 Regulation o f virulence gene expression in S. flexneri

The expression of structural virulence genes in 5. f lexner i  is regulated in response to a 

variety of environmental signals at the level of transcription and translation (Dorman and 

Porter, 1998; Dorman et al., 2001). Transcription of the structural genes is controlled in 

response to temperature, osmolarity and pH, with optimal expression in vitro, in broth 

culture, observed at 37°C (Maurelli et al., 1984b), an osmolarity equivalent to that o f 

physiological saline (Porter and Dorman, 1994), and at a pH o f  7.4 (N akayam a and 

W atanabe, 1995). This profile of conditions appears to be very similar to those found at 

the site of infection in the host and presumably precludes expression either outside the 

host or in an inappropriate environment within the host.

A regulatory gene cascade tightly controls transcription of structural virulence genes in S. 

f lexneri  (Fig. 1.3; Porter and Dorman 1997a). This involves two positively-acting, 

p lasm id-encoded regulatory genes, v irF  and virB, which were d iscovered by genetic 

analysis (Adler et al., 1989). Transcriptional regulation also requires input from a variety 

of chromosomally encoded genes, the most important being, H-NS and IHF (Maurelli et 

al., 1985; Tobe et al., 1993; Porter and Dorman, 1997). The virF  gene is transcribed in 

response to a shift in tem perature and osmolarity. V irF then directly activates the 

expression of the VirB protein, which in turn activates the transcription from the icsB, 

ipgD, mxi  and virA structural gene promoters. The icsA gene is activated directly by VirF 

and therefore represents a branch-point in the cascade (Dorman and Porter, 1998).

IHF and H-NS exert their effects on transcription at all levels in the cascade. H-NS 

negatively regulates the expression of all of  the genes in the cascade from VirF to the 

structural genes in response to temperature and osmolarity. This negative regulation 

appears to be amplified down the cascade in a gearing effect. The virF  gene responds
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Fig. 1.3 Virulence gene cascade in S. flexneri

Schem atic  diagram  of the cascade of regulatory events leading to the expression of 

structural genes, and infection, in S. flexneri. The cascade is divided into four main steps: 

(i) the activation o f  v / rF  expression in response to environmental signals; (ii) the VirF 

dependent activation of virB  and icsA expression; (iii) the VirB dependent activation of 

structural gene expression leading to infection; (iv) the activation o f  expression o f  the 

ipaH  and o sp  genes by M xiE  and IpgC. Positive regulatory input at p rom oters  is 

indicated with vertical arrows, and additional regulatory influences, either positive (+) or 

negative (-) are indicated also. The mechanism of activation of virF  and virB  expression 

is discussed in Section 1.5, however the mechanism by which structural gene expression 

is activated is not known (indicated by question marks).
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over a narrow range (2-fold) as measured by RNA levels, while the virB  gene shows a 

10-fold range o f  reponse and the m xi  operon genes a 100-fold range of response to 

changes in tem perature (Porter and Dorm an, 1997a; Porter 1998). In contrast IH F 

positively regulates the expression of both virF  and virB, and appears to play a role in 

overcoming repression by H-NS at both of these promoters (Porter and Dorman, 1997b).

1.5.1 Regulation o /v irF  expression

Regulation o f  the expression of the virF  gene represents the first step in the virulence 

gene cascade of S. f lexner i  and is controlled in response to a num ber o f  environmental 

s ignals at both transcriptional and translational levels (Dorm an and Porter, 1998; 

Dorman et ciL, 2001). In addition to negative auto-regulation the virF  promoter is subject 

to negative thermoregulation by H-NS, a general regulator of gene expression in many 

Gram-negative bacteria (Ussery et al., 1994). This temperature dependent transcriptional 

control appears to take place through the interaction of H-NS with two sites within the 

v irF  prom oter. The accessibility of these sites varies considerably as a function of 

tem pera tu re , and repression o f  the gene appears to be m odula ted  by tem pera tu re  

dependent changes in the D N A curvature in the spacer region separating the two H-NS 

binding sites (Falconi, 1998). Thus at 37°C, changes in DNA topology lead to changes in 

the accessibility of H-NS binding sites and relief of repression at the virF  promoter. This 

process appears to be positively modulated by the FIS protein, which is present at high 

levels during nutritional upshift, possibly representing a “kick-start” m echanism  for the 

activation of virulence gene expression (Falconi et al., 2001). The virF  p romoter is also 

subject to positive regulation by the IHF architectural protein, which plays a role in many 

cellu lar  processes including replication, recombination and transcriptional regulation 

(G oosen and van de Putte, 1995). IHF stimulates the expression o f  virF  (2-3-fold) 

th roughout growth, possibly by helping to overcom e H-NS repression (Porter and

20



D orm an, 1997b). In addition, v irF  is regulated in response to pH via the CpxRA 

chrom osom al two-com ponant signal transduction system in S. sonneii,  and likely S. 

flexneri  (N akayam a and W atanabe, 1995; N akayam a and W atanabe, 1998). Finally, 

levels of VirF in the cell are sensitive to tRNA modification through the tgt and miaA  Icci 

(Durand et al., 2000). The reason behind this regulation is unclear but it may serve as je t  

another environmental sensor in the system, as levels of tRNA modification are sensitive 

to iron and amino acid deprivation (Urbonavicius et al., 2002).

Thus, the virF  promoter, the first point of regulation in the virulence gene cascade o f  S. 

flexneri  is regulated  in response  to a num ber o f  environm enta l s ignals including 

temperature, growth phase and pH. Thermoregulation appears to be the most important of 

these indicators and expression of the gene at 37°C is m odulated in response to other 

signals. Expression of VirF varies within a relatively small range com pared with that of 

the structural virulence genes downstream in the cascade, indeed the protein is present in 

the cell and can bind to DNA under non-permissive conditions (Tobe et al., 1995). This 

difference in the range of expression levels is largely due to the increase in stringency of 

regulation at the promoter of the second regulator in the cascade, virB  (Dorman et al., 

2001 ).

1.5.2 Regulation o /v irB  expression

The expression of the virB  gene is far more stringently controlled than the virF  gene and 

varies over a 20-fold range. The level of transcription from  the v irB  p rom oter  is 

regulated mainly by the antagonistic action of the VirF transcriptional activator and the 

H-NS repressor protein (Tobe et al., 1991; Tobe et a l ,  1993). Several other proteins 

contribute to the modulation of virB expression over a smaller range, including IHF and a 

LuxS quorum  sensing system (Porter and Dorman, 1997c; Day and Maurelli, 2001).
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Control of virB  expression represents an important step in the regulatory cascade, as 

activation o f  expression leads irreversibly to the expression o f  a large num ber  of 

structural genes. It is therefore unsurprising that the stringency of regulation is increased 

at this point in the cascade.

As at the v irF  promoter, v irB  is repressed at 30°C by the H-NS protein, w hich in 

footprinting experiments, binds from -2 0  to +20 of virB, with respect to the transcription 

start site (Tobe et al., 1993). This overlaps the binding site o f  RNA polym erase at the 

prom oter leading to a repression of transcription. Removal of H-NS from  the cell, 

through mutation of the hns  gene, leads to increased expression of the virB  gene at 30°C, 

suggesting that H-NS plays a role in controlling the thermal regulation of virB  expression 

(Tobe et al., 1993). However the requirement for the positive input of VirF remains and 

activation of virB  expression is not seen in its absence, even in an hns mutant. VirF binds 

to two sites at the virB  promoter, and is thought to interact with R N A  polym erase  to 

induce transcription. The current model predicts that the interaction of VirF with RN A 

polym erase is dependent on increased negative supercoiling o f  the prom oter region, 

which occurs due to the shift from 30°C to 37°C and under conditions of high osmolarity 

(Dorman et al., 1990; Porter and Dorman, 1994; Tobe et al., 1995). Thus at 30°C VirF 

activation is insufficient to overcome repression of the promoter by H-NS, but at 37°C or 

under high salt conditions topological changes at the promoter make interactions between 

VirF and R N A  polymerase more favourable, leading to the transcriptional activation.

Although v irB  gene expression is largely regulated by H-NS and VirF, levels o f  its 

expression can be modulated in response to growth phase by IHF and a LuxS quorum  

sensing system. It appears that IHF contributes to expression from both VirF activated 

genes, virB  and icsA, in stationary phase. It is thought that IHF may offset the inhibitory 

effect on VirF of relaxation o f  negative supercoiling that occurs in stationary phase
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(Porter and Dorman 1997b). In addition to IHF, it has recently been observed that full 

expression of virB depends on a LuxS quorum sensing system (Day and Maurelli, 2001). 

Levels of virB  RNA peak during the late log phase/early stationary phase of bacterial 

growth (Porter, 1998) and this appears to be due to the accumulation of cell density 

dependent signalling molecule AI-2. It is not clear whether this system acts directly at 

the virB promoter or through an intermediate effect on H-NS, however it represents a 

further level of regulation at this promoter.

Thus, unlike virF, which responds to a number of environmental signals, virB expression 

is strictly regulated in response to VirF and a favourable transition in DNA structure, 

induced by changes in temperature or osmolarity. This regulation allows a ten to twenty

fold increase in levels of virB at the permissive temperature of 37°C, which in turn leads 

to expression from structural gene promoters. Several proteins, including IHF, play a 

role in ensuring that virB levels remain elevated throughout the growth phase, even in 

conditions of DNA topology that might otherwise be unsuitable, i.e. stationary phase.

1.5.3 Regulation o f structural gene promoters icsB, ipgD, spa and virA

In contrast to the regulation at the virF and virB promoters little is known about the 

mechanism of activation of the structural gene promoters icsB, ipgD, spa and virA, which 

leads to the expression of the type III secretion system and invasins, responsible for 

mediating infection by S. flexneri. Expression from these promoters is absolutely 

dependent on the presence of VirB in the cell, and thus is subject to thermal and osmotic 

regulation (Adler et a l ,  1989; Watanabe et al., 1990; Tobe et al., 1993; Porter, 1998). 

However the mechanism by which VirB effects activation is unknown. Recent work has 

shown that H-NS binds directly to these promoters, possibly explaining the amplification 

of the thermal effect from 20-fold at virB to 100-fold at these promoters (C. Beloin,
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m anuscrip t  submitted). In addition some studies have suggested a role for a LuxS 

quorum  sensing system in the growth phase regulation of these promoters, although 

results were not conclusive (Day and Maurelli, 2001). Thus, the m echanism  by which 

the last step of the regulatory cascade is activated remains to be elucidated.

The role o f  M xiE in the regulation of structural gene expression appears to occur post

invasion of epithelial cells. It is thought that MxiE, which is co-transcribed with the type 

III secretion system  and invasins, is responsible for the activation o f  structural genes 

required for survival in the intracellular environment including the osp  genes, the ipaH  

genes and v irA .  The exact m echanism  by which this activation occurs is not yet 

understood, but it appears to depend on the IpgC chaperone as a co-factor. It is likely that 

M xiE  activates transcription o f  these genes in response  to a signal found in the 

intracellular environm ent, and thus represents a further step in the regulatory cascade 

controlling  virulence gene expression in S. f lexneri  (Mavris et al., 2000, Kane et al., 

2 0 0 1 ).

Thus, the VirB protein plays a central role in the regulation of virulence gene expression 

o f  S. f lexneri.  This regulatory cascade is extremely com plicated  and involves several 

layers o f  control and a large number of regulatory proteins as described above. VirB is an 

unusual cand ida te  for a transcriptional activator, possessing  hom ology to plasm id 

partition proteins and not to conventional transcriptional activator proteins. It appears to 

be the only exam ple o f  a transcriptional activator in this family and may represent a 

unique evolutionary branch, evolved by Shigella for the purpose of regulating virulence 

gene expression. The aim of this study is to identify the structural dom ains within the 

VirB protein and to assess their importance in the activation of transcription, and thereby 

elucidate  the m echanism  by which this unusual protein induces the transcription of 

structural virulence genes.
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1.6 Transcriptional regulation in prokaryotes

Transcription is the first level o f  gene expression and the predom inant level o f  gene 

regulation. The regulation of transcription is fundamental to the survival of any organism, 

and in bacteria it is essential to adaptation. The ability to change gene expression patterns 

allows bacteria to adapt and survive in more than one environment, which is particularly 

relevant to pathogens such as Shigella. In prokaryotes, functionally related genes are 

most comm only arranged in operons, such as the lac  operon and the structural virulence 

operons in Shigella , allowing co-ordinate regulation of genes in response to a stimulus 

(Jacob, 1966; Beckwith, 1996; Twyman, 1998). The regulation of transcription at gene 

and operon promoters has been closely studied in bacteria, and it has becom e apparent 

that many mechanisms exist to control transcription. Although several mechanisms, such 

as attenuation and antitermination (Henkin, 1996), control transcription at termination, 

most transcriptional regulation occurs at initiation. For most bacterial genes initiation of 

transcription involves the recognition of the consensus promoter sequences, -10 and -35 , 

by RN A polymerase, binding of RNA polymerase to form a closed promoter complex, 

“m elting” of the D N A  to form an open promoter complex, followed by transcription of 

the gene (Gralla, 1991). General factors such as proximity to the - 1 0  and - 3 5  consensus 

sequences, the a  factor requirem ent and the topology of the D N A  at the prom oter 

contribute to the basal or constitutive level of transcription from a promoter at any given 

time. This constitutive level o f  expression is subject to regulation by both c is  and trans- 

acting elem ents. C w -ac ting  elem ents are D N A  sequences which are requ ired  for 

regulation, usually by acting as a binding site for trans-diCimg D N A  binding proteins 

(Gralla, and Collado-Vides, 1996; Twyman, 1998). In prokaryotes, unlike eukaryotes, 

most cw-acting elements flank the promoter sequence and distal c is  elements are rare (a 

notable exception being genes transcribed by superscript RNA polymerase containing the 

sigma factor a54 ;  Xu and Hoover, 2001). T’rani'-acting factors are proteins that bind to
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certain cis elements to regulate transcription either positively as activators, or negatively, 

as repressors (Twyman, 1998). Transcription factors can act in four main ways; (i) by 

binding to DNA and interacting directly with RNA polymerase (the most common type 

of bacterial transcriptional regulator), either to recruit the enzyme to the promoter or to 

facilitate isomerisation of the closed RNA polymerase-promoter complex to an open 

complex e.g. CRP (cyclic AMP receptor protein; Busby and Kolb, 1996); (ii) by binding 

to DNA and altering its structure or conformation e.g. IHF (Hengge-Aronis, 1999); (iii) 

indirectly by binding to DNA and interacting with another regulator to influence its 

activity e.g. CBP (Blobel, 2002); (iv) through protein-protein interactions (without 

contacting DNA) with RNA polymerase or another regulator to influence its activity, 

although this is extremely rare in prokaryotes e.g. TAF proteins (Twyman, 1998; 

Albright and Tjian, 2000). In prokaryotes transcription factors are frequently transcribed 

constitutively, but regulated by allosteric control to allow for the rapid induction and 

repression of promoters required for bacteria to adapt to changing environmental 

conditions. Allosteric control is a mechanism by which the activity of transcriptional 

regulators is modulated by interaction with small effector molecules in the environment 

whose presence is indicative of the need for regulated gene products e.g. the regulation of 

the lac  operon in response to arabinose (Monod, 1966; Adhya, 1996; Ninfa, 1996; 

Twyman, 1998).

The regulation of transcription of the lac operon in E. coll has provided the paradigm for 

bacterial transcriptional regulation since its discovery, and illustrates the way in which 

trans-acimg regulatory proteins interact with RNA polymerase to couple gene expression 

to cellular physiology through allosteric control of the transcriptional regulator proteins 

(Adhya, 1996; Beckwith, 1996). The lacZYA  genes are required for the metabolism of 

lactose as a carbon source, and are transcribed as a polycistronic message from promoter 

P|. Immediately upstream of the operon, the la d  gene codes for a constitutively
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expressed repressor, L a d  (Fig. 1.4). The L a d  repressor binds to three CLv-acting operator 

sequences, cen tred  at - 8 2 ,  +1 1 and +401 around P, leading to the repression  of 

transcription from the promoter. It was originally thought that binding of L a d  at the +11 

operator site prevents binding of RNA polymerase by overlapping its binding site at the 

promoter, however, more recent evidence suggests that RNA polymerase binds to the P, 

promoter but is prevented from forming the open transcription complex through direct 

interactions with L a d  (Choy et a l ,  1995). L a d  repression is relieved by the binding of a 

lactose effector molecule, which leads to a conformational change in the repressor that in 

turn leads to inactivation of L a d  (Adhya, 1996; Lewis et al., 1996; Horton et al., 1997). 

Thus in the presence of lactose. L a d  repression at P, is removed. Interestingly, this does 

not render the promoter constitutively active in the presence of lactose due to the lack of 

a close match to the consensus -3 5  RNA polymerase binding site. For this reason, the 

promoter requires binding of the CRP-cA M P complex to directly assist the binding of 

RNA polymerase. CRP is a transcriptional activator protein that regulates transcription at 

over 100 prom oters  in response to catabolite repression (Busby and Enright, 1999). 

Under conditions of low glucose in the cell, levels of cA M P become elevated. CR P 

requires cA M P to form an active dimeric complex capable of binding sequence specific 

promoter D N A  (Zubay et al., 1970; Saier, 1991; Busby and Kolb, 1996). Upon binding 

the CR P dim er interacts with RNA polymerase to assist the initiation of transcription at 

o therw ise  weak promoters such as P,. Thus through the antagonistic  action of two 

regulatory proteins, the L a d  repressor and the CR P activator, the expression of the lac  

operon is restricted to times of bacterial growth when glucose is limiting and lactose is 

present (Perros and Steitz, 1996). A similar antagonistic interaction between activator 

and repressor is evident in the regulation of virB  by H-NS and VirF (Section 1.5.2; Tobe 

et al., 1993) and this is a common theme in many bacterial gene regulatory networks as it 

ensures stringent regulation of gene expression.
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Fig. 1.4. Regulation o f transcription at the lac operon

Diagram  showing the organisation of genes and regulatory elements in the E. co ll lac  

operon. Genes are represented with hatched boxes and promoters are indicated with 

arrows, which also demonstrate the direction of transcription. Terminator sequences are 

indicated with red boxes. The position o f  the L a d  operator sequences are shown with 

black boxes and are num bered in order of binding affinity. The position o f  the CR P 

binding site (clear box) is also shown. The three main proteins, RNA polymerase, the 

L a d  repressor and the CRP activator, that bind to this region and affect transcription are 

shown, with arrows indicating binding sites. Both L a d  and CRP binding to the promoter 

is mediated by effector molecules, arabinose and cA M P respectively. The L a d  repressor 

cannot bind to the operator in the presence of allolactose, and CRP cannot bind to to the 

promoter in the absence of cAMP.
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M ost transcription factors in bacteria can be divided into families, such as the AraC 

family to which the VirF protein belongs (Section 1.4.3; Marin and Rosner, 2001), based 

on their domain structure. They may possess several domains, typically a D N A  binding 

dom ain, often a dimerisation domain and occasionally a dom ain for interaction with 

effector molecules or other proteins. Although VirB does not possess homology to known 

transcriptional regulator proteins, it does possess both a putative H TH D N A  binding 

m otif  and an L Z  dimerisation motif. The presence o f  these motifs suggests that both 

D N A  b ind ing  and d im erisa tion , two processes  w hich are com m on  fea tu res  of 

transcriptional regulators, play a role in the activity of VirB in vivo.

1.7 H elix turn helix m otifs as DNA binding dom ains

The ability o f  proteins to bind to DNA is absolutely fundamental to the regulation of 

transcription and many other cellular processes. Direct interactions between proteins and 

DNA can take place in four ways: (i) protein side chains interact with nucleic acid bases 

in the major groove of D N A (the most common form of sequence specific protein-DNA 

interactions); (ii) the protein main chain (amide groups) interacts with bases in the DNA; 

(iii) protein side chains interact with the phosphate backbone of DNA; (iv) the protein 

m ain  chain in teracts with the phosphate  backbone o f  D N A  (Tw ym an, 1998). The 

importance o f  DNA-protein interactions to the bacterial cell has led to the evolution of 

protein structures which interact with DNA. These include several well-characterised 

structural motifs such as the HTH (CRP, AraC), zinc finger (MutM ), and ribbon helix- 

helix (MetJ) motifs (Harrison, 1991; Pabo and Sauer, 1992; Rhodes et at., 1996; Choo 

and Klug, 1997). These structures, with the exception of the ribbon helix-helix motif, rely 

on the sequence specific interaction of an a-helix  within the protein and the major groove 

o f  DNA, facilitating contact between the DNA and part o f the protein. In addition several 

D N A  processing  enzymes, including D N A polymerase, bind D N A  in a deep groove
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within the protein allowing more extensive interactions between the protein and the DNA 

substrate (Choo and Klug, 1997). By far the most common DNA binding motif among 

bacterial transcriptional regulators is the HTH motif, which is found in L a d ,  CRP, and 

the X repressor and all proteins of the AraC family. This was the first DNA binding motif 

to be identified and has been extensively studied such that the mechanism of interaction 

with DNA is well characterised (Brennan and Matthews, 1989; Dodd and Egan, 1990; 

Harrison, 1991).

HTH motifs comprise two a-helices separated by a short linker region comprising a P 

turn of approximately 120° allowing the helices to pack together through hydrophobic 

interactions. The first helix, termed the positioning helix, makes non-sequence specific 

interactions with the backbone of the DNA, thus stabilising and positioning the second 

helix, termed the recognition helix, with respect to the DNA (Fig. 1.5; Landshulz et al, 

1988; Harrison, 1991). The recognition helix makes base specific interactions with the 

bases in the major groove of DNA, and experiments changing hydrophilic residues on the 

outside of the helix suggest that this helix is critical for specificity (Wharton et al., 1984). 

The crystallisation of proteins complexed to DNA, such as CRP (Schultz et al., 1991), 

FIS (Cheng et al., 2000) and the AraC transcriptional regulators MarA (Rhee et al., 1998) 

and Rob (Kwon et a l.,2000), has allowed a detailed analysis of the types of interactions 

that occur between the amino acids of the protein and the DNA (Fig. 1.5; Harrison, 1991; 

Martin and Rosner, 2001).

Contacts between the positioning helix and the DNA backbone usually involve 

electrostatic interactions between the negatively charged phosphate groups and positively 

charged amino acids, such as lysine, and mutagenesis of these residues has been shown to 

disrupt protein DNA interactions. Hydrogen bonds may also form between the backbone 

and side chains or amide groups of the main chain of the protein. Interestingly, as well as
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Fig. 1.5 Interactions o f the 434 repressor HTH motif with DNA

The position of the HTH of the 434 repressor in the N-terminus of the protein is shown in 

ribbon diagram form (A). The HTH motif is highlighted within the DNA binding 

domain, and the linker region and positioning and recognition helices indicated with 

arrows (Neri et a i ,  1992). The interaction of the HTHs of the 434 dimer with the DNA 

binding site of the protein is shown in B (Aggarwal et al., 1988). The positioning and 

recognition helices are again indicated with arrows, as a re the major and minor grooves 

of DNA. These proteins were extracted from the protein database (www.rcsb.org/pdb/) 

and modelled in protein explorer (www.umass.edu/microbio/chime/explorer).
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direct protein-backbone interactions long-range electrostatic interactions outside of the 

HTH motif can be important for protein-DNA binding. Contacts between the 

recognition helix of the HTH and DNA, predominantly through the major groove, 

generally  occur through hydrogen bonding. These may show a one-to-one 

correspondence but several side chains can interact with a single base pair. The 

interaction of protein side chains with DNA bases is the most important for sequence 

specific recognition of a DNA sequence (Fig. 1.5; Wintjens and Rooman, 1996; 

Schwabe, 1997;Twyman, 1998).

The presence of homologous HTH motifs among large families of transcriptional 

activators, such as the AraC family, with many divergent binding sites was for many 

years a subject of much debate. The crystallisation of several closely related proteins 

with significantly different DNA binding specificity has demonstrated that binding of 

DNA through HTH motifs is not as rigid as was originally thought, and considerable 

flexibility exists in the interactions of these motifs with their DNA binding sites (Martin 

and Rosner, 2001; Muller, 2001). This is well illustrated by the variation in the way two 

eukaryotic Ets transcription factors, SAP-1 and Elk 1 recognise DNA. These are 

transcription factors, which bind DNA to regulate expression from a number of 

promoters carrying the serum response element (SRE). The modification of a single non

conserved residue in the proteins, distal to the DNA binding surface, results in a change 

in DNA-protein interactions. Both Elk-1 and SAP-1 contain about 80% homology in the 

ETS region including the HTH and bind to a high affinity E74 DNA site. In Elk-1 a non

conserved asparagine residue, just downstream of the recognition helix of the HTH, 

positions a conserved tyrosine in the helix on the DNA backbone via a bridging lysine 

(Mo et al., 2000). In SAP-1 the replacement of asparagine with valine means that the 

corresponding bridge cannot be formed and the conserved tyrosine in this protein 

becomes buried deep in the major groove of the DNA forming base-specific contacts (Mo
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et ciL, 1998). Thus, a single residue mutation outside of the HTH results in a completely 

different pattern of binding in two homologous proteins. A similar situation is observed 

between the two AraC-like transcriptional activators, M arA and Rob (Section 3.1.2; Fig. 

3.1; Muller, 2001). Clearly the HTH motif is not a rigid structural feature but subject to a 

significant amount of flexibility depending on the context in which it is found.

HTH motifs in prokaryotic transcription factors generally interact with their binding sites 

as dimers or oligomers. In many cases this increases the specificity and sensitivity of 

D N A binding. This is largely due to an increase in DNA-protein contacts, due to the 

increase in the surface area o f  the dimeric protein interacting with DN A , resulting in 

enhanced specificity and stability of the interactions. Many D N A  recognition sequences 

are based on palindrom es reflecting the binding requirem ents  o f  d im eric  proteins 

containing two HTH interfaces in contact with DNA. For a large number of DN A binding 

proteins, dimerisation is required for D N A binding as the structural motifs associated 

with protein-protein interactions form a “scaffold” , which dictates the positioning of the 

HTH motifs on the DNA. In addition to increasing the efficiency o f  D N A  binding, 

dimerisation is often required for functional interaction with other multimeric proteins on 

the DNA, such as RNA polymerase. Many transcriptional activators, for example CRP, 

exert their effect on transcription through interactions with the d im eric  C-term inal 

domain of the a -subunit  o f  RNA polymerase and thus dimerisation o f  the transcription 

factor maximises the effect of protein-protein interactions (Twyman, 1998).

Based on previous studies o f  amino acid-DNA interactions in HTH motifs (Wintjens and 

Room an, 1996) the putative HTH in the VirB protein contains several residues of 

potential importance in protein-DNA interactions. The positioning helix contains two 

positively charged lysine residues, K152 and K156, which could interact electrostatically 

with the phosphate  backbone of DNA. The recognition helix also contains several
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residues that are candidates for specific DNA interactions, including K164, R166 and 

F I 68. In addition, the N-terminal portion of VirB contains a large number of positively 

charged residues, which may be involved in long-range protein-DNA backbone 

interactions, despite being removed from the HTH. The HTH in the VirB protein is 80% 

identical to a HTH in the ParB protein, which is thought to be involved in the interaction 

of ParB with the parS  binding site (Section 1.9). However, it is unlikely that VirB and 

ParB interact with the same binding sites as previous studies have shown that binding of 

DNA by HTH motifs can vary greatly even between proteins of high homology. Many 

DNA binding proteins act as dimers or higher order multimers (Harrison, 1991), and thus 

it is interesting to note that in VirB a putative LZ dimerisation motif lies downstream of 

the predicted HTH motif

1.8 Protein-protein interactions

Protein-protein interactions are essential to the ability of proteins to carry out the basic 

functions of the cell. They are required for the mediation of replication, transcription, 

translation, recombination, intermediary metabolism and virtually all other cellular 

processes. Interactions between proteins range from the transient, such as acetyl 

transferase and other protein modifying enzymes, to the complicated assembly of multi

subunit proteins, such as RNA polymerase (Physicky and Fields, 1995). These 

interactions essentially increase the functional diversity of all proteins. Protein-protein 

binding can occur through the covalent and non-covalent bonding of side chains or 

through hydrophobic interactions. A large number of these interactions are unique and 

cannot be predicted by homology modelling, however, several structural features have 

emerged that are common to a number of protein-protein interactions. These include the 

coiled coil, which is found in both prokaryotes and eukaryotes (Lupas, 1996a).

32



1.8.1 Coiled coil oligomerisation motifs

Coiled coil motifs are one of the most common structural domains involved in facilitating 

protein-protein interactions and they mediate interactions between proteins over a large 

surface area. They are com prised  o f  two or m ore righ t-handed  a  helices, usually 

contributed from separate monomers, which wrap around each other in a supercoiled 

structure. C oiled  coil interactions are predom inantly  hydrophobic  and the m otif  is 

characterised by a heptad repeat in the chemical nature of amino acid side chains (Crick, 

1953b). If  the residues are labelled a-g  (Fig. 1.6),residues a and d  are hydrophobic and 

align along the side of an a -he lix , forming the dimerisation interface (Parry, 1982; 

Landshulz et at., 1988; Lupas et at., 1991). Residues b, c, e , f a n d  g  are hydrophilic and 

form the solvent exposed part of the coiled coil (Krylov et al., 1994). M onomers interact 

with each other through the hydrophobic interface, and the amino acid side chains of the 

hydrophobic  residues along the helix and their packing requirem ents determ ine the 

oligomeric state of any coiled coil (Harbury et al., 1995; W olf et al., 1997). The hallmark 

o f  coiled coils is distinctive packing of the amino acids in the hydrophobic core o f  the 

helical bundle, referred to as “knobs into holes” or “ in register” packing, in which a 

residue from one helix (knob) packs into a space surrounded by four side chains from the 

opposite helix (hole) (Crick, 1953a, b; Lupas, 1996a, b).

The most com m on coiled coil is the LZ motif, discussed below, a two-stranded coiled 

coil, which m ediates dimerisation in a wide variety o f  proteins, including the CR P 

activator and the GCN-4 yeast transcriptional activator (Lupas, 1996a). How ever coiled 

coils are also responsible for the formation of trimers and tetramers (Fig. 1.6; Lupas, 

1996a; Burkhard et al., 2001). Triple-stranded coiled coils are most comm only associated 

with trimerisation o f  structural proteins such as the mannose binding protein (Fig. 1.6; 

W eis and Drickamer, 1994) and Influenza haemagglutinin HA21 (Bullough et al., 1994),
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GCN-4 bound to DNA
Two stranded coiled coil

(LZ)

Rat mannose binding protein
Three stranded coiled coll

Fig. 1.6 Protein-protein interactions through coiled coil motifs 
Helical wheel diagrams showing the formation of two-stranded (A) and three- 
stranded (B) coiled coil structures. Residues are assigned letters a-g, where a and d 
are hydrophobic (blue circle), b, c and /a re  hydrophilic (red circles) and e and g are 
charged (yellow circles). After folding the residues assume the positions shown in 
the diagram. Coiled coils can facilitate interactions between, both dimers, shown in 
A, and trimers, shown in B, depending on the side-chain packing requirements of the 
residues in the motifs. Examples of two and three stranded coiled coils within the 
GCN-4 (O’Shea et ah, 1991) and rat mannose binding protein (MBP; Ng et ah, 2(X)2) 
are shown in C. These structures were extracted from the protein database 
(www. r c s b .o r g /p db / ) and model led  in protein  explorer  
(www.umass.edu/microbio/chime/explorer)



but have also been described in the yeast heat-shock transcription factor (Peteranderl and 

Nelson, 1992). Tetrameric coiled coil structures, such as that found in the L a d  repressor 

(Friedman et al., 1995) are rarer.

1.8.2 The leucine zipper m otif

The best characterised coiled coil structure is the LZ motif, which is associated with 

dimerisation in a large number o f eukaryotic DNA binding proteins, including the GCN-4 

yeast transcription factor (Nilges and Brunger, 1993), and less commonly in prokaryotic 

proteins, such as the I S 9 / /  transposase (Haren et a!., 1998). The LZ motif consists of the 

classic coiled coil heptad repeat of four to five leucines repeated every seventh residue in 

the d  position, such that upon folding the leucines line up along the face of an a -helix  

fo rm in g  a h y d ro p h o b ic  in te r face  across  w hich  tw o m o n o m ers  can in te rac t  

(Harrison, 1991; Landshulz  et al., 1988). An asparagine residue in the a position is 

conserved in many LZ motifs and is associated with coiled coil positioning (O ’Shea et 

al., 1991). This residue is thought to form a buried hydrogen bond across the face of two 

interacting m onom ers, thereby stabilising hydrophobic interactions across the d im er 

interface. Additional cross-dimer stabilisation occurs through inter-subunit electrostatic 

salt bridge interactions between charged residues in the e and g  positions (Fig. 3.2; 

Krylov et al., 1994; Zeng et al., 1997). M utagenesis of the LZ  m otif  in the I S 9 / /  

transposase, in which hydrophobic residues along the a -h e l ix  face (i.e. the a  and d  

positions) were replaced with charged amino acids, has demonstrated the importance of 

the hydrophobic interactions across the helical interface in the formation of stable dimers 

and higher oligomers (Kohn et al., 1995; Haren et al., 1998).

LZ motifs are found mainly with DN A binding transcription factors in eukaryotes, where 

they are associated with the basic leucine zipper (b-ZIP) nucleic acid binding m otif (Moll

34



et a i ,  2000). In prokaryotes LZ motifs are rarer, although regular coiled coils commonly 

mediate protein-protein interactions (Burkhard et al., 2001). In addition many prokaryotic 

proteins containing LZ motifs, such as the BglG antiterminator protein and the I S 9 / /  

transposase, have been shown to contain auxiliary oligomerisation domains that 

contribute to the formation of higher order multimers (Haren et al., 1998; Boss et al., 

1999; Haren et al., 2000).

The putative LZ motif observed in the VirB protein contains many of the general 

characteristics of a classic LZ. These include five heptad repeated leucines, the conserved 

hydrophobic residues in the a positions and the positioning asparagine, all of which form 

the crucial a -he l ica l  interface through which protein-protein interactions occur. 

However, the LZ motif in VirB lacks the charged residues in the e and g positions, which 

provide important stabilisation for the dimers. Furthermore VirB contains a proline 

residue at position 215, in the middle of the putative LZ coiled coil structure. Proline 

residues are generally associated with helix disruption, as they induce a kink in the 

peptide chain (Nilsson and von Hejine, 1998). These features suggest that the LZ motif in 

VirB may diverge slightly from the conventionally predicted structure.

1.9 The ParB fam ily o f  plasm id partition proteins

The stable inheritance of DNA, including both plasmids and the chromosome, is an 

essential process in bacteria. Eukaryotic cells rely on the mitotic apparatus, including the 

spindle, kinetochore and centromere, to ensure faithful segregation of chromosomes 

(Miyazaki and Orr-Weaver, 1994). In prokaryotes high copy number plasmids do not 

generally require active partitioning mechanisms, as the concentration of the plasmid in 

the cell ensures that least one copy is likely to pass to each daughter cell. However low 

copy number plasmids and chromosomal DNA in bacteria require a system that
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physically connects the DNA molecule to the components of the cellular partition 

machinery, resulting in stable inheritance (Wake and Errington, 1995). The molecular 

mechanism by which low copy number plasmids are inherited has been extensively 

studied and a similar mechanism, involving homologous proteins, has been observed for 

a wide variety of plasmids including the PI and P7 plasmids, the F plasmid and the LVP 

in S. flexneri (Austin and Nordstrom, 1990).

1.9.1 Mechanisms o f  plasm id partitioning

The partition mechanism of the PI plasmid provides the paradigm for this family and 

involves three homologous plasmid-encoded elements, the ParA protein, the ParB protein 

and the cis element parS  which functions as a binding site for ParB (Abeles et al., 1985). 

The genes encoding these elements are located together in a 2.4 kb par  region. The ParB 

protein binds to the centromere-like parS  element forming a nucleoprotein complex with 

the chromosomally encoded IHF protein. ParA, an ATPase, interacts with the complex 

through ParB and is thought to supply energy for a further step, possibly plasmid 

movement (Funnell, 1991). It is thought that plasmids are paired via interaction between 

V'dxB-parS complexes on two plasmids, and subsequently plasmids are positioned at the 

poles of the dividing cell such that both daughter cells receive a plasmid each (Nordstrom 

and Austin, 1989; Jensen and Gerdes, 1997, Edgar et al., 2001). The ParA protein 

appears to be multi-functional as, although incapable of binding to parS, ParA binds to 

DNA at the par  promoter in a sequence specific manner to autorepress the operon (Bouet 

and Funnel!, 1999). The mechanism by which the bacterial chromosome segregates into 

daughter cells is less characterised. Interestingly, homologues of ParA and ParB have 

been identified on the chromosome of many bacteria, including Bacillus subtilis (spoOJ) 

(Wake and Errington, 1995), and Streptococcus pneumoniae (Gasc et al., 1998). Recent 

work on the spoOJ system in B. subtilis has demonstrated a role for these proteins in
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chromosomal partitioning and thus it appears that the stable inheritance of the bacterial 

chromosome depends on a system similar to parABS  found on PI (Wake and Errington, 

1995; Lewis and Errington, 1997; Chi-Hong Lin and Grossman, 1998).

Phylogenetic analysis of the sequence divergence of the ParB-like proteins divides the 

family into three distinct groups, chromosomal ParB-like proteins, phage/plasmid SopB- 

like proteins and phage/plasmid ParB-like proteins, all of which diverged from a common 

ancestor (Fig. 1.7). In general these proteins are transcribed as part of an operon, which 

includes a ParA-like protein and a c/^-located ParB binding site (i.e. parS).  The 

chromosomal ParB-like proteins, as inferred by their name, are located exclusively on the 

chromosome of bacteria, such as Neisseria meningitidis. These proteins are thought to 

play a role in segregation of replicated chromosomes during cell division, although this 

process has not been well characterised (Chi-Hong Lin and Grossman, 1998). The 

phage/plasmid SopB-like proteins are all located on episomal DNA and show most 

homology to the SopB protein, responsible for the partitioning of the F plasmid in E. coli 

(Mori et a l ,  1989; Hanai et a i ,  1996). This group is closely related to the phage/plasmid 

ParB-like proteins, which are also episomally located. The paradigm for this family of 

proteins is the ParB protein of plasmid PI (Funnell, 1991). The VirB protein is a member 

of the phage/plasmid ParB-like group of proteins. VirB is the only one of the entire ParB 

family of proteins, characterised to date, that is not associated with the partitioning of 

DNA at cell division. In addition VirB is not transcribed as part of an operon, and no 

parS-Vikt binding site sequence has been identified within its coding sequence to date. 

Thus VirB represents a unique member of the ParB family of proteins, a protein that 

retains a high level of sequence homology but appears to have evolved toward a different 

function, that of virulence gene regulation. Because the mechanism by which VirB 

activates gene expression in S.flexneri is not understood, the extent to which VirB retains 

the functional characteristics of the ParB-like proteins is currently unclear. The level of

37



Fig. 1.7 Phylogentic relationships o f  the ParB-like proteins

A cladogram showing the relationship among 19 members of the ParB-like protein family 

from a wide variety o f  organisms. Sequences were obtained from finished and unfinished 

sequencing projects. The tree was created using the ClustalW  programme, then viewed 

and m anually  refined with T R E E V IE W  software. Three  subgroups consis t ing  of 

chrom osom al ParB-like proteins (red), phage/plasm id SopB-like proteins (blue) and 

phage/plasmid ParB-like proteins (green) are highlighted.
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homology between the proteins varies throughout the length of the sequence and appears 

to be highest towards the N-terminus and the middle of the proteins around the HTH 

D N A  binding motif, while  d iverging toward the C-term inus. This m ay reflect a 

divergence in function in the VirB protein to facilitate the regulation of transcription.

1.9.2 Functional domains within the ParB protein

The functional domains and m olecular interactions of the ParB protein with the other 

com ponents  of the partition system have been subject to intense investigation over the 

past decade. As a result organisation of the DNA binding, oligomerisation and protein- 

protein interaction domains within ParB, and their role in partitioning of plasmids is well 

characterised. The binding o f  ParB to the p a r S  site is a crucial step in the partition 

process (Abeles et al., 1985). The parS  centromere-like element consists o f  two distinct 

sets of repeated sequences BoxA and BoxB, which are recognised specifically by ParB, 

flanking an IHF binding site (Fig. 5.1; Davis and Austin, 1988; Funnell, 1988b; Funnell 

and Gagnier, 1993). The presence and relative spacing of these boxes is functionally 

important for the formation of the partition complex. The primary target for ParB binding 

appears to be the heptameric BoxA sequence, while the hexameric BoxB repeats are 

responsible for discrimination between related ParB binding sites, such as the PI and P7 

p a r S  sites (Dodd and Egan, 1990; Lobocka and Yarmolinksy, 1996; Radnedge et al., 

1996; Surtees and Funnell, 2001). Binding of IHF to p a rS  creates a large bend in the 

DNA and greatly increases the affinity of ParB binding. Indeed inherently bent D N A  can 

partially substitute for the IHF site in parS  (Funnell, 1988b). It appears that one dimer of 

ParB binds across the IHF mediated bend in parS  forming a structure in which D N A  is 

wrapped into a nucleoprotein complex (Fig. 5.1; Funnell, 1991). Further ParB dimers 

then load onto the complex via protein-protein interactions and non-specific protein-DNA 

interactions, forming an active partition complex.
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Binding o f  D N A  by ParB is mediated by two separate regions in the protein, a HTH in 

he m iddle of the protein, which is highly homologous to the H TH found in the VirB 

orotein, and a region in the C-terminus of the protein also required for dimerisation (Fig. 

1.8; Lobocka and Y arm olinsky, R adnedge et al., 1996; Surtees and Funnell, 2001). 

Removal of the H TH of ParB completely abolishes the ability of the protein to bind to 

parS  DNA. It has been shown that this region is essential for the binding o f  the B oxA  

consensus sequences, and it appears that HTH motifs from both m onom ers in a ParB 

dimer contact BoxA sequences in p a rS  (Surtees and Funnell, 2001). In addition to the 

HTH, the C-terminal region of the ParB protein is also required for efficient binding to 

parS. This is partly due to the role of this region in dimerisation of ParB. H ow ever it 

seems that amino acids between positions 270 and 300 bind directly to the BoxB repeats 

in parS  (Surtees and Funnell, 2001). The ability of IHF to stimulate ParB binding to parS  

depends on the presence of the C-terminus of the protein and the relative importance of 

\he BoxA and BoxB contacts appears to depend on the presence of IHF. In the absence 

of IHF all of the BoxA sequences are required for ParB binding, however in the presence 

cf IHF BoxB sequences assume equal importance (Surtees and Funnell, 2001). Domain 

swapping experiment using ParB from the PI and P7 plasmids have shown that contacts 

cf the C-term inus of ParB with the BoxB hexamers is responsible for specificity of 

binding to each plasmid (Radnedge et al., 1996). Thus ParB binds to D N A through two 

regions, a HTH in the centre of the protein, which binds to a consensus heptameric BoxA 

repeat sequences at parS ,  and a region at the C-terminus of unknown structure, which 

binds to the hexameric BoxB repeats.

Another essential function of the ParB protein is its ability to form dimers and higher 

niultimers (Funnell, 1991). D im erisation o f  ParB is absolutely required  for D N A  

binding, and additional protein-protein contacts are thought to be essential for the pairing 

interaction required for partition of plasmids (Lobocka and Yarmolinsky, 1996). Despite
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the fact that ParB contains no canonical dimerisation motifs, such as the L Z  motif, two 

multimerisation domains have been identified (Fig. 1 .8; Lobocka and Yarmolinsky, 1996; 

Surtees and Funnell, 1999). Mutational analysis, involving both amino acid substitutions 

and truncation o f  the protein has shown that the C-terminal 59 amino acids in ParB are 

required for dimerisation. Interestingly this region of the protein forms a structure that is 

h ighly resistant to proteolytic digestion suggesting a core structure, possibly centred 

around a d im erisation interface. Although the C-term inus of ParB is sufficient for 

d imerisation, a second domain in the N-terminus of the protein also appears to possess 

the ability to promote ParB-ParB interactions. This region was identified through the use 

of the yeast-two-hybrid dimerisation assay (Section 4.1.2; Surtees and Funnell, 1999). 

Interestingly however, interactions through this domain are inhibited, by an unknown 

mechanism, by a region of the protein located towards the C-terminus. The relevance of 

this second oligomerisation domain is not currently clear, but it may be involved in the 

promotion of d im er-dim er interactions leading to the accumulation o f  ParB at the parS  

site and other self-association interactions (Surtees and Funnell, 1999).

One interesting consequence of the oligomerisation of ParB is the ability of the protein to 

destabilise plasmids containing the parS  sequence and the ability to silence genes around 

the p a r  locus when expressed to high levels (Funnell, 1988a; Rodionov et a l ,  1999). The 

destabilisation o f  the plasmids containing parS  is thought to be the result o f  ParB-ParB- 

plasmid aggregates, which cannot be properly partitioned, forming through excess self

association of the protein (Funnell, 1987). Likewise the silencing o f  genes around the 

p ar  locus appears to be due to the polymerisation of ParB, at high concentrations, along 

the D N A  ex tend ing  in a f ilam ent from  p a r S  for several kilobases, and blocking 

transcription from surrounding genes (Rodionov et al., 1999). Another explanation, based 

on studies of gene silencing by SopB protein of the F  plasmid, is that the partition 

pro te in-D N A  com plexes become sequestered, through protein-protein interactions, at
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sites in the cell where large amounts of partition protein is localised (Kim and W ang, 

1999). However, subcellular localisation has not been observed for ParB and therefore 

this does not appear to explain the silencing phenom enon in the PI plasm id. Gene 

silencing is the only example of direct regulation of gene expression by the ParB-like 

proteins and appears to be a non-specific repression (Lynch and W ang, 1995; Hanai et 

al., 1996; Rodionov et al., 1999).

In addition to interacting with itself, the interaction of ParB with the ParA protein is also 

essential to the active partitioning of the PI low copy num ber plasmid (Abeles et al., 

1985). ParA does not contact the D N A at the p a rS  site but interacts directly with the 

nucleoprotein complex through the first 29 amino acids of the ParB protein (Radnedge et 

al., 1998). The role of ParA in the stimulation of partition is not known but it is thought 

that the ATPase activity of the protein, which is stimulated by ParB may provide energy 

for som e undefined step in the segregation of plasmid pairs into daughter cells. In 

addition ParB interacts with ParA, through the same domain as a co-repressor of the p a r  

operon (Davis et al., 1992; Hayes et al., 1994). ParA binds directly to operator sequences 

at the p a r  p rom oter and this binding and repression is stimulated by interaction with 

ParB, although ParB does not appear to interact directly with the D N A  in this instance. 

Thus ParB is indirectly involved in the repression of gene expression from the p a r  

promoter through heteromeric interactions with the ParA protein (Friedman and Austin, 

1988; Davey and Funnell, 1997). Recently the p a rS  element has been shown to play a 

role in the repression of the p a r  operon in co-operation with ParA and ParB. The exact 

m echanism  by which this occurs is unclear, but appears to involve the stimulation of 

ParA ATPase activity by the ParB-parS  complex (Hao and Yarmolinsky, 2002)

The organisation of the functional domains within the ParB protein reflects the role of the 

protein in the active partitioning of the low copy number plasmid P I . ParB contains two
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separate DNA binding domains, which bind to the parS  binding site, two multimerisation 

domains and an N-terminal domain through which it interacts with the ParA protein (Fig. 

1.8). Despite their similarity and close evolutionary relationship, ParB and VirB appear 

to have very different roles in the bacterial cell and the extent of the functional homology 

between the proteins is not clear. The sequence homology between the ParB and VirB is 

most pronounced towards the middle of the protein and the HTH motif is conserved. The 

role of the HTH in the binding of ParB to DNA implies a similar DNA binding function 

for VirB, although the binding specificity may vary due to the context of the motif. 

However, outside of this region the proteins are more divergent and it is impossible to 

predict functional domains in VirB based on those in ParB. ParB lacks the canonical LZ 

motif, which is present in VirB, but contains a C-terminal dimerisation domain. In 

addition VirB lacks the amino acids required for ParB interaction with ParA. Thus it 

appears that the DNA binding function of ParB-like partition proteins has been retained 

in VirB, but other domains, such as the multimerisation and ParA interaction domains, 

have been lost or replaced with domains of unknown function. This may reflect the 

difference in the roles of the two proteins in the cell.

1.10 Summary

In summary, the expression of several structural virulence genes in S.flexneri, including 

a type III secretion system and invasins, is crucial to the ability of the bacteria to adapt to 

and infect the host. The expression of these genes is stringently controlled by a 

regulatory cascade involving the plasmid encoded, VirF and VirB proteins, and several 

chromsomally encoded regulators. With one exception the molecular mechanisms by 

which the gene regulation occurs at each step in the cascade have been elucidated. It is 

the key role played by the VirB protein in the induction of transcription from structural 

gene promoters in the last step of the cascade that remains unclear. To date it has been
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Fig. 1.8 Comparison o f the functional domains o f ParB with putative functional 

domains o f VirB

A structural model of the functional domains of the ParB protein, based on the results of 

Surtees and Funnell (2001). Functional domains are highlighted on the diagram. DRS 

represents the “discrim inator recognition sequence” implicated in the D N A -binding  

activity of ParB. A similar structural model o f  the VirB protein was constructed and 

aligned with ParB. The putative HTH and LZ motifs are highlighted.
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assum ed that VirB acts as a conventional transcriptional regulator, b inding  to and 

interacting with target promoters leading to the initiation of transcription, how ever 

evidence to support this hypothesis is lacking. The VirB protein shares no homology 

with known regulators of transcription, and appears to be related to the ParB family of 

proteins, involved in plasmid partitioning. The presence o f  two putative functional 

motifs, a HTH and an LZ motif, indicates that DNA binding and dimerisation play a role 

in the activity of VirB in vivo. It is the aim of this study to identify and characterise 

structural dom ains within the VirB protein based on the putative structural features 

observed and homology to the ParB plasmid partition protein. It is hoped that this will 

elucidate the mechanism by which VirB acts to regulate gene expression.
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Chapter 2

Material and Methods



2.1 Chemicals and growth media

2.1.1 Chemicals, reagents and radionucleotides

All chemicals and reagents used in this study were purchased from BDH Chemicals Ltd, 

Bio-Rad, Clontech, Fisons, Gelman Sciences, Gibco-BRL, Novagen, PALL, Pharmacia, 

Pierce, Promega, Qiagen, Roche Molecular Biochemicals, Sigma Chemical Company, 

New England BioLabs or Stratagene. DNA restriction and modifying enzymes were 

ob ta ined  from  New E ngland  B io labs or Roche M olecu la r  Biochemicals. 

Radionucleotides were supplied by NEN Life Sciences. Custom automated sequencing 

was performed by MWG Biotech. Several molecular biology 'kits' were also used during 

this study. The basic principle of each kit is briefly described in the appropriate sections 

below, without giving an exhaustive protocol.

2.1.2 Growth media

Materials for preparing growth media were obtained from Difco or Oxoid. All media 

were sterilised by autoclaving at 120°C for 20 min prior to use or storage at 4°C. 

Additional aqueous solutions not suitable for autoclaving, e.g. amino acid or antibiotic 

solutions, were sterilised by filtration through 0.2 |im  Acrodisc Filters (PALL). All 

quantities listed below are for the preparation of 1 litre of medium in distilled, deionised 

water (ddHjO). Media were supplemented with the appropriate antibiotics as required.

LB broth and LB agar plates

LB agar plates were used throughout this study for reviving bacterial strains from frozen 

stocks, general culturing of strains, and selection of transformants. Bacterial strains were 

routinely grown in Luria-Bertani (LB) broth unless otherwise stated.

LB broth; 10 g Oxoid tryptone, 5 g Yeast extract, 5 g NaCl
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LB agar: 10 g O xoid tryptone, 5 g Yeast extract, 5 g NaCl, 15 g  agar

M acConkey Lactose agar plates

M acC onkey L actose agar plates were used to indicate the lev e ls  o f  (3 -ga lactosid ase  

activ ity  o f  bacterial co lo n ies. A  constituent o f  M acC onkey base is phenol red, a pH  

indicator which turns red under acidic conditions. (3-galactosidase-producing co lon ies are 

a red colour due to the production o f acidic m etabolic products during the fermentation o f  

lactose . In contrast co lo n ies  not exp ressin g , or exp ressin g  very low  le v e ls  o f  p- 

galactosidase are white or a pale pink colour.

M acC onkey lactose agar: 4 0  g D ifco  M acConkey agar base, 10 g lactose, 15 g agar

C ongo Red agar plates

C on go  red agar plates w ere used to indicate the presence o f  the LV P in co lo n ies  o f  

Shigel la f lexneri  strain 2457T  grow ing on agar plates. The LV P o f  S. f lexneri  is prone to 

site -sp ecific  integration into the chrom osom e leading to a dow n-regulation o f  virulence  

gen e expression  (C olonna et  a i ,  1995). C olon ies containing the intact LV P appear red 

on Congo red agar due to the binding o f the dye by plasm id-borne contact haem olysin  

{hla).  C olon ies which have lost or contain integrated LVP appear w hite on con go  red 

agar.

C ongo red agar: 30 g Tryptic Soy broth, 15 g agar, 100 m g con go red.

M edia Supplements: A ntibiotics. X-Gal and IPTG

A ll stock antibiotic solutions were stored in aliquots at -2 0 °C  and those prepared in water 

w ere sterilised by filtration through 0 .2  |im  A crodisc Filters (PA LL). C arbenicillin  was 

prepared as a 100 mg ml ' stock solution in ddH 2 0  and used in m edia at a concentration
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of 100 |ig  ml ‘. Kanamycin and spectinomycin were prepared as 50 mg ml 's to c k  

solutions in ddH20 and used at a final concentration of 50 |Lig ml '. Tetracycline was 

prepared as a 10 mg ml ' stock solution in 100% ethanol and used at a final concentration 

of 10 |xg ml '. Chloramphenicol was prepared as a 20 mg ml ' stock solution in 100% 

ethanol, and used at a final concentration of 20 |J.g ml '.

X-Gal (5-bromo-4-chloro-3-indoyl-P-D-galactoside), a chromogenic substrate for P- 

galactosidase was prepared as a 20 mg ml ' stock solution in N, A^-dimethyl formamide 

and stored in the dark at -20°C. X-Gal was used in agar plates at a final concentration of 

20 )lg ml '.

IPTG (isopropyl-P-D-thiogalactopyranoside), a gratuitous inducer of the lac promoter 

through inactivation of the L a d  repressor, was prepared as a 100 mM stock solution in 

ddH20, filter sterilised, and stored at -20°C. IPTG was used at a final concentration of 

0.5 mM in broth cultures to induce expression of virB and mutant virB derivatives 

expressed from plasmid vectors.

2.2 Bacterial strains and culture conditions

2.2.1 Bacterial strains.

All bacterial strains used in this study were derivatives of Shigella flexn er i 2a or 

Escherichia coli K-12. These are listed in Table 2.1 together with source and genotype. 

Bacterial strains were maintained as permanent stocks in 7.7% DMSO (dimethyl 

sulfoxide) or 15% glycerol at -70°C.

2.2.2 Bacterial culture conditions
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Table 2.1 Bacterial strains

Strain Relevant characteristics Source

Shigella flexneri

2457T Wild type S. flexneri 2a Formal et a i ,  1958

BSI03 LVP cured derivative of 2457T Maurelli et al., 1984

BSI84 I A S I !  mxiCwM ndll 734 Maurelli et a/., 1984

BS185 BS184 hnsv.TnW Maurelli and 

Sansonetti, 1988

CJD1018 BS184 v/r5::pMEP151 Porter, 1998

CJD1006 BS184v/rF::pMEP312 Porter, 1998

CJD1022 CJD1018 pMEP509 Porter, 1998

CJDl 114 CJD1018 pMEP538 Porter, 1998

CJDl 116 CJD1018 pMEP539 Porter, 1998

Escherichia coli

XL-1 Blue supEAA hsdR 17 recA 1 

endA 1 gyrAA6 thi relA 1 lac 

F\proAB^ la cr  lacZAM  15TnlO(tef)]

Stratagene

D H 5a supEAA A/flcf/169((l)80/acZAM 15) 

hsdRM  recA \ endA \ gyrA96 thi-\ relAX

Hanahan, 1983

AG 1688 hsdR mcrB araD \39 A{araABC-leu)l619 

AlacXlA galU galK rpsL thi F '128/acf‘ lacZ::Tn5,

Hays et al., 2000

JH372 AG1688([X]202), Hays et al., 2000

BL21DE3 hsdS gal (A,clfj'857 ind\ 5'am7 ninS lacUVS- 

T7genel)

Studier et al., 1986



Bacterial cultures were grown aerobically in liquid medium at 30°C or 37°C as indicated 

in the text. Stationary phase cultures were obtained by inoculating single colonies into 2 

ml of broth in a sterile test tube and growing overnight. Exponential phase cultures were 

obtained by inoculating 2 ml of broth to an optical density^oo (OD^oo) of 0.05, and 

monitoring growth to logarithmic phase (OD^oq 1-5) by spectrophotometry. Cultures of 2 

ml were typically grown in test tubes whilst cultures of 5-20 ml were grown in 50 ml 

universals. Larger cultures were grown in conical flasks of appropriate size to the 

volume of medium. Every effort was made to ensure identical conditions of 

growth/harvesting for comparative experiments. All broth cultures of Shigella flexneri 

were inoculated from agar plates containing X-gal or congo red to ensure that colonies in 

which the virulence genes had undergone re-arrangement or integration of the LVP were 

not used.

2.3 Plasmids, bacteriophage and oligonucleotides.

2.3.1 Plasmids

Plasmids used in this study are listed in Table 2.2 together with genotype and source. 

Any details of plasmid construction will be described in the appropriate results chapters.

2.3.2 Bacteriophage

The bacteriophage used in this study were derivatives of phage X and are listed in Table 

2.2. Bacteriophage X lysates were routinely stored at 4°C in the dark in 5 ml volumes 

supplemented with chloroform.

2.3.3 Oligonucleotides

The sequences and nomenclature of all oligonuleotides used in this study are listed in 

Table 2.3. Oligonucleotides were purchased from MWG-Biotech.
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Table 2.2 Plasmids and bacteriophage
Plasmid name Details Source/reference

pACYC184 multi-purpose cloning vector; p l5A  replicon, Chang and Cohen ,

cat tet 1978

pET19b multi-purpose expression vector, hla Novagen

pDIA17 pA CY C1 S4lacP, cat tet P. Bertin

pBAD33 expression vector, pl5A /M 13 replicon, cat Guzman et al., 1995

pTH19kr multi-purpose cloning vector, pSClOl Hashimoto-Gotoh et

replicon, kan al., 2000

pGCS82 suicide vector, ori6K  or/TRK2 Lambert de Rouvroit et 

al., 1992

pM EPlSl internal fragment of virB in pGCS82 Porter, 1998

pMEP312 internal fragment of virF  in pGCS82 Porter, 1998

PQF50 lacZ promoterless trap vector, hla Farinha and Krapinski, 

1990

pMEP509 virB on 2.1 kb H indlll fragment in 

pACYC184, car

Porter, 1998

pBCP378 expression vector; ColEl replicon, hla Velterop er (3/., 1995

pMEP539 cat gene in pBCP378, bla cat Porter, 1998

pMEP538 virB gene in pMEP539, hla cat Porter, 1998

pBCPK152E pMEP538 with K152E mutation, hla cat This work

pBCPK164E pMEP538 with K164E mutation, hla cat This work

pBCPL196E pMEP538 with L196E mutation, hla cat This work

pBCPL203P pMEP538 with L203P mutation, hla cat This work

pBCPL203V pMEP538 with L203V mtuation, hla cat This work

pBCPN207H pMEP538 withN207H mutation, hla cat This work

pBCPN207I pMEP538 with N207I mutation, hla cat This work

pBCPL210H pMEP538 with L21 OH mutation, hla cat This work



Table 2.2 continued
pBCPL210P 

pBCPP215A 

pBCPL217S 

pBCPL224R 

pBCPK152E L203P 

pBCPK152E L210P 

pBCPAl-30 

pBCPAl-65 

pBCPA244-309 

pBCPA262-309 

pBCPA292-309 

pBCPALZ 

pMEP540

pJH370

pJH391

pFG157

pZ150

pKHlOl 

pOAClOO 

pOAClOl 

pSMvirB 

pSML203P 

pSMK152E 

pSMA 1-144

pMEP538 with L210P mutation, bla cat 

pMEP538 with P215A mutation, bla cat 

pMEP538 with L217S mutation, bla cat 

pMEP538 with L224R mutation, bla cat 

pMEP538 with K152E + L203P, bla cat 

pMEP538 with K152E +L210P, bla cat 

pMEP538 with A1-30 deletion, bla cat 

pMEP538 with A 1-65 deletion, bla cat 

pMEP538 with A244-309 deletion, bla cat 

pMEP538 with A262-309 deletion, bla cat 

pMEP538 with A292-309 deletion, bla cat 

pMEP538 with ALZ deletion, bla cat 

virB gene with pET19 H 10 tag in pMEP539, 

bla cat

pFG 157 1 -115 of + GCN4 LZ on HindWl- 

fcoR V  fragment, bla 

“stuffer” plasmid: pJH370, with Sall-Sacl 

lacZ fragment from pMC 1871, deletion 

between BamHI, bla 

pZ150 with intact Xcl repressor, bla 

pBR322 with M l3 ssDNA ori

pFG157 A 115-237 Xc\ repressor, bla 

pFG157 A131-237 Xcl repressor, bla 

pJH391 X cIl-115 fused to bglG  gene, bla 

pJH391 with virB fused to X cII-115, bla 

pSMvirB with L203P mutation, bla 

pSMvirB with K152E mutation, bla 

pSMvirB with Al-144 deletion, bla

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

Porter, 1998

Hays et a i ,  2000

Hays et a i ,  2000

Hays et a i ,  2000 

Zagursky and Berman, 

1984 

Hays et a l ,  2000 

Boss et al., 1999 

Boss et al., 1999 

This work 

This work 

This work 

This work



Table 2.2 continued
pSM AI-184 pSMvirB with A l-184 deletion, bla This work

pSM A]-225 pSMvirB with A1-225 deletion, bla This work

pSMA147-309 pSMvirB with A 147-309 deletion, bla This work

pSMA 176-309 pSMvirB with A 176-309 deletion, bla This work

pSMA232-309 pSMvirB with A232-309 deletion, bla This work

pSMH-T-H pSMvirB with virB H-T-H, bla This work

pSMLZ pSMvirB with virB LZ, bla This work

pET19VirB virB cloned into pET 19b C. Beloin

pET19K152E virB K 152E cloned into pET 19b This work

pET19K164E virB K164E cloned into pET19b This work

pET19L224R virB L224R cloned into pET 19b This work

pET19ALZ virB ALZ cloned into pET19b This work

pET19A244-309 virB A244-309 cloned into pET19b This work

pET19Al-65 virB A 1-65 cloned into pET19b This work

pBAD33VirB virB gene in pBAD33, cat C. Beloin

pQF50 icsB icsB-lacZ  fusion in pQF50, hla C. Beloin

pQF50 ipgD ipgD-lacZ fusion in pQF50, bla C. Beloin

pQF50 virA virA-lacZ  fusion in pQF50, bla C. Beloin

pQF50 spa spa-lacZ  fusion in pQF50, bla C. Beloin

pQF50 hupA hupA-lacZ  fusion in pQF50, bla C. Beloin

Bacteriophage

Xvir KH54 h80 Hays et a i ,  2000

X cl KH54 Acl‘ Hays et al., 2000



Table 2.3 Oligonucleotides

Name Sequence (5'-3’) Use

5’VirBpET GGGTGTCATATGGGTGGATTTGTGCAACGAC Cloning of virB into pET19b

3'VirBpET GTTCGATGATCATGAAGACGATAGATGGCG Cloning of virB into pET19b

5’VirB ATGGTGGATTTGTGCAACGACTTG Amplification of virB gene

3'VirB TTATGAAGACGATAGATGGCGAGA Amplification of virB gene

5'VirF ATGGATGGATATGGGACAT Amplification of virF gene

3'VirF TTAAAATTTTTTATGATATAA Amplification of virF gene

5’VirB538 AGGGTGCATATGGTGGATTTGTGCAACGACT

TG

Cloning of virB into pMEP538

3'Vii-B538 AGTGTTGTCGACTTATGAAGACGATAGATGG Cloning of W-lQvirB into

CG pMEP538

5'VirBHlO CCTCTAGAAATAATTTTGTTTAAC Cloning of H10-v/r5 into 

pMEP538

3'VirBHlO CTTCCTGTCGACCTTTGTTAGCAGCCGGAT Cloning of virB into pMEP538

VirBseq GCGAAAGTCACTCGTGCCT Sequencing of LZ of VirB

5’KI52E GGATGTCCTATGAAGACATAGCCAAAAAAG Mutagenesis of virB

3'K152E CTTTTTTGGCTATGTCTTCATAGGACATCC Mutagenesis of virB

5'K164E GAATCTGTCTCGCGCGGAAGTCACTCGTGC Mutagenesis of virB

3'K164E GCACGAGTGACTTCCGCGCGAGACAGATTC Mutagenesis of virB

5’L196E GACTACAAGATAGAATTCAATTATTATAAA Mutagenesis of virB

3' L196E TTTATAATAATTGAATTCTATCTTGTAGTC Mutagenesis of virB

5'L203P TTCAATATATATAAAGGACCTGAAAAGGCTA

ATGAATCTC

Mutagenesis of virB

3'L203P GAGATTCATTAGCCTTTTCAGGTCCTTTATAA

TAATTGAA

Mutagenesis of virB

5'L203V TATTATAAAGGAGTTGAAAAGGCTAATGAA Mutagenesis of virB

3'L203V TTCATTAGCCTTTTCAACTCCTTTATAATA Mutagenesis of virB

5'N207H CTTGAAAAGGCTCCATGAATCTCTTAGTTCT Mutagenesis of virB

3'N207H AGAACTAAGAGATTCATGAGCCTTTTCAAG Mutagenesis of virB



Table 2.3 continued
5'N207I

3'N207I

5'L210P

3'L210P

5'L210H

3'L210H

5'P215A

3P215A

5'L2I7S

3'L217S

5'L224R

3'L224R

5'Al-30

3'A l-30

5’Al-65

3'Al-65

5'A244-309

3'A244-309

5'A262-309

3'A262-309

5'A292-309

CTTGAAAAGGCTATTGAATCTCTTAGTTCT

AGAACTAAGAGATTCAATAGCCTTTTCAAG

GGCTAATGAATCTCCTAGTTCTACACTACC

GGTAGTGTAGAACTAGGAGATTCATTAGCC

GCTAATGAATCTCATCGTTCTACACTACCA

TGGTAGTGTAGAACTATGAGATTCATTAGC

AGTTCTACACTAGCAATATTAAAGGAAGAA

TTCTTCCTTTAATATTGCTAGTGTAGAACT

ACACTACCAATATCAAAGGAAGAAATAAAA

TTTTATTTCTTCCTTTGATATTGGTAGTGT

GAAATAAAAGACCGTGATACAAATTTGCCC

GGGCAAATTTGTATCACGGTCTTTTATTTC

GTTTCCCATATGAAAGCCAAGATTCCTC

AGTGTTGTCGACTTATGAAGACGATAGATGG

CG

GCAGCACATATGCCACAGGAAATAATATCTC

TA

AGTGTTGTCGACTTATGAAGACGATAGATGG

CG

AGGGTGCATATGGTGGATTTGTGCAACGACT

TG

AGAGTTGTCGACCTATCATTAGCTTTTCTTTA

TGATGTT

AGGGTGCATATGGTGGATTTGTGCAACGACT

TG

GTAAGTGTCGACTCATTAAGAAATAAATAAC

G

AGGGTGCATATGGTGGATTTGTGCAACGACT

TG

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

Mutagenesis of virB 

virB truncate construction 

virB truncate construction

virB truncate construction

virB truncate construction

virB truncate construction

virB truncate construction

virB truncate construction

virB truncate construction

virB truncate construction



Table 2.3 continued
3'A292-309 TTCATCGTCGACTTATCACTGAACTGTTTTGT 

T

5'ALZ CTTGATAAGCTTTTGGCCCCCGGAC 

3'ALZ GTAGTCAAGCTTGTTAAGTTCTGACGC 

5’virBivda ACAGGGTCGACGATGGTGGATTTGATTTGTG 

C

3'virBivda AGTGTTGGATCCTTATCAGACGATAGATG 

5’LZivda TCTCTGTCGACGATCGCGTCAGAACTTAAC 

3'LZivda ATTTTAGGATCCTTATCATATGTCCTGGGC 

5'HTHivda ATTTGTCGAAGGTATCAGGGATGTCCTAT 

3 'HTHi vda TA ATAGGGATCCTTATC ACTGTGG A ACGCT 

5’ 144ivda GGTCTGTCGACGCTGAAAGTATCAGGGATG 

5'225ivda ATAAAGTCGACGGATACAAATTTGCCCCCG 

3' 147ivda GTCTTTGGATCCTTATCATGATACTTTCAGAA 

A

5'ics/ipg TATAGGTCCTGTATTGCTTGCCTGAAT 

3'ics/ipg AAATGAGGATCCATGCAATCCCAAATTAGT 

5'virA GTTAGTTATGTTTGATGTCTGCAT 

3'virA TGTGTCTTGCTTTGAAAAAAAAGA 

5'spa ACTTCAGTCATCTGCTTATAACAT 

3'spa CATTGATTATAAGACCCCATTTAA 

5'icsP ACTCTCGACTTTAAAAGGATGGGA 

3'icsP CTACTCACCTTCTTGTTCTCTCGC 

5'ompC TTATTTCGCCATTCCGCAATAATC 

3'ompC TCAGTCGGCAAGTCCATTCTCCCC 

5'pTH CCAAGCTTGCATGCCTG 

3'pTH TCGAGCTCGGTACCCG

virB truncate construction

virB truncate construction 

virB truncate construction 

VirB-cI chimera construction

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction 

VirB-cI chimera construction

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Bandshift probe/ChIP 

Chip 

ChIP

Amphfication of library inserts 

Amphfication of library inserts



2.4. Transformation o f bacterial strains with plasmid DNA

P lasm id  D N A  w as transform ed into bacterial strains by tw o d ifferent m ethods as 

described in Ausubel et  at. (1990). Cells were either made com petent by treatment with  

calcium  chloride coupled  with heat-shock uptake o f  plasm id D N A , or transform ed by 

electroporation. Greater transformation efficien cies can be achieved with electroporation  

(up to 10'°transform ants/|lg o f  D N A ; Ausubel et al.,  1990) than can be obtained with the 

CaClj m ethod (typically 5 x 1 0 ^  transformants/|ig o f  D N A ; Sambrook et at.,  1989). The 

CaClj m ethod was used for routine transformation o f E. col i  ce lls  with plasm id D N A  or 

ligation  m ixes. E lectroporation was used for transform ation o f  S. f l ex n er i  c e lls  as 

virulence gen e deletion or rearrangement can occur as a result o f  C aC l2  transformation  

into this strain (Porter and Dorman, 1997c).

2.4. L Preparation o f calcium chloride-competent cells

An overnight culture o f  the strain to be made com petent for transformation was used to 

inoculate 100 ml o f  LB broth and grown to an OD^oo ~ 0 .2 -0 .4 . The ce lls  w ere pelleted by 

centrifugation at 1,600 g  for 5 min, and the bacterial pellet resuspended in 100 ml o f  ice- 

co ld  0.1 M CaClj. solution (60 mM CaCl2 , 15% glycerol, 10 mM  PIPES, pH 7). C ells  

w ere incubated on ice for 30 min before being harvested as described  above, and 

resuspended in 50 ml ice-co ld  0.1 M CaClj solution. F ollow ing a 30  min incubation on 

ice, ce lls  were again co llected  and resuspended in 2 ml o f  cold  C aC l2  solution . At this 

stage ce lls  were distributed into 200  |ll aliquots and used directly, or snap-frozen on dry 

ice and stored at -7 0 °C .

2.4.2 Transformation o f calcium chloride-competent cells

D N A  (0 .1 -1  |ig ) to be transformed, in a volum e not exceed ing 5 |a.l, was added to the 200  

)il aliquot o f  com petent ce lls  and left on ice for 30 m in, thereby a llow ing the D N A  to
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contact the bacterial surface. The tubes were then incubated in a 42°C water bath for 2 

min before returning to ice for 2 min. This heat-shock treatment allows uptake of the 

plasmid DNA through the CaCl2-induced competent membrane by an unknown

mechanism, and appears to temporarily inactivate intracellular nucleases (Ausubel et a l ,  

1990). 1 ml of warmed LB broth was added the culture, which was then incubated at 

37°C for I h with shaking to allow phenotypic expression of the plasmid-borne antibiotic 

resistant marker. Subsequently, 10 )ll and 100 fil samples of the transformation mix were 

plated onto appropriate selection plates. Cells to which no DNA had been added were 

treated in the same way and thus served as a control for contamination. Following 

overnight incubation at 37°C, single colony transformants were purified on fresh 

selective agar plates.

2.4.3 Preparation o f electro-competent cells

Typically 100 ml of an overnight culture of the strain to be made electrocompetent for 

transformation was used to inoculate 500 ml of LB broth to an OD^oo -0.05 and grown to 

an ODgoo -0.4.5-0.6. The cells were pelleted by centrifugation at 3,000 g for 10 min and 

the bacterial pellet resuspended in 250 ml of sterile, ice-cold ddH20. After 30 min 

incubation on ice, cells were again pelleted and resuspended in 125 ml cold ddHjO, and 

further incubated on ice for 30 min. Following another centrifugation step, cells were 

resuspended in 10 ml of ice-cold 10% (v/v) glycerol, incubated on ice for 10 min, 

pelleted, and finally resuspended in 2 ml of cold 10% (v/v) glycerol. Aliquots (40 |ll) 

were used directly or snap frozen on dry ice and stored at -70°C.

2.4.4 Transformation o f electro-competent cells

The DNA to be electroporated (50-200 ng in 2 |0 ,l sterile water) was added to the 40 |J.I 

aliquot of electrocompetent cells and incubated on ice for 2 min. The mixture was then 

transferred to a pre-chilled electroporation cuvette (EquiBio, 0.2 cm gap width). The
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cuvette was placed in the Gene Pulser chamber (Bio-Rad) and an electroshock delivered. 

To the cuvette 1 ml of pre-warmed LB broth was added and the contents transferred to a 

sterile tube and incubated at 37°C with aeration and shaking for 1 h. This incubation 

allows phenotypic expression of the antibiotic resistance marker. Subsequently, 10 |0 ,1  and 

100 |il of the transformation mix were plated onto appropriate selection plates. Cells to 

which no DNA had been added were treated in the same way and thus served as a control 

for contamination. Following overnight incubation at 37°C, transformants were single 

colony purified.

2.5 Assays based on spectrophotometry

2.5.1 M onitoring bacterial growth

The growth of bacterial cultures was monitored by measuring the optical density of the 

culture at a wavelength of 600 nm (OD ôo)- For routine measurement of OD ôo, including 

estimation of cell density for (3-galactosidase assays (Section 2.5.4), 0.1-1 ml of the 

culture was transferred into a plastic disposable cuvette (Greiner), and brought to a final 

volume of 1 ml with LB broth. The ODggo value was measured in a spectrophotometer 

against a cuvette containing only LB broth. This value was linear in the range 0 .1-0.6 and 

was multiplied by the dilution factor if necessary.

2.5.2 Determination o f  protein concentration by the Bradford assay

Protein concentration was determined using a Bio-Rad Protein Assay, which is based on 

the method of Bradford (1976), and measures the differential colour change (shift in 

absorbance from 465 to 595 nm) of Coomassie Brilliant Blue G-250 upon protein 

binding. The concentrations of H-tagged purified VirB and VirB mutant proteins were 

determined by measuring several serial dilutions of the protein of interest. The resulting 

OD 5 9 , measurements were compared to a standard curve determined by measuring several
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know n con cen tra tion s o f  b o v in e  serum  album in , w h ich  has a m o lecu la r  m ass  

approxim ately double that o f VirB.

2.5.3 Assay for P-galactosidase activity

(3-G alactosidase activity w as assayed in sod ium -dodecyl-su lphate (S D S ) and CHCI3 

perm eabilised  ce lls , according to a scaled  dow n, m odified  version o f  the protocol o f  

M iller (1972). C ells were grown in overnight culture at 30°C  and 37°C  as appropriate, 

and placed on ice for 20 m inutes before ODjqo m easurem ents were taken. 75 |il o f cells  

were aliquoted into duplicate m icrofuge tubes. The ce lls  w ere then perm eabilised  with  

675 )J.l o f  Z buffer 50  |al o f CH Cl, and 25 |il o f  SD S. The m icrofuge tubes were vortexed  

for ten seconds and then incubated at 28°C  for fiv e  m inutes. A  volum e o f  150 |ll o f  

O N PG  (4 m g/m l) was added to each tube, fo llow ed  by brief vortexing. The incubation  

was continued until a straw colour was obtained (A 420 0.1 -0 .8). 375 |il o f N ajH C O , (1 M) 

was then added to stop the reaction the m icrofuge tubes were centrifuged at 10 ,0 0 0  g  for 

4 m inutes. A 420 measurem ents were taken on 1 ml o f the supernatant.

Am ount o f  (3-galactosidase 750  x A^,,,_______

activity in M iller units = t x v x OD^oo

where t = T im e taken betw een addition o f  O N PG  and appearance o f  straw colour  

(m inutes)

V = V olum e o f cells used (ml)

D uplicate assays were performed on each culture and mean values are g iven  throughout 

this study. Standard deviations were typically less than 10%.

Z-Buffer: 60  mM  Na2HP0 4 .2 H2 0

40  mM NaH 2P0 4 .2 H2O 

50 mM  p-mercaptoethanol 

10 mM KCl
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1 mM M gS0 4 , pH7

2.6 Preparation o f  plasm id and chromosomal DNA

2.6.1 Sm all scale isolation o f  plasm id DNA

Plasmid D N A  was routinely purified from E. coli and S. flexn eri strains with the W izard 

Plus S V  m iniprep Kit (Promega) from 5 ml of cultures according to the guidelines 

provided. The procedure is based on a modified alkaline lysis method of Ish-Horowicz 

and Burke (1981), where bacteria are lysed and proteins denatured (SDS) in the presence 

o f  protease inhibitors. R N A  is then degraded (RNase), and chrom osomal and plasmid 

DNA denatured (NaOH). The lysis mixture is then neutralised with salts, causing protein 

and chrom osom al D N A to precipitate. Plasmid D N A rapidly re-anneals and debris is 

pelle ted  by centrifugation. The supernatant containing plasm id D N A  is w ashed  and 

desalted through a mini-column, and eluted in 100 |il ddHjO.

2.6.2 Large scale isolation o f  plasm id DNA

The Qiagen midi-plasmid purification kit was used to purify plasmid D N A  from cultures 

o f  100 ml (high copy num ber plasm ids) and 250 ml (low copy num ber p lasm ids) 

overnight cultures of E. coli and S. flexneri. Purification is based on a modified alkaline 

lysis protocol (Ish-Horowicz and Burke, 1981). Bacteria are lysed with and proteins 

denatured with SDS, in the presence of RNase. The lysis mixture is then neutralized with 

p o tass ium  aceta te  causing  pro te ins and chrom osom al D N A  to p rec ip ita te . The 

precipita ted  debris is pelleted by centrifugation and the plasm id D N A  is applied to 

co lum n-based  an ion-exchange resin under low salt and pH conditions. A m edium  salt 

wash rem oves RNA, proteins and other impurities, and the plasmid D N A  is eluted in a 

high salt buffer. The D N A is then precipitated with isopropanol, and resuspended in 100 

III d d H p .

53



2.6.3 Large scale preparation o f chromosomal and large virulence plasmid DNA

Bacterial chromosomal and large virulence plasmid DNA was isolated from S. flexneri 

using a modified version of the method of Silhavy et al. (1984). A 100 ml overnight 

culture was centrifuged at 3,000 g for 10 min, the pellet resuspended in 5 ml of 50 mM 

Tris-HCI, 50 mM EDTA pH 8.0 and transferred to ten 2 ml microfuge tubes. The cell 

suspension was frozen at -20°C overnight and then 50 |il of freshly made lysosyme 

solution (lOmg/ml in 0.25 M Tris-HCI pH 8.0). When just thawed, the cells were 

incubated on ice for 45 min, before addition of 1 ml of freshly made STEP solution. 

After a 60 min incubation at 50°C with occasional inversion, most of the suspensions had 

cleared. Lysates were then split into two in 2 ml microfuge tubes and 750 p-l of Tris- 

buffered phenol (Fisons) were added. The tubes were shaken for 5 min before 

centrifugation at 10,000 g for 3 min. The aqueous phase was removed to a fresh 

microfuge tube and a further phenol extraction performed. The aqueous phase was again 

removed and transferred to a microfuge tube containing 500 |il of a 1:1 mix of 

phenolxhloroform. Following mixing and centrifugation as before, the aqueous phase 

was removed to a clean microfuge tube and the DNA precipitated with 0.1 volumes of 3 

M sodium acetate and 2 volumes of cold ethanol. Precipitated DNA was spooled out 

using a glass rod and resuspended in 2 ml of 50 mM Tris-HCI, 1 mM EDTA pH 7.5. 

DNA was left to resuspend overnight at 4°C before 2 |il of 10 mg/ml RNase A were 

added. After incubation at 4°C for 4 h, 2 ml of chloroform were added, the contents of 

the tube mixed by inversion and the layers separated by centrifugation. The aqueous 

layer was ethanol precipitated as before and DNA resuspended in 500 fll of 50 mM Tris- 

HCI, 1 mM EDTA pH 7.5. Chromosomal and LVP DNA was stored at 4°C.

STEP solution: 0.5% (w/v) SDS

50 mM Tris-HCI pH 7.5 

0.4 M EDTA
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1 mg/ml proteinase K added immediately before use.

2.7 Manipulation ofD N A  in vitro

2.7.1. Restriction endonuclease cleavage ofD N A

Throughout this study restriction endonucleases were used both to analyse the physical 

structure of DNA and as a tool in the construction of recombinant molecules. Typically 

0 .5-2.0 fig of plasmid DNA or purified PCR product were cut with 10 U of restriction 

enzyme in a 100 |Li.l volume containing the reaction buffer supplied with the enzyme. For 

double digests involving simultaneous cleavage of DNA by two endonucleases, a suitable 

buffer was chosen in which both enzymes had >75% activity. Alternatively, double 

digests were performed sequentially in suitable buffers with purification of the DNA 

using the Roche High Pure PCR Product Purification Kit between digestions. Reactions 

were incubated at 37°C for 1-2 h unless otherwise recommended.

2.7.2 Klenow treatment o f  restriction endonuclease-cleaved DNA

The Klenow fragment of the E. coli DNA polymerase I which lacks the exonuclease 

activity of the holoenzyme was used to fill in protruding 3' termini in the construction of 

the S. flexneri  gene library to give complementary “sticky” ends for the Sail digested 

vector and the Sau3M .  digested chromosomal and plasmid DNA. Restriction 

endonuclease treated DNA was purified using the Roche High Pure PCR Product 

Purification Kit. 15 |X l  of purified DNA was incubated with 2 mM of the appropriate 

deoxyribonucleotides, ddH20. 2 U of Klenow polymerase (NEB) and 1 x Klenow buffer 

to make up a total volume of 20 |il. The reaction was allowed to proceed for 30 min at 

25°C.

Klenow buffer: 0.5 M Tris-HCl pH 7.6

0.1 M MgCl2
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2 .7.3 Phosphatase treatment o f  restriction endonuclease-cleaved DNA

Cleavage of DNA by restriction enzymes leaves a 5'-protruding and 3'-recessive, or 5'- 

biunt end phosphoryl groups on the DNA. These phosphoryl termini are required for 

formation of phosphodiester bonds between adjacent ends of DNA (inter- or intra

molecular). Consequently, removal of the 5'-phosphoryl group of vector DNA molecules 

prior to use in cloning reactions prevents self-ligation and decreases the vector 

background in cloning strategies. Alkaline phosphatase was used to dephosphorylate 5'- 

phosphoryl groups when a blunt-ended cloning was performed, or if cloning into a single 

restriction site. Vector DNA was digested with restriction endonucleases for 1-2 h and 

then 1 U of calf intestinal alkaline phosphatase (New England BioLabs) and 1 x 

dephosphorylation buffer (supplied with the enzyme) were added, and incubation at 37°C 

continued for an additional 60 min.

2.7.4 Purification o f  linear DNA

Linear DNA fragments (PCR products or cleaved DNA) were purified for cloning, or for 

the preparation of (labelled) probes, using the Roche High Pure PCR Product Purification 

Kit. The linear DNA fragments were purified directly, or from an agarose gel slice. For 

this, the DNA was electrophoresed through a 1 x TAB agarose gel containing 1 |ig ml ' of 

ethidium bromide. The desired DNA fragment was cut out using a surgical blade and 

purified following the guidelines supplied. Briefly, the procedure entails mixing DNA 

(from PCR reactions or a gel slice) in a buffer that provides the ions and environment 

where DNA is selectively bound with high affinity to glass fibres in a pre-packed 

column. The mini-column is then washed with 80% ethanol to remove macromolecules, 

primers, salts and other impurities. The DNA is then eluted in 100 |ii of Tris-HCl pH 8.0.

2.7.5 Ligation o f  DNA molecules
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Bacteriophage T4 DNA ligase supplied with the Rapid DNA Ligation Kit (Roche 

M olecular Biochemicals) was routinely used to clone digested insert DNA into 

appropriately digested vectors according to the manufacturer’s directions. T4 DNA ligase 

catalyses the ATP-dependent formation of phosphodiester bonds between adjacent 5'- 

phosphoryl and 3'-hydroxyl ends in double stranded DNA. Reactions were performed by 

incubating an estimated molar ratio of purified vector:insert DNA (1:3 for sticky ends, 

1:5 for blunt ends) in a 20 |il volume with 1 )ll of T4 DNA ligase. {DNA quantity was 

estimated by electrophoresing through a 1% TAE agarose gel and comparing band 

intensity to known standards.} The mixture was incubated at room temperature for 30 

min and typically a 5 |ll sample was directly transformed into appropriate calcium- 

chloride-competent cells.

2.7.6 Phenol/chloroform extraction o f  DNA

Pro te inaceous debris was rem oved from DNA solutions by m ixing  with 

phenol/chloroform (1:1 v/v Tris buffered phenol/chloroform). An equal volume of 

phenol/chloroform was added to the DNA solution, mixed by vortexing or shaking and 

the layers separated by centrifugation at 10,000 g for 3 min. The aqueous layer was 

removed and further extractions performed if necessary until the amount of proteinaceous 

material at the interface was negligible. An equal volume of chloroform was then added, 

the tube mixed and the layers separated by centrifuging at 10,000 g for 2 min. Nucleic 

acids were precipitated as described in Section 2.7.7.

2.7.7 Ethanol precipitation o f  DNA

Unless otherwise stated ethanol precipitation of DNA samples was performed as follows: 

0.1 volumes of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 100% ethanol were 

added to the nucleic acid suspension. The contents of the tube were incubated on ice for
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30 min before centrifugation at 11,000 g  for 30 min. The pellet was then washed in 500 

|il of  70% ethanol and resuspended in a suitable volume of ddH20.

2.8 Site-directed mutagenesis

Site directed m utagenesis was performed using the Quikchange™ kit (Stratagene) to 

introduce m utations into the virB  gene. Two complementary synthetic oligonucleotides 

containing the desired mutation were extended by PCR using the high fidelity enzyme 

Pfu  D N A  polymerase. The resulting PCR products were then digested with D p n l ,  a 

restriction enzym e specific for methylated and hemi-methylated DNA, and as a result 

only parental D N A  template and not newly synthesisied D N A was digested. M utations 

were constructed using the plasmid pM EP509 as a template. Com plem entary  primers 

were designed containing the base-pair change at the centre. The PCR reactions were set 

up in accordance with the protocol, and after amplification and D pnl  digestion, the D N A 

was precipitated to 10 |ll and transformed into E. coli XL-1 Blue cells. All o f  the 

mutations were confirmed by restriction digest analysis and sequencing before being 

subcloned into a lower copy number plasmid vector, pACYC184. It was discovered that 

some of these mutants had acquired auxiliary mutations in the virB  promoter during PCR 

amplification leading to varied expression levels, thus all mutants were further subcloned 

into N del  and Sail  sites of pMEP538.

2.9 Construction o f virB truncates

Truncates of VirB were constructed by amplifying truncated forms of the virB  gene by 

PC R (Section 2.11) and cloning into the Ndel  and Sail  restriction sites o f  pM EP539 

(Table 2.1). The LZ  deletion truncate was constructed by three-way cloning into the same 

sites. Putative clones of each truncate were sequenced, and expression of truncates was 

confirmed by western immunoblotting.
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2.10 Construction o f  a gene library o f  S. flexneri 2457T

Chromosomal and LVP DNA was isolated from S.flexneri 2457T as described in Section 

2.6.3, for the construction of a gene library. The DNA was subjected to a partial Sau2>A\ 

digestion and the 3' ends were then partially filled using Klenow, before ligation into the 

vector pTH19kr.

2.10.1 Partial Sau3A/ chromosomal digestion

Doubling dilutions of the restriction enzyme S a u 3 h \ were used to partially digest the S. 

flexneri DNA giving a variety of fragment sizes according to the protocol of O ’Toole and 

Foster (1988). 50 )Xg of DNA was diluted into 1 ml of 1 x Sau3A l buffer and dispensed 

in 100 |nl aliquots into 8 microfuge tubes labelled 2-9 with 1 tube (labelled 1) retaining 

200 fil. 0.5 U of Sau3A l restriction enzyme was added to tube 1 and vortexed briefly. 

100 ml from tube 1 was then transferred into the tube 2 and mixed, doubling dilutions of 

the enzyme into DNA solution continued until tube 8. The final tube 9 was incubated 

without enzyme as a control. All of the tubes were incubated at 37°C for 30 min to allow 

digestion to proceed. The reactions were stopped by the addition of EDTA to 50 mM and 

the DNA was purified using the High Pure PCR Product Purification Kit (Roche 

Molecular Biochemicals). The level of digestion in each tube was analysed by 

electrophoresis on a 1 % agarose gel and separated fragments were visualised by ethidium 

bromide staining. The reaction containing fragments of the appropriate size (2 kb -10 kb) 

was selected for cloning into pTH19kr.

2.10.2 Cloning o f  the S. flexneri 2457T library

Purified Sau?>W digested DNA was treated with Klenow and deoxyribonucleotides dATP 

and dGTP (Section 2.7.2), to partially fill in “sticky” ends, leaving 3' ends 

complementary to Sail digested pTH19kr vector, which had been similarly filled with 

deoxyribonucleotides dCTP and dTTP. After purification using the High Pure PCR
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Product Purification Kit (Roche Molecular Biochemicals), the filled, Sau3PA digested 

DNA was ligated into the filled, digested vector, and transformed into E. coli XL-1 Blue. 

As described in Ausubel et al. (1990), it is necessary to include a minimum number of 

independent clones to ensure that the entire genome is included in the library. This 

number depends both on the size of the genome and the digest fragment size. The 

equation In (1-P) / In (1[T/G]), where P is percentage recombinants, T is fragment size 

and G is genome size (Ausubel et a i ,  1990) was used to estimate the number of 

independent clones required for adequate coverage of the S. flexneri chromosome and 

LVP. 18,629 colonies were obtained from the transformation with a vector religation 

frequency of 1%, and colonies were pooled and resuspended in 200 ml of L broth. The 

DNA was isolated using the Qiagen kit (Section 2.6.2). PCR and sequencing was 

performed to ensure a variety of insert sizes and sequence.

2 .11 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was used for the amplification of DNA, for 

preparation/confirmation of fragments during cloning strategies, for quantification of 

immunoprecipitated DNA and for generating probes for electrophoretic mobility shift 

assays. The PCR method is based on the ability of a thermostable DNA polymerase to 

amplify DNA, primed from oligonucleotides annealed to denatured single-stranded 

templates (Saiki et al., 1988). The procedure involves thermal denaturation of the DNA 

template, allowing two specific oligonucleotides to hybridise to complementary 

sequences on opposite strands of the DNA, flanking the sequence to be amplified. The 

annealed primers are orientated with their 3' ends facing each other, such that DNA 

polymerase in the presence of dNTPs and Mg“'̂  will extend across the region of the 

original DNA template between the primers. Each synthesised strand is complementary 

to one of the primers, and can serve as template in further cycles of annealing and
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extension . The denaturation, annealing and extension steps are repeated for 2 5 -3 5  cyc les  

resulting in exponential am plification o f  the D N A  region o f  interest.

2.11.1 Amplification o f  DNA

T w o different thermostable polym erases were used in this study. Pfx  polym erase (G ibco  

BR L) is a h igh ly  processive 5 '-3 ’-D N A  polym erase, free o f  endo- or exo-nu cleases. Pfx  

harbours a 3'— 5' proof-reading exonuclease activity resulting in a reduced error rate o f  

nucleotide m isincorporation. Pfx polym erase was routinely used for the am plification o f  

probes for electrophoretic m obility shift assays, and for am plification o f  D N A  fragm ents 

for clon ing  purposes. Taq  D N A  polym erase (N ew  England B ioL abs) is a lso  a h ighly  

processive 5 '-3 '-D N A  polym erase purified in recom binant form, free o f  endo- or e x o 

nucleases. Taq  polym erase lacks a 5 '-3 ' exon u clease activity (proof-reading) and was 

used for PCR when it was unimportant if  the product contained m utations, for exam ple  

when checking plasm ids for cloned inserts and for quantification o f  D N A .

PCR reactions w ere carried out by m ixing 5 |xl 10 x Pfx  buffer, 0 .2  |J.M o f  each dN TPs, 

50  pm ol o f  each o ligonu cleotid e, 1 U o f Pfx  polym erase, 2.5 m M  M g S 0 4  1 0 -1 0 0  ng 

tem plate D N A  and ddH 20 to a final volum e o f  50  |0,1 in a 500 |l l  th in-w alled  PCR tube 

(Stratagene). PCR reactions using Taq  D N A  polym erase were performed as above, with  

the excep tion  that 5 \l\ \ 0  x T a q  buffer (includes 1.5 mM  M g C l2) and \ U  T a q  

p olym erase w ere used. R eactions w ere set-up on ice and im m ediately p laced  into the 

Peltier Thermal Cycler. One tube containing no template D N A  w as included and served  

as a negative control. Routinely the reaction cyc les were as follow s:

1. 94°C , 2 min [denaturation]

2. o ligo  annealing temperature”, 30 sec

3. 72°C , 1 min [extension^]
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4. 94°C, 1 min [denaturation]

5. steps 2-4 above repeated, 30 cycles

6. 72°C, 10 min [final extension and renaturation]

T h e  annealing  tem perature was typically set at 5°C below the theoretical melting 

tem perature (Tm) of the oligonucleotides being used. The Tm  was calculated using the 

formula Tm  = 2 x (A+T) + 4 x (G+C), where A, T, G and C refer to the base composition 

o f  the oligonucleotide (Deighan, 2001).

‘’Extension time depended on expected length of PCR product (~1 min per kilobase).

D N A sequences were amplified from purified chrom osom al or plasm id DNA. PCR 

amplification was also carried out using template DNA from a cell lysate. Here, a single 

colony was scraped from the agar plate with a plastic tip and resuspended in directly into 

the PCR reaction mixture.

2 .12 A garose gel electrophoresis

Electrophoresis through agarose gels was routinely used in this study to separate D N A 

m olecules for size and concentration analysis and for purification of D N A  fragments. 

The size o f  the gel depended on the number of samples and the resolution required. Tw o 

different sizes were typically used, mini- (5.9 x 8.3 cm) and medi- (11.0 x 15.0 cm) gels, 

requiring 20 and 100 ml of TAE-agarose gel solution respectively. The gel solution was 

prepared from electrophoresis grade agarose (Roche M olecular Biochemicals) and the 

required volume of 1 x TA E and dissolved in a microwave oven (Panasonic model NN- 

T559). Ethidium bromide was added to a concentration of 1 |lg/ml just prior to pouring. 

Samples were m ixed with 0.1 volumes of loading buffer and loaded alongside a known 

DN A size ladder. Gels were typically run at 50 -  100 volts and recorded by photography 

using a U V P camera coupled to a thermal imaging system.
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10 x T A E  stock: 0.9 M Tris

0.9 M Acetic acid 

25 mM  EDTA

pH adjusted to 8.3 with NaOH 

Loading buffer: 15% glycerol

0.25%(w/v) bromophenol blue 

0.25% (w/v) xylene cyanol FF

2.13 DNA sequencing

D N A sequencing was used to screen for potential mutations introduced by site-directed 

mutagenesis in the LZ motif of virB. The dideoxy chain termination method described by 

Sanger et al. (1977) was used to determine the nucleotide sequence o f  DNA. The chain 

termination method involves the in vitro  synthesis of a complementary copy o f  a single

s tranded  D N A  tem plate  by D N A  polym erase , p r im ed  from  a specific  annealed  

o ligonucleo tide .  The inclusion of deoxynucleo tide  analogues d ideoxynuc leo t ides  

(ddNTP) in the reaction leads to chain termination when the polymerase selects a ddNTP 

for incorporation by base-pair matching to the template DNA. Chain growth depends on 

the formation of phosphodiester bond between the 3 '-0 H  group at the end of the growing 

primer and the 5'-phosphate group of the incoming deoxynucleotide (dNTP). ddNTPs are 

efficiently recognised by D N A  polymerase, however lack a 3 '-0 H , and consequently  

prevent further chain elongation. This method of sequencing is designed such that in 

doing 4 separate reactions, a ddNTP (G, A, C or T) is introduced at every position of the 

complementary D N A  corresponding to the template. Incorporation of ['^̂ S] dA TP in the 

reaction mixtures leads to the labelling of newly synthesised DNA. Reactions are then 

electrophoresed side-by-side on a high-resolution denaturing polyacrylamide gel allowing 

the sequence to be read following autoradiography.
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Plasmid denaturation, primer annealing, labelling and termination reactions were carried 

out using the T7 Sequencing Kit (Pharmacia Biotech) according to the guidelines 

provided. Qiagen-purified plasmid DNA pMEP509 (1.5-2 mg) (Table 2.2) and 20 pmol 

of oligonucleotide virBseq (Table 2.3) were used.

2.13.1 Denaturing polyacrylamide gel electrophoresis

The products from sequencing reactions were separated by electrophoresis on 7.5 M 

Urea, 6% polyacrylamide gels in 1 x TBE buffer. The gels were prepared by mixing 

together 24 ml SequaGel concentrate, 10 ml SequaGel Buffer and 66 ml SequaGel 

Diluent (National Diagnostic). 300 |al of 10% (w/v) ammonium persulphate and 50 )il of 

N, N, N \  Â ’ -tetramethylethylene diamine (TEMED) were also added to the acrylamide 

mix as a catalyst for polymerisatyion. TEMED enhances the formation of free radicals 

from ammonium persulphate. These free radicals then catalyse the polymerisation of 

acrylamide and formation of bisacrylamide crossbridges between polyacrylamide chains. 

The polymerised gel was pre-run in 1 x TBE (prepared with DEPC-treated ddHjO) at 70 

W until the temperature of the gel had reached at least 50°C. Both the presence of urea 

and heating of the gel to this temperature help maintain the sequencing reactions and 

primer extension products in a denatured state. Prior to loading, the 5 |U.l samples were 

heated at 90°C for 3 min. The gel was the run at 70 W for 2 h, dried under vacuum onto a 

sheet of Whatmann 3 MM paper and exposed to X-ray film.

2.14 Autoradiography

Autoradiography was used in this study to detect, visualise and quantitate on X-ray film  

either radio-emissions from molecules that incorporated [a-'^^S]dATP, [y-'^^P]ATP, 

(sequencing reactions and DNA m obility shift assays) or non-radioactive 

chemiluminescent emissions derived from the cleavage of chromogenic reagents by 

horseradish peroxidase (Western blots). In each case Hyperfilm-MP (Amersham) was
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used. The X-Ray fihn is coated with silver halides suspended in gelatin. W hen photon 

emissions (radiation or chemiluminescent) strike a silver halide crystal in the suspension, 

the crystal adsorbs energy and releases an electron. This electron is a ttracted to a 

positively charged silver ion forming an atom of metallic silver. After an appropriate 

exposure time, the film was placed into a tray containing diluted Kodak LX -24 X-Ray 

developer for 3 min. Chemicals in this solution amplify the signal by reducing exposed 

silver halide crystals to metallic silver. The film was washed briefly in water and then 

fixed in Kodak Industrex liquid fixer for a further 3 min. The fixer serves to convert any 

silver halide that was not reduced into soluble silver thiosulphate. Developed films were 

rinsed in tap water for an hour and allowed to dry.

2.15 Electrophoretic mobility shift assay

Electrophoretic mobility shift assays were used in this study to analyse the interactions of 

protein with DN A in vitro. The assay is based on the observation that the electrophoretic 

mobility o f  nucleic acids through polyacrylamide gels is altered when proteins are bound 

to them. This method was first described by Garner and Revzin (1981) and Fried and 

Crothers (1981).

2.15.1 5'-end labelling o f  DNA using '/^P-ATP

The D N A  used in the electrophoretic mobility shift assay was end labelled with y’^P-ATP 

to enable visualisation. Probes were initially amplified by PCR (Section 2.10) using the 

primers listed in Table 2.3. The amplimers, which were all approxim ately 300 bp in 

length, were then analysed by agarose gel electrophoresis and purified using the High 

Pure PC R Product Purification Kit (Roche Molecular Biochemicals). The PCR amplified 

D N A  probes were labelled with [y-’^P]ATP using Bacteriophage T4 polynucleotide 

kinase (T4 PNK; New England BioLabs), which catalyses the transfer and exchange o f  a 

phosphate  group  from  the y-position o f  A TP to the 5 '-hydroxyl te rm inus o f  the
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nucleotide. Typically  100 ng o f  D N A (1-2 | lg /m l)  was incubated with 50 |iCi of 

[y’“P]A TP (10 mCi ml ', 5 ,000 Ci mmol '), 3 |xl 10 x kinase buffer (supplied  with 

enzyme) and 15 U T4 PNK in a PCR tube at 37°C for 1 h. The labelled nucleotide was 

then purif ied  free from un incorpora ted  label using the H igh Pure PC R  Product 

Purification Kit (Roche Molecular Biochemicals).

2.15.2 Electrphoretic mobility shift analysis o f  protein-DNA interactions

The association of purified VirB and mutants of VirB with the putative target promoters 

and with control D N A was analysed by gel mobility shift assay. Approximately 5 ng of 

probe was incubated with increasing concentrations of H-tag purified VirB, or VirB 

derivative (Section 2.14), from 0 -2 0 0  ng for 20 min at room  tem perature  in 20 |il 

reaction cocktail containing 10% glycerol, 1 mM EDTA, 1 mM  dithiothreitol, 0.1 mM 

PM SF, 20 m M  Tris HCl pH8, 50 mM KAc and spermidine (2 mg/ml). Protein-D NA 

complexes were resolved by electrophoresis through a 12% polyacrylamide gel in o.5% 

TBE, for 4 h at 4°C. The gel was dried under vacuum onto W hatm ann 3 M M  paper and 

examined by autoradiography.

2.16 Protein purification

Tw o methods of protein purification were used to purify the VirB protein in this study, 

both of which were based on nickel affinity chromatography and carried out using His- 

Bind kits provided by Novagen. The first method involved large scale purification of 

overexpressed wild type VirB on a column and yielded high quantities of pure protein, 

suitable for raising antibodies. The second small scale m ethod was used for purifying a 

large num ber o f  VirB mutants and truncates for use in electrophoretic m obility shift 

assays (Section 2.15). These proteins were purified rapidly on Ni^^ coupled magnetic 

beads, yielding lower quantities of protein.
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2.16.1 Over-expression o f  VirB and VirB mutants

Plasm ids  p E T 1 9 V irB , p E T 1 9 K 1 5 2 E , p E T 1 9 K 1 6 4 E , p E T 1 9 L 2 2 4 R , pET19A LZ, 

pET19A244-309 and pE T 19A l-65  (Table 2.2) are pBluescrip t-based p lasm ids which 

harbour a N -term inal ten histidine fusion to the virB  (or virB  m utant) gene cloned 

downstream of the T7 polymerase promoter. Induction of wild type virB  or virB  mutant 

expression was done in strain BL21(DE3)/pDIA17. E. coli strain BL21(DE3) (Table 2.1) 

contains phage T7 gene 1 (gene coding for T7 RNA polymerase) under the control of the 

/flc-(7V5-inducible promoter. This construct was integrated at the X att  site using the 

lambda cloning vector DEB (Studier and Moffatt, 1986). In addition, strain BL21 (DEB) 

is deficient in the Om pT and Lon proteases. Plasmid pDIA17 (Table 2.2) encodes the 

L a d  repressor that completely silences the lacU VS  promoter prior to induction, giving 

tight control over virB  induction. Upon addition of the gratuitous inducer IPTG, the Lacl- 

m ediated  repression of the lacUVS  p rom oter is effectively rem oved and T7 RN A  

polymerase is produced. T7 RNA polymerase then initiates selective transcription from 

the plasmid-borne T7 promoter sequence upstream of the virB  gene.

One litre o f  culture was grown at 30°C to mid-exponential phase in LB broth, and 

expression from the T7 promoter induced by addition of 0.5 mM  IPTG for 2 h. Cells 

were pelleted by centrifugation, and resuspended in binding buffer {60 mM  imidazole, 

500 mM NaCl, 20 mM  Tris-HCl (pH 7.9), 1 mM PMSF} supplemented with 200 |lg  ml ' 

lysozyme. The mixture was frozen on dry ice and left at -2 0 °C  overnight. After thawing, 

complete lysis was achieved by passing the mixture through a French pressure cell (SLM 

Aminco). Cell debris was pelleted by centrifugation for 10 min at 10,000 g and the 

soluble extract (15 ml) retained. It was observed that all of  the virB  mutants were 

expressed to high levels except A 1-65. For this reason the N-terminal truncate could not 

be purified.
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2.16.2 Large scale purification o f  wild type VirB

VirB was purified from the crude extract by metal affinity chromatography using the His- 

Bind Kit (Novagen). The His-Bind resin within the column contains im m obilised Ni "̂̂  

ions that can retain the His-tag sequence by electrostatic interaction. Imidazole serves as 

a com petito r  with histidine (His-tag) for the Ni^”" ions and therefore an increasing 

concentration of imidazole results in the elution of bound target protein from the column.

The soluble extract was passed over a pre-equilibrated His-Bind 900 column (Novagen). 

The co lum n was washed with binding buffer, and then with wash buffer {100 mM  

imidazole, 0.5 M NaCl, 20 mM  Tris-HCl pH 7.9, 1 mM  PMSF} to rem ove proteins 

weakly associated  with the resin. HlO-VirB was recovered by elution with 500 mM 

imidazole and was estimated to be 65% pure by SD S-PA G E (see below) followed by 

Coom assie staining (Section 2.17.1). Impurities were further removed by re-passing the 

fractions containing HlO-VirB over another His-bind 900 column. After washing with 

wash buffer as before, HlO-VirB was again eluted with 500 mM imidazole and judged to 

be - 9 8 %  pure by SD S-PA G E followed by Coom assie  staining. Purified VirB was 

dialysed into storage buffer (60 mM  NaCl, 50 mM Tris-HCl pH7.9, 1 m M  ED TA, and 

0.5 mM  DTT, 0.1 mM  PMSF, 50% glycerol} and stored in aliquots at -20°C .

2.16.3 Small scale purification o f  VirB and VirB mutants

VirB and VirB mutants for use in electrophoretic mobility shift assays were purified from 

crude extracts by metal affinity chrom atography using the H is-Bind M agnetic  Beads 

(Novagen). The His-Bind magnetic beads are coupled to immobilised Ni^”̂ ions that can 

retain the His-tag sequence by electrostatic interaction. Imidazole was again used as a 

competitor for Ni "̂̂  binding to elute target protein.
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1.5 ml o f the soluble extract was applied to 500 )ll o f pre-equilibrated beads in a 2 ml 

microfuge tube and incubated for 5 min. The magnetic beads were pelleted using a 

magnetic rack (Novagen) and the supernatent removed. The remaining soluble extract 

was applied to the beads in the manner and the beads were then washed with three times 

with 2 ml wash buffer (as before) to remove contaminating proteins. Bound protein was 

eluted with 500 mM imidazole and analysed by SDS-PAGE. Proteins purified in this 

manner were deemed to be 85-90% pure by SDS-PAGE followed by Coom assie staining, 

and were dialysed into storage buffer (as above) and stored at -20°C.

2 .17  SD S-PAG E

Purified proteins and proteins from total cell extracts were separated by discontinuous 

electrophoresis through a 12% polyacrylam ide gel as described in Sambrook et al. 

(1989). The discontinuous buffer system uses buffers o f different pH and composition in 

the stacking and separating gels. Consequently protein migration through the large pores 

in the stacking gel (5% acrylamide) is fast leading to the concentration o f proteins into a 

narrow band. However, migration through the narrow pores o f separating gel (12%  

acrylamide) is according to size. Both gels were prepared with 0.1% SDS. Since most 

proteins bind SDS in a constant weight ratio, this leads to identical charge densities for 

denatured proteins, and allows proteins to migrate according to size, not charge.

Gel plates were cleaned before use and a 12% separating gel solution prepared using 2 ml 

o f Protogel (National Diagnostics), 1.25 ml 1.5 M Tris-HCl (pH 8.8), 50 |xl 10% SDS  

and 1.7 ml ddH 20. Polymerisation was catalysed by the addition o f 50 |j.l 10 (w /v) 

ammonium persufate and 5 |0,l o f TEMED. The solution was then poured between the 

plates until 1 cm below the tip o f the comb and immediately overlaid with 200 ml o f  

ethanol to exclude oxygen. The stacking gel was made by mixing o f 0.833 ml Protogel 

(National Diagnostics), 1.25 ml 0.5 M Tris-HCl (pH 6.8), 50 |il 10% SDS and 2.87 ml of

69



ddHiO. The gel was electrophoresed in 1 x Tris-glycine running buffer {25 mM  Tris- 

HCl, 250 m M  glycine (pH 8.3), 0.1% (w/v) SDS}. Prior to loading 10 ml samples 

(Section 2.17.1) were denatured at 95°C for 10 min and centrifuged at 10,000 g  for 30 

sec. Eletrophoresis was performed at 150 V for 90-120 min in the M ini-Protean system 

(Biorad)

2.17.1 Preparation o f  total cell extracts

Total cell protein extracts were prepared for SDS-PAGE and Western immunoblotting as 

described below. A volume of cells corresponding to 2 ml of culture per ODggo unit was 

harvested by centrifugation at 10,000 g for 2 min. The pellet was then washed in 500 ml 

of ice-cold lysis buffer (50 mM  Tris HCl pH7, 1 mM ED TA  pH 8, 10% glycerol, 200 

mM NaCl) before final resuspension in 50 ml of lysis buffer. 50 ml of 2 x final sample 

buffer (FSB) was added to the cells prior to boiling at 95°C for 10 min, resulting in cell 

lysis. Cell lysates were then loaded directly onto an SD S-PAG E gel or stored at -20°C.

2 x FSB: 150 mM  Tris-HCl (pH 6.8), 1.2% SDS, 30% glycerol, 15 ml (3-

mercaptoethanol} made to 100 ml with ddH20.

2.17.2 Staining o f  proteins

Gels were washed in ddH20 prior to staining with GelCode Blue Stain Reagent (Pierce) 

for 1 h according to the guidelines supplied. Gels were then destained in ddH20. This 

stain uses the colloidal properties of Coomassie G-250 for protein binding and staining, 

but has no affinity for the polymerised gel.

2.18 Western immunoblotting

W estern  im m unob lo ttng  is a sensitive technique whereby pro te ins (antigens) are 

solubilised with SDS and 2-p-m ercaptoethanol (Section 2.17.1) and separated by SDS- 

PA G E (Section 2.17), before being irreversibly transferred to nitrocellulose m em brane
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(Section 2.18.1). The membrane is then incubated with an antigen specific primary 

antibody, and the antigen-antibody complexes detected with a secondary antibody and 

revealed by a chemiluminescent assay (Section 2.18.2).

2.18.1 Transfer o f proteins to nitrocellulose membrane

Following SDS-PAGE (Section 2.17), gels were electroblotted to 0.2 mm PROTRAN 

nitrocellulose membrane (Schleicher and Schuell) using a Mini Trans-blot electrophoretic 

transfer cell (Bio-Rad) filled with transfer buffer (25 mM Tris, 192 mM glycine, 20% 

methanol), at 60 V for 3 h at 4°C. Protein equal loading and consistent transfer to the 

nitrocellulose membrane was confirmed by staining the membrane with Ponceau S 

solution {2 g Ponceau S (Sigma), 1 ml glacial acetic acid} for 5 min followed by 

extensive washing with ddHjO.

2.18.2 Detection o f  bound antigens

Nitrocellulose membranes were blocked for 1 h in blocking buffer {5% w/v nonfat dry 

milk, in phosphate-buffered saline (PBS)}. Anti-VirB (1:500) antiserum was diluted 

appropriately in blocking buffer and incubated with the membrane for 1 h at room 

temperature. The membrane was washed 3 x 1 0  min with 1% w/v nonfat dry milk, in 

PBS and then incubated in blocking buffer containing HRP-linked anti-rabbit IgG for 1 h. 

The blot was washed as before, and in the presence of a suitable chemiluminescent 

substrate (Pierce), the HRP-mediated enzymic reaction results in a luminescent signal 

that allows the antigen-antibody complex to be visualised using autoradiography (Section 

2.12). Typical exposures were from 30 sec to 10 min.

2.19 Protein-protein crosslinking

Analysis of VirB oligomerisation was performed by in vitro and in vivo crosslinking. 

The crosslinker dithiobis (succinimidyl) propionate (DSP) crosslinks the E amino group 

of lysine residues leading to reversible crosslinking of proteins. In addition DSP is
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capable of crossing the outer and inner m em brane of bacteria and is thus ideal for use in

vivo.

2.19.1 In vivo protein-protein crosslinking

Cells were grow n overnight at 37°C in 3 ml of LB m edium  and diluted to ODgoo 0.05 in 

50 ml o f LB m edium . At ODgoo 0.6, 1 ml of cells were transferred  to a m icrofuge tube 

and incubated at 37°C for 30 m inutes with 50 mM iodoacetam ide (lA A ), w hich prevents 

DSP reacting with cysteines in the protein, with or without 25 mM  dithiobis succinim idyl 

propionate (D SP) diluted in DM SO. The reaction was stopped by adding 100 mM  Tris 

HCl pH 7. ODgoo o f the sam ple was m onitored and the equivalent o f 1 ml o f OD^oo 0.5 

was harvested , w ashed tw ice in PBS and resuspended in 20 |J.l o f buffer contain ing 50 

mM Tris HCl pH 7, 1 mM  ED TA  pH 8, 10% glycerol, 200 mM  N aC l, 1 m M  PM SF 

(added freshly). 10 fxl of 3X Laem m li buffer (w ithout DTT or 2-(3-mercaptoethanol) was 

added and sam ples boiled 3 min at 100°C. Prior to loading sam ples were treated  during 

20 min at 37°C with 20 units o f endonuclease (Benzonase; Sigm a). C ross-linked proteins 

were then separated on a 12% SD S-PAG E. VirB was then im m unodetected.

2.19.2 In vitro protein-protein crosslinking

Purified VirB was treated in 100 ml reaction m ixes consisting o f 50 ng o f protein and 50 

mM lA A  in PBS. At tim e 0, 10 ml of a 0.1 mM  DSP solution in D M SO  was added. The 

control tube received an equal volum e of DM SO alone. The reactions were incubated at 

37°C and 10 |l l  sam ples w ere rem oved at fixed tim e in tervals. The sam ples w ere 

quenched by the addition o f 3 x Laem m li buffer (without D TT or 2-(3-m ercaptoethanol) 

follow ed by boiling at 95°C for 10 min. Sam ples were electrophoresed on a 12% SD S- 

PAGE and VirB was detected by W estern im m unoblotting (Section 2.18).

2.20 In vivo dimerisation assay
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In order to determ ine the oH gom erization properties o f  VirB and parts o f  V irB , fusion  

proteins w ere constructed by clon ing  the appropriate fragm ent o f  VirB into the S al\-  

BamWl  site in pJH391, thereby creating an in-phase translational fusion to the N-term inus 

(D N A -b ind ing  region) o f X c l  (Section 4.1.2; Fig. 4 .2). Each construction w as sequenced  

to verify its integrity. To assess the ability o f cloned fragm ents to o ligom erize tw o assays 

were carried out, a phage sensitivity assay and P-galactosidase repression assay (H ays e t  

ciL, 2000).

2.20.1 Preparation o f phage X lysates

T w o strains o f  bacteriophage were used in the in vivo  dim erisation assay, the w ild  type X 

and a cT derivative. High titre stocks o f both phage were prepared as described below . A  

2 ml culture o f  AG  1688 (Table 2.1) w as grown overnight in L broth supplem ented with  

10 mM M gS 0 4  and m altose. A 1 )il aliquot o f  the required phage X was added to 100 |il 

o f  the overnight culture in a 1.5 ml m icrofuge tube and allow ed  to adsorb for 20 min at 

room temperature. The cell/phage suspension was then added to 4  ml o f  m olten top agar 

(L broth contain ing 7 g o f agar per litre) supplem ented with 10 mM  M g S 0 4  and 0.2%  

(w /v ) m altose and poured onto an agar plate. After incubation overnight at 37°C  phage 

plaques were v isib le within the lawn o f cells.

T o prepare stocks a single phage plaque was rem oved using a cu t-o ff G ilson  tip and 

resuspended in 100 |j,l phage buffer overnight at 4°C. 500  |ll o f  an overnight culture o f  

AG  1688 grown overnight in L broth supplem ented with 10 mM M g S 0 4  and m altose was 

added to the resuspended phage and incubated at 37°C  for 2 0  min to a llow  phage  

adsorption onto the surface o f  the bacteria. The phage/cell m ixture was then added to 

100 ml o f warmed L broth supplem ented with 10 mM  M gS 0 4  and 0.2%  m altose and the 

culture grown at 37°C  for 4-5 h until lysis occurred. 500  l̂l o f  chloroform  were added  

and after a further 10 min incubation the cell debris w as rem oved by centrifugation at
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I  7 ,5 0 0  g  for 10 min. 500 |il o f  chloroform  was added to the supernatent and the lysates

was then stored at 4°C.
!

Phage buffer: 20  mM  Tris-HCl pH 7.4  

100 mM NaCl 

10 mM  M gS 0 4

2.20.2 Phage sensitivity assay

Plasm ids expressing the chim eric proteins and controls (Table 2 .2) were transformed into 

the X sensitive E. colt  strain AG  1688 and the strains infected with 1 )il o f  X c l ‘ (2 .3  x 10  ̂

p.f.u ./m l) and grown overnight in L top agar as described in Section 2 .20 .1 . Immunity to 

phage infection w as judged as the absence o f any plaque formation. Strains im m une to 

this phage p ossess a fragment that is capable o f  dim erisation fused  to the N -term inus o f  

c l (Fig. 4 .2 ). T his leads to the binding o f  c l to the P̂  prom oter and the repression o f  

phage lysis.

2.20.3 p-galactosidase repression assay

Plasm ids expressing the chim eric proteins and controls (Table 2 .2) were transformed into 

the strain JH 372 (Table 2 .1), a ^ lysogen, which contains a lacZ  fusion to the promoter P̂  

allow in g  repression from  the prom oter to m easured in a quantitative m anner. (3- 

galactosidase assays were then perform ed as described in Section  2 .5 .3 . T he level o f  

dim erisation  o f  the fragm ent fu sed  to the N -term inus o f  c l  w as thus in verse ly  

proportional to the level o f  (3-galactosidase expressed.

2 . 2 1  C hrom atin  im m unoprecipita tion  assay fo r  iden tifica tion  o f  V irB-D NA  

interactions in vivo.

A chrom atin im m unoprecipitation-based assay w as used to identify interactions o f  the 

VirB protein with D N A  in vivo. This assay involves the crosslinking o f  protein to D N A
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in vivo, fo llow ed by m echanical shearing o f  the D N A  and im m unoprecipitation of 

protein-DNA complexes using anti-VirB antibody. The crosslinks are then heat-reversed 

and PCR (Section 2.11) is used to amplify DNA.

2.21.1 Formaldehyde cross-linking and immunoprecipitations

Cells were grown in conditions of VirB induction, ie, in LB medium at 37°C, to an OD^oo 

- 0 .6 .  C r o s s - l in k in g  and  s a m p le  p re p a ra t io n  w e re  b a s e d  on c h ro m a t in  

immunoprecipitation assays (Orlando, 2000). 10 ml o f  cells were then transferred to a 

new vial and samples were treated with formaldehyde (to a final concentration 0.1%) for 

30 min at 37°C with shaking. Cells were pelleted, washed twice with PBS, resuspended 

in 0.5 ml of Lysis Buffer (10 mM Tris HCl pH 8, 20% sucrose, 50 mM  NaCl, 10 mM 

ED TA pH 8) containing 2 mg/ml of lysozyme and incubated for 30 min at 37°C. After 

freeze-thawing, 0.5 ml of 2X IP buffer (100 mM  Tris HCl pH 7, 300 m M  NaCl, 2% 

Triton X I 00, 0.2% deoxycholic acid) and PM SF (final concentration 1 m M ) was added 

to the samples and the cell extract was incubated for an additional 10 min at 37°C. The 

DNA was then sheared by sonication, at an amplitude of 5-10, using a Ca M SE Soniprep 

150 sonicator (Sanyo). Insoluble cells debris were rem oved by centrifugation and the 

supernatant transferred to a new microfuge tube. Protein and protein-D N A  com plexes 

were imm unoprecipitated with absorbed polyclonal anti-VirB antibodies (1 h at room 

temperature on a rotating wheel) followed by incubation with 30 )J,1 of a 50% protein A- 

sepharose slurry (1 h at room temperature with occasional inversion). Com plexes were 

collected by centrifugation and washed 5 times with 1 ml of IX IP and twice with 1 ml of 

IX TE (10 mM Tris HCl pH 8, 0.1 mM  ED TA pH 8). The slurry was then resuspended in 

50 |al of IX TE. Formaldehyde cross-links were reversed by incubation at 65°C for 6 h.

2.21.2 PCR amplification o f  immunoprecipitated DNA
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PCR was performed with Taq DNA polymerase using 2 |il of the immunoprecipitated 

DNA and a constant amount of either purified S. flexneri chromosomal or large virulence 

plasmid (LVP) DNA as controls. Primers (Table 2.3) were -2 5  bp in length and 

amplified -300-400  bp products. Relative affinities of VirB to different sites were 

determined by comparing the intensity of bands from the immunoprecipitate and the 

chromosomal/LVP DNA.

2.22 Preparation o f  anti-VirB antibody

Immunising a New Zealand White rabbit with His-tagged purified VirB generated 

antibodies specifically reactive against VirB. The initial injection was with 300 |ig of 

VirB solubilised in Freund’s complete adjuvant. Two further boosts were administered at 

two weekly intervals each with 300 |Xg of protein in Freund’s incomplete adjuvant. The 

generation of anti-VirB antibodies was monitored by Western immunoblotting, and after 

a primary test bleed when the titre was revealed to exceed 1:5000, the rabbit was 

exsanguinated. The resulting serum was absorbed against a CJD1018 {S. flexneri  BS184 

AvirB) lysate. The lysate was prepared by harvesting 100 ml of culture at OD^oo = 1- This 

pellet was resuspended in 1 ml of sonication buffer and lysis achieved by 3 cycles of 

freeze-thaw, sonication, and finally boiling for 10 min. 500 |ll of sera was absorbed 

overnight at 4°C against an equal volume of the lysate. Insoluble material was removed 

by centrifugation at 14,000 r.p.m for 30 min. The supernatant was retained and stored in 

aliquots at -20°C, and used at a 1:500 dilution in Western immunoblot analysis.
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Chapter 3

Characterising the 
importance of putative functional motifs in

VirB
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3.1 Introduction

The VirB protein plays a vital role in the activation of virulence gene expression and thus 

subsequent host infection in the bacterium Shigella  f lexner i .  It was d iscovered  by 

transposon mutagenesis, when it was shown to be essential for expression o f  almost all 

the structural virulence genes (Adler et al., 1989; W atanabe et al 1990). In contrast to the 

upstream regulator protein VirF, which belongs to the AraC family of transcriptional 

activators, the VirB protein shows no homology to previously described transcriptional 

activators. Relatively small and basic, it is most homologous at the amino acid level to 

ParB and SopB, proteins involved in plasmid partition and the m aintenance of stable 

p lasm id copy num ber on the PI and F plasm ids respectively (Abeles et al., 1985; 

W atanabe et al., 1990; Porter 1998; Bignell and Thomas 2001). Thus, VirB is an unusual 

candidate for a transcriptional activator, and little work has been done since the discovery 

of the protein, to elucidate the mechanism by which it effects the activation o f  structural 

gene expression.

3 .1.1 Prediction o f  a DNA-binding m otif in the VirB protein

It was of interest to attempt to identify structural dom ains that m ay be involved in 

associated functions, such as D N A binding. To identify such structural features, the 

predicted secondary structure of the protein was analysed in silico. The program  HTH 

Expasy; www.expasy.ch) predicted with 100% probability the presence of a typical HTH 

DNA binding domain in the region 148-171 of VirB (Fig. 3.1.A), as observed in other 

prokaryotic transcriptional regulators such as A, Cro, L a d  and CAP (Brennan et al., 1989; 

Dodd and Egan 1990). This m otif is 80% identical to an HTH in ParB which is thought 

to be involved in the interaction of that protein with D N A (Surtees and Funnell 2001). 

The HTH m otif is an extremely comm on D N A binding m otif in both prokaryotes and
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Fig. 3.1. Interactions o f  HTH motifs with DNA

The position of the putative HTH motif within the VirB protein is shown in A. The HTH 

is indicated with diagonal shading and the expanded sequence is shown below. The 

predicted structural organisation of the motif is shown with arrows representing two 

helices and a line representing the linker region. The position of the other predicted 

motif, the LZ motif is also indicated. The differing interactions of the HTH motifs of the 

Rob (Kwon et al., 2000; PDB: 1D5Y) and MarA (Rhee et a i ,  1998; PDB: IBLO) 

proteins, with DNA are shown in B and C respectively. Proteins are represented with 

ribbon plots and results are based on crystallographic analysis. Helices interacting with 

DNA are highlighted and indicated with arrows. Protein models were obtained from the 

Protein Data Bank (www.rcsb.org/pdb/') and drawn using the protein explorer software 

(www.umass.edu/microbio/chime/explorer).
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eukaryotes. It consists of two a-helices, the positioning and recognition helices, which 

are separated by a short flexible stretch of amino acids termed the linker region. The 

nature o f  the interactions of HTH motifs with D N A  is thought to consist o f  specific 

interactions betw een the recognition helix and the m ajor groove o f  D N A , with the 

positioning helix making non-specific contact with the D N A backbone (W intjens and 

Rooman 1996). However, crystallographic data obtained from proteins co-crystallised 

with D N A indicates that H TH interactions with D N A  can vary from protein to protein. 

This is exem plified  in the difference between the D N A -binding  of two hom ologous 

AraC-like transcriptional activators M arA and Rob. These proteins contain two HTH 

motifs in their N-termini. The binding of the MarA HTHs to D N A appears to conform to 

the traditional view of HTH-DN A interactions (Fig. 3.1.C; Rhee et al., 1998). In contrast 

in the Rob protein only one HTH makes base-specific contacts in the major groove and 

the other forms a single salt-bridge interaction with the D N A  backbone (Fig. 3.1.B; 

Kwon et al 2000). Similarly, the Ets transcription factors Elk-1 and SAP-1 have been 

shown to bind D N A differentially through homologous HTH motifs (Section 1.7; M o et 

al., 1998; M o et al., 2000). Thus, it appears that the model for D N A  binding through a 

HTH is not rigid and can vary even between very similar proteins such as M arA and Rob 

or Elk-1 and SAP-1 (Mo et a l. , \99S\  Martin and Rosner 2001; M uller 2001). However, 

in all cases it has been shown that DN A -protein  interactions are highly specific and that 

this nucleotide specificity is dependent on the amino acid sequence of the helices within 

the HTH (Muller 2001).

3.1.2 Prediction o f  a dimerisation domain in VirB

In addition to the identification of a putative HTH motif, in silico analysis of VirB in the 

COILS program (Expasy; www.expasy.ch) yielded the identification of a putative coiled- 

coil region. The sequence of the protein was scanned in three windows of 14, 21 and 28
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residues in length. It has been previously reported that the 28 residue scanning window 

gives the most accurate prediction of putative coiled coil structures, and it is this window 

which gives a 100% probablility of a coiled coil region between positions 190-230 of the 

protein (Fig. 3.2.A; Lupas et a i ,  1991; Lupas 1996b). Coiled coil structures are often 

involved in protein-protein interactions. The best characterised coiled coil structure is the 

LZ motif, which is commonly associated with dimerisation in eukaryotic proteins such as 

the GCN-4 yeast transcription factor protein and less frequently in prokaryotic proteins 

such as the IS977 transposase and the antiterminator protein BglG (Section 1.8.2; O ’Shea 

et a i ,  1991; Lupas 1996; Haren et a i ,  1998; Boss et a i ,  1999; Haren et al., 2000). 

Further analysis of the protein using the ScanProsite program (Expasy; www.expasy.ch) 

identified this coiled coil region as containing an LZ motif. The putative LZ motif in 

VirB (Fig. 3.2) possessed some characteristics associated with previously described LZ 

motifs (O ’Shea et al., 1991; Alber et al., 1992). It consisted of 5 hydrophobic leucines, 

in position d,  repeated every seventh residue. Residues in position a are also 

hydrophobic, and these line up along the face of an a  helix forming a hydrophobic 

interface through which two monomers can interact to form a characteristic coiled coil 

structure (Fig. 3.2). In the central a position of the putative LZ, VirB contains an 

asparagine residue that is conserved throughout the LZ family and forms a buried 

hydrogen bond across the interface of the dimer. This is thought to favour the positioning 

of the two coils and to be involved in the determination of dimerisation specificity 

(O’Shea et al., 1991; Gonsalez at al., 1996; Zeng et a i ,  1997). Residues in positions e 

and g generally carry opposite charges and are potentially able to form inter-subunit salt 

bridges, which stabilise the dimeric structure (Landschulz et al., 1988, Zeng et al., 1997). 

However, these are unusually absent in the VirB LZ motif. In addition the VirB LZ motif 

contains a proline residue at position 215, which is highly unusual in a helical structure, 

as it induces a turn in the peptide chain and thus is normally a helix-disrupting amino 

acid.
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Fig. 3.2. Predicted structure of a putative leucine zipper motif in VirB.
A. Graph showing the probability of the presence of coiled coil structures within VirB, as 
determined using the Coils (Expasy) program, where a score of 1 indicates 100% proba
bility of a coiled coil structure.
B. Diagram showing the position of the putative LZ motif within the VirB
protein. The sequence of the LZ motif is shown beneath, along with helical positions. 
Repeated leucines are highlighted and hydrophobic amino acids in position a are indicat
ed in bold.
C. Helical wheel diagram of the putative leucine zipper in VirB, showing head-to-head 
homo-dimer conformation to portray the predicted hydrophobic core. Arrows of 
decreasing size and intensity are directed toward the carboxy terminus.



Thus in silico  analysis of the secondary structure of the VirB protein strongly predicted 

the presence of two structural motifs within the protein an HTH, D N A binding motif and 

an LZ, d im erisation motif. As both of these motifs are associated  with functions 

com m only  found in transcriptional regulators, the aim of the work described  in this 

chapter is to establish the importance of these motifs in the ability of VirB to activate 

structural gene expression and thus to describe possible functional dom ains within the 

protein.
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3.2. Results

3.2.1 Purification o f  VirB

In order to characterise the oligomeric state and DNA binding capacity of VirB, the 

protein was over-expressed and purified by affinity chromatography. Plasmid 

pET19VirB, containing the virB  gene with 10 N-terminal histidines cloned between the 

Nde\ and Xbal sites downstream of a T7 inducible promoter, was used to over-express 

the protein. Recombinant HlO-VirB was expressed to high levels when induced with 0.5 

mM IPTG. As monitored by SDS PAGE, approximately 75% of the protein remained in 

the soluble fraction after cell lysis (Fig. 3.3.A). Over-expressed HlO-VirB was purified 

by nickel affinity chromatography, and was bound by the column, as little protein was 

observed in the flow-through fraction. VirB was eluted from the column by 500 mM 

imidazole, which out-competes the N-terminal histidines for Ni^^. Full-length VirB 

purified in this manner was judged to be >98% pure by SDS PAGE and densitometric 

analysis (Fig. 3.3.B).

3.2.2 Recombinant VirB is functional in vivo

Prior to characterisation of the oligomerisation and DNA-binding activity of the 

recombinant protein, the in vivo function was assessed. The recombinant VirB purified 

in this study was tagged with 10 histidines at the N-terminus. To ascertain whether these 

residues affect the native conformation of the protein and hence the biological activity, 

both native virB and its H-tagged derivative were cloned between the Ndel and Sail sites 

in pMEP539 and expressed under the control of the ptac promoter in CJD1018. This 

strain contains the virB gene interrupted with a suicide plasmid (pMEP151) and a lacZ 

fusion to mxiC, one of the structural genes that requires VirB for expression (Table 2.1).
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Fig. 3.3 Purification o f recombinant HI 0-VirB

SDS PA G E analysis o f  overexpression and purification of VirB is shown in A. Strain 

BL21 (DE3)/pDIA17 harbouring the VirB overexpression plasmid pET19VirB was 

grown to mid-exponential phase, and virB  expression induced with the addition of 0.5 

niM IPTG (Section 2.16). Protein samples of induced (+) and un-induced (-) culture, the 

insoluble and soluble fraction prior to passage over an Ni charged column, the flow 

through fraction, and the elution fractions are indicated on the gel. B shows SDS PAGE 

analysis of lOfXg and l ^ g  of purified VirB to show concentration purity and integrity of 

the protein.
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Thus, the ability of the two proteins, wild type and H-tagged, to activate structural gene 

expression could be com pared (Fig. 3.4). From the graph it is evident that wild-type 

VirB supplied in trans  restores virulence gene expression to about 62% o f  that in the 

parent strain BS184. HlO-VirB also complements the deficiency to a sim ilar extent, 

indicating that the N-terminal histidines do not affect the ability of the protein to function 

in the bacterial cell.

3.2.3. Presence o f VirB throughout the growth curve.

Previous studies of virB expression have shown that transcription of the gene is highest in 

the late log phase of bacterial growth (Tobe at al., 1991; Porter 1998; Day and Maurelli, 

2001). To confirm these data, and to ensure that levels of transcription correlate to actual 

protein levels within the cell, a study of the presence of the VirB protein throughout the 

growth curve was undertaken using anti-VirB antibody (Section 2.22). Bacteria  were 

grown at 37°C, the permissive temperature for VirB expression, and samples were taken 

at regular intervals throughout the growth curve (Fig. 3.5). From the immunoblot data it 

is clear that levels of the VirB protein are highest at OD^oo 1.5-2.5. A lthough in the 

growth curve in Fig 3.5, this appears to correspond to mid-exponential phase, it was 

routinely observed in other experiments to correspond to the late exponential and early 

stationary phase of growth of Shigella. Protein levels then drop slightly and level out in 

stationary phase. These data confirm  previous observations based on transcriptional 

analysis of virB, and demonstrate the high levels of VirB are present in S .f lexner i  grown 

to late logarithmic and early stationary phase in LB at 37°C.

3.2.4 Oligomeric state o f VirB in vitro and in vivo.
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Fig. 3.4. Recombinant VirB is functional in vivo

Ability to activate structural gene expression was assessed by measuring (3-galactosidase 

activity of a mxiC-lacZ  fusion (Section 2.5.3). Plasmids containing wild-type virB and its 

histidine tagged derivative were transformed into a virB  mutant strain bearing the mxiC- 

lacZ  fusion, and the resulting (3-galactosidase activity was measured at 37°.
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Fig. 3.5. VirB protein levels throughout the growth curve.

The growth curve of wild type Shigella  flexn er i (BS184) is shown in A. Bacteria  were 

inoculated from an overnight broth culture to an o f  0.05 and grown at 37°C.

Sam ples  for im m unob lo tting  were co llected  at 30 m inute  intervals. R esu lts  o f  

im m unoblo tting  with polyclonal anti-VirB anti-serum  are shown in B. T he  VirB 

m onom er is indicated with an arrow and time at which samples were taken is show n at 

the top of the diagram.
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The presence of an LZ dimerisation motif and the homology of VirB to ParB, a dimeric 

protein, suggested that the VirB protein could form dimers. To investigate this 

possibility, chemical cross-linking was performed both in vitro, on purified VirB and in 

vivo  on the native protein. Cross-linking is frequently used to identify protein-protein 

multimeric structures, as it prevents the breakdown of interactions during heat treatment 

and in the presence of detergents (Phizicky and Fields, 1995, Haren et al., 1998). Purified 

recombinant VirB was incubated with the cross-linking agent (DSP) at time 0, and 

samples were taken at 0.5, 2, and 10 minutes for western blot analysis. Fig 3.6.A shows 

the appearance of bands migrating at 68 and 120 kDa corresponding to dimers and 

trimers of VirB respectively. This indicates that VirB interacts with itself in vitro. To 

confirm this and to test the biological relevance within bacteria, chemical cross-linking 

was also carried out in vivo. Cross-linker DSP was added to logarithmically growing 

bacteria and samples were taken after 30 min. for western blot analysis (Fig. 3.6.B). 

lodoacetamide (lAA) was also included in the reaction buffer to prevent DSP driven 

thiol-bonding through the cysteine residue at position 5 of the protein. Interestingly, it 

appears from these data that VirB is present as a dimer in vivo, as well as in vitro (Fig 

3.6.A), before the addition of cross-linker, indicating that the VirB-VirB interactions are 

extremely resistant to heat or detergent degradation. Addition of cross-linker in vivo 

leads to the appearance of higher oligomers, including dimers, trimers, tetramers and 

pentamers at 68, 120, 160 and 190 kDa respectively. This suggests that VirB has a 

number of different oligomeric states inside the bacterial cell ranging from monomers to 

pentamers and even higher oligomers.

The results described above demonstrate the ability of the VirB protein to form 

homomeric interactions, and the presence of these interactions in vivo. The role played 

by the putative LZ dimerisation motif in the oligomerisation of VirB was investigated 

using site-directed mutagenesis.
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Fig. 3.6. In vitro and  in vivo chemical cross-linking o f  VirB.

Cross-linking was performed in vitro (A) on purified VirB protein and in vivo (B) on 

growing wild-type bacteria using DSP as described in Section 2.19. Protein bands were 

detected using immunoblotting with polyclonal anti-VirB anti-serum. Molecular weight 

size markers are given along the left side of the gel, and position of VirB and derivatives 

is indicated on the right side. The asterisk in B denotes a cross-reacting band unrelated to 

VirB, seen also in the virB null mutant, CJD1018.
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3.2.5 Construction o f mutants to test the relevance o f putative structural motifs in 

VirB

To elucidate the role played by the putative HTH and LZ motifs in the activation of 

structural gene expression by VirB, and thus to identify possible functions o f  VirB, site- 

directed  m utagenesis  was em ployed  to change key residues in both motifs. These  

residues were predicted to be involved in protein-DNA interactions of the HTH m otif and 

protein-protein interactions of the LZ motif.

The mutants were initially constructed in pM EP509, a pACYC184 derivative containing 

virB  under the control of its own promoter (Table 2.2). The mutations and integrity of 

the gene were confirmed by sequencing. However, when the expression of these mutants 

was analysed using western blotting, there were large differences in the levels o f  protein 

expressed. This may have been due to mutations acquired in the virB  promoter during 

the mutagenesis process. For this reason, the coding sequence o f  all of  the mutants were 

sub-cloned into the N del and S a il  sites of pM EP539, a pBC P378-based vector (Table 

2.2), under the control of the ptac  promoter, and were again confirmed by sequencing. 

W hen expression o f  the mutants in this vector was analysed by western immunoblot, all 

of the mutants appeared to be expressed at around the same levels allowing comparison 

between them (Fig. 3.7.A).

Interestingly it was observed that the p tac-controlled virB  retained the temperature 

sensitive phenotype. Western blot analyses showed protein profiles at 30°C and 37°C 

sim ilar to those observed in the parent strain BS184 (Fig. 3.7.B). In BS184, virB  

expression is tightly controlled at the transcriptional level and m R N A  levels correlate 

closely with protein levels (Tobe et al., 1991; Porter, 1998). This temperature regulation
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Fig. 3.7. Expression ofVirB  mutants from pMEP539.

Site-directed mutagenesis was carried out on key conserved residues in the HTH and LZ 

motifs in VirB, using a PCR based method described in Section 2.8. Resulting mutants 

were subcloned into the vector pMEP539, transformed into the virB  null mutant 

CJD1018, and expression analysed using western immunoblotting (A). The VirB 

monomer is indicated with an arrow. Temperature dependence of expression from the 

ptac  promoter in pMEP539 compared to wild type virB  is shown in B. Samples were 

taken from overnight cultures of wild type (BS184) and CJD1018 transformed with 

pMEP538 (wild type virB) grown at 30°C and 37°C. The VirB monomer is indicated 

with an arrow and molecular size markers are shown along the left side.
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is mediated mainly by the H-NS protein and temperature dependent changes in the levels 

of D N A  superco iling  at the v i r B  p rom oter  and there  is no ev idence  for post- 

transcriptional regulation of the protein (Tobe et al., 1991; Tobe et al., 1993; Tobe et al., 

1994; Tobe et al., 1995). Thus it is likely that the differences in levels of VirB expressed 

from the pM EP539 plasmid are due to a transcriptional effect at 30°C.

3.2.6. Ability o f  mutants in the putative HTH o f VirB to activate mx i C- l a cZ  

expression.

The VirB HTH is 82% identical to a HTH m otif in the ParB protein proposed to mediate 

the binding o f  ParB to its target sequence parS  (Lobocka and Yarmolinsky, 1996; Surtees 

and Funnell, 2001). It is located towards the m iddle o f  the protein, stretching from 

residues 148-171. D N A -pro te in  interactions in H TH motifs are usually mediated by 

hydrophilic  or positively charged amino acids which interact either specifically with 

bases in the m ajor  groove, or non-specifically  with the negatively  charged  D N A  

backbone (Harrison 1991; Wintjens and Rooman, 1996; Muller, 2001). In VirB there are 

positively charged lysine residues in both the predicted positioning and the recognition 

helices, K152 and K 164respectively (Fig. 3.8.A). In a functional HTH both of these 

residues would be expected to be important in charge-mediated interactions with DNA. 

To test the importance of these putative interactions in VirB, both lysines were mutated 

to glutamic acids. This leads to a complete reversal o f  charge with m inimum  disruption 

to the size and shape of the helices. In addition two mutants were constructed which 

combined mutations in the HTH and LZ motifs. These were constructed principally for 

use in a trans-dom inance  experiment, to test the ability of mutants in both motifs to form 

faulty oligomers with wild type VirB.
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Fig. 3.8. Ability o f mutants in the HTH of VirB to activate structural gene expression.

The sequence of the putative HTH motif in VirB is shown in A, with amino acid 

substitutions indicated with vertical arrows. To analyse the ability of virB  mutants to 

activate structural gene expression, |3-galactosidase activity was monitored from an 

m xiC-lacZ  fusion in the virB  null mutant CJD1018 (B). VirB and the mutant constructs 

were expressed from pMEP539. Assays were performed on overnight cultures grown at 

37°C (permissive) and 30°C (repressive) temperatures. Results shown are representative 

of four independent experiments done in quadruplicate. Error bars indicate standard 

deviation values.
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In order to estimate the effect of the mutations in the HTH motif, and therefore, the 

relevance of the putative motif, the plasmids containing virB mutants were transformed 

into CJD1018. This strain contains a lacZ  fusion to mxiC; one of the structural genes 

activated by VirB and is also defective for VirB due to the insertion of a suicide plasmid 

in the gene (Table 2.2). Thus, CJD1018 allows the monitoring of changes in the ability 

of mutant derivatives of VirB to activate structural gene expression, through changes in 

P-galactosidase levels. The graph in Fig. 3.8.B shows the results of P-galactosidase 

assays on overnight cultures of bacteria grown at 30°C and 37°C. Expression from the 

mxiC  promoter is reduced to background levels in all strains due to low levels of VirB 

protein at 30°C. At 37°C there is an approximately 740-fold induction of m x iC  

expression in the parent strain BS184, complementation of the virB defect with wild type 

virB on pMEP538 leads to approximately 60% restoration of mxiC  expression. This level 

of complementation is sufficient to investigate changes in (3-galactosidase activity as a 

result of the mutation of putative functional motifs in VirB.

Interestingly both mutations in the HTH motif, K152E and K164E prevent the activation 

of m xiC-lacZ  expression, and this is also true for both of the double mutants in the HTH 

and LZ motifs, L203P K152E and L2I0P K152E (Fig. 3.8.A). These results indicate that 

the HTH motif is essential to the ability of VirB to activate expression and the probability 

of a DNA-binding function for the protein.

3.2.7 Ability o f mutants in the putative LZ m otif o f  VirB to activate mxiC-lacZ  

expression.

The putative LZ motif of VirB contains many of the features of a conventional LZ, as 

well as several unusual features as discussed in Section 3.1.2. To test the importance of 

this LZ in the observed oligomerisation of VirB, several mutations of varying degrees of
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severity were made along the length of the motif. As LZ motifs facilitate dimerisation 

through a hydrophobic interface, a number of mutations were constructed in the five L 

residues along the proposed interface in VirB (Fig. 3.9.A). These included two severe 

mutations of L to P, a helix disrupting amino acid at positions L203 and L210. These 

mutations would be expected to disrupt the helical structure of the LZ completely. A 

number of milder mutations, involving the replacements of leucines with hydrophilic or 

charged residues were constructed. These were made at positions L I 96 (E), L210 (H), 

L217 (S) and L224 (H) (Fig. 3.9.A). These mutations would be expected to disrupt 

hydrophobic interactions across a functional LZ, without distorting the helix. L203 was 

also mutated to V, a small hydrophobic amino acid, which should not affect dimerisation 

and therefore serves as a positive control (Fig. 3.9.A).

In addition to mutagenesis of the leucines along the hydrophobic interface, the role of the 

asparagine residue, N207, in the a position was also investigated (Fig. 3.2). Common to 

many LZ motifs, including that found in the IS91J  transposase, the asparagine is 

proposed to form a hydrogen bond across the interface of the dimer, which stabilises it. 

N207 was mutated to a hydrophilic H, which should disrupt this bond and the 

hydrophobic interface, and also to a hydrophobic I, which should disrupt the hydrogen 

bond but increase hydrophobic interactions along the dimer interface (Fig. 3.9.A).

One other mutation was made in the LZ motif in VirB to investigate the relevance of the 

unusual P residue found in position 215. Normally helix-disrupting amino acids, prolines 

are rarely found in helical structures. P215 was replaced by A, to examine the role, if 

any, played by this amino acid in the functionality of the motif (Fig. 3.9.A).

All of the plasmids expressing VirB mutants with lesions in the LZ motif were expressed 

in the virB  null mutant containing a lacZ  fusion to the mxiC  promoter (CJD1018) and (3-
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Fig. 3.9. Ability o f  mutants in the LZ ofVirB  to activate mxiC-lacZ expression.

The sequence of the putative LZ m otif of VirB is given in A. The repeated leucines are 

highlighted and amino acid substitutions are indicated with arrows. To analyse the ability 

of virB  m utants to activate structural gene expression, (3-galactosidase activity was 

monitored from an mxiC-lacZ  fusion in the virB  null mutant CJD1018 (B). VirB and the 

mutant constructs were expressed from pMEP539. Assays were performed on overnight 

cultures grown at 37°C (permissive) and 30°C (repressive) temperatures. Results shown 

are representative of four independent experiments done in quadruplicate. E rror bars 

indicate standard deviation values.
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galactosidase activity measured (Fig. 3.9.B). Mutants with lesions in the LZ motif show a 

less clear pattern of mxiC-lacZ  activation than those in the HTH. As expected a severe 

L203P substitution completely abolished activity to background levels. However, 

replacement of L210 with P only reduced (3-galactosidase activity to 50% compared with 

wild type. A similar reduction in mxiC-lacZ  activation was seen for two of the milder 

hydrophobic to hydrophilic mutations, L217S and L224R (Fig. 3.9.B). In contrast equally 

potentially disruptive mutations in two of the leucines of the LZ motif, L196E and 

L210H, showed no effect on [3-galactosidase activity. As expected the L203V mutant was 

as active as the wild type protein. Thus mutating four out of five of the leucines in the LZ 

motif had a disruptive effect on VirB activation proficiency. This supports the prediction 

that the defined motif possesses the structural characteristics of an LZ and indicates that 

oligomerisation is required for VirB activity. It is interesting to note that the mutation of 

N207 to a hydrophobic or a hydrophilic residue had no effect on VirB mediated m xiC  

activation, suggesting that this residue may not play the role it normally fills in a true LZ 

motif. In addition mutation of the P215 to A had no apparent effect on VirB function 

(Fig. 3.9.B).

3.2.8. Trans-rfo/winan/ phenotype o f HTH and LZ mutants.

In order to assess whether the mutations were affecting dimer/oligomerisation or some 

other function of the protein, the HTH and L203P and L210P mutants, that abolished and 

reduced structural gene expression respectively, were co-expressed with wild type VirB 

in a virB* background. In this way, mutants capable of interacting with wild type VirB, 

thus forming faulty dimers and higher oligomers should reduce the levels of [3- 

galactosidase expression in the parent strain BS184 (i.e. have a /ran^-dominant 

phenotype). The fran^-dominance test allowed a qualitative assessment of the ability of 

wild type and mutant proteins to interact in vivo. The L203P and L210P mutants, with
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lesions in tine LZ motif, had no negative effect on structural gene activation in virB^ 

background (Fig. 3.10). This suggested that these mutants are incapable of oligomerising 

with the wild type protein. In contrast, mutants in the HTH motif, K152E and K164E, 

reduced the (3-galactosidase activity by half when co-expressed with wild type protein, 

indicating a rran^-dominant phenotype. When the fran^-dominant K152E mutation was 

combined with the L203P mutation on the same polypeptide, p-galactosidase levels 

returned to normal, indicating that L203P relieves the fran^-dominant effect of the 

K152E mutation, by rendering it incapable of oligomerising. The combination of the 

K152E mutation with L210P did not relieve fran^-dominance indicating that the L210P 

mutation does not fully disrupt the ability of the protein to form dimers and higher 

oligomers.

3.2.9. Ability o f  VirB mutant proteins to oligomerise

To assess directly the effect of the mutations in the HTH and LZ motifs on the 

oligomerisation of the protein, in vivo cross-linking was carried out on each mutant. The 

pMEP539-derived plasmids harbouring the VirB HTH and LZ mutants were expressed in 

the virB  mutant background and treated with DSP cross-linker. Immunodetection of 

VirB showed that wild type plasmid-borne VirB oligomerises similarly to the LVP 

expressed protein in the parent strain, and no protein was detected in the virB  mutant 

background (Fig. 3.11). As expected the HTH mutants, K152E and K164E, 

demonstrated a similar profile to the wild type protein. This was also true for the LZ 

mutants, which had no effect on the ability of the protein to activate gene expression, 

L196E, L203V, and N207H/I (Fig. 3.11). All of these proteins showed oligomerisation 

of the protein at low exposures. In contrast, for mutants, which had a significant 

detrimental effect on the ability of VirB to activate mxiC  expression (L203P, L210P, 

L217S and L224R), no oligomers could be detected in the presence of cross-linker at low
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Fig. 3.10. Tvans-dominant phenotype o f VirB HTH and LZ mutants.

To analyse the ability of VirB mutants to interact with the wild type protein, mutants 

expressed from the pMEP539 plasmid were transformed into wild type BS184, and 

structural gene expression was monitored from the mxiCAacZ  fusion, using the p- 

galactosidase assay. Assays were performed on overnight cultures grown at 37°C, and 

were performed in quadruplicate. Error bars indicate standard deviation values, and 

results shown are representative of four independent experiments.
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exposures (Fig. 3.11). At higher exposures faint bands were detectable for L210P, L217S 

and L224R, however, no oligomers of the L203P derivative could be detected. 

Interestingly, the P215A mutant appears to be able to oligomerise to a greater extent than 

the wild type protein, both in the presence and absence of cross-linker.
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Fig. 3.11. In vivo chemical cross-linking o f  VirB mutants.

Wild type or virB  mutants were cloned into the plasmid pMEP539, and transformed into 

a virB  strain (CJD1018). Logarithmically growing bacteria were exposed to cross-linker 

(DSP) as described in Section 2.19.1. Protein bands were detected by immunoblotting 

with polyclonal anti-VirB antiserum. Presence or absence of the cross-linker is indicated 

along the top of the diagram, and molecular mass size markers are indicated along the left 

side. The asterisk corresponds to a cross-reacting band, unrelated to VirB, as shown in 

the virB  strain CJD1018.
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3.3 Discussion

Since the discovery of the VirB protein, through transposon mutagenesis in 1989, it has 

been assum ed that the protein regulates structural gene expression in a conventional 

manner, binding to promoter DNA to initiate transcription. (Adler et al., 1989; W atanabe 

et al., 1990; Dorman and Porter, 1998). However, to date there has been no evidence to 

support this assum ption. Indeed, attempts to show p ro te in -D N A  in terac tions , by 

electrophoretic mobility shift assays, or protein-protein interactions, using the yeast-two- 

hybrid assay had failed (Porter 1998). These results coupled with the lack o f  hom ology 

to conventional transcriptional activators suggest that VirB is an ex trem ely  unusual 

protein. In silico  analysis of the predicted secondary structure of VirB revealed the 

presence o f  two putative functional motifs, an H TH and an LZ, both o f  which are 

comm only found in transcriptional regulatory proteins. The work in this chapter is aimed 

at characterising the importance of these predicted motifs in the ability of VirB to activate 

structural gene expression, and thus, to provide an insight into the functions o f  the protein 

within the bacterial cell.

Purification of the VirB protein allowed both in vitro  and in vivo  analyses of the protein. 

It also facilitated the production of anti-VirB anti-serum, which was an invaluable tool in 

the characterisation of the protein. It has allowed the confirmation o f  the correlation 

between the intracellular concentration of VirB and structural gene expression, which 

hitherto, had only been implied through genetic studies (Day and Maurelli, 2001). In this 

study it was shown that the m arked increase in the levels o f  VirB in the cell w hen 

tem perature is shifted from 30°C to 37°C (Fig. 3.7.B), is reflected by an activation o f  

structural gene expression (Fig. 3.S.). However, it is important to note that the protein is 

still detectable at 30°C in very low quantities (Fig. 3.7.B). This perhaps implies that a 

threshold level of VirB is required for structural gene activation to occur. In addition, the
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levels of VirB throughout the growth curve have been examined (Fig. 3.5), and results 

correlate with previous transcriptional data showing highest levels of VirB in the late 

exponential phase of growth. This also corresponds to the peak of activation of mxiC  

expression in the growth phase (data not shown) and further confirms the tight link 

between VirB levels and structural gene expression.

In silico  analysis of the amino acid sequence of VirB revealed the presence of two 

structural features commonly associated with transcriptional regulators, an HTH motif 

and an LZ motif. The observation of an LZ dimerisation motif strongly suggested that 

VirB may at least form homo-multimers. In addition, ParB the protein to which VirB 

shares most homology, is a dimeric protein. The cross-linking analyses of the protein 

both in vitro  and in vivo confirmed that VirB could indeed form homo-multimeric 

structures (Fig. 3.6). In the in vitro experiment, dimers and trimers were observed even 

without cross-linking reagent, which suggests that the homomeric interactions are strong 

enough not to be broken by heat and detergent treatment associated with SDS PAGE. 

This is unlikely to be due to thiol bonding through the cysteine residue at position 5 as 

these were still observed when this residue was replaced with a tyrosine (data not shown). 

These dimers and higher oligomers were not seen in the in vivo experiment but had been 

observed routinely on other occasions. The addition of cross-linker (DSP) in vitro shows 

that all of the protein is in either dimeric or trimeric conformations. In contrast, in vivo 

there appears to be a predomination of monomers in the cell, and there are tetramers and 

pentamers present in addition to dimers and trimers. As the in vitro data suggests that 

VirB monomers in close proximity will interact without DNA, and that these interactions 

are strong, the large pool of monomers in vivo is unexpected. However, this appears to 

be associated with the in vivo cross-linking technique and has been seen previously with 

other in vivo  crosslinked proteins (W illiams et al 1996), it is probably due to 

concentration of DSP within the bacteria, and competition for binding from other
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proteins, leading to reduced activity of the cross-linker. Apart from monomeric protein, 

in vivo, the trimeric state appears to be the most common, possibly representing the active 

state of the protein in vivo. The observation of higher oligomers as well as dimers in vivo 

is in contrast to normal LZ interactions, which are generally restricted to dimers.

The contributions of the HTH and LZ motifs to the biological function of VirB were 

studied using site-directed mutagenesis. This was based on the substitution of key 

residues within the motifs, leading to disruption of function, and has been used in a 

number of previous studies (Maxon et al., 1990; Ochs et a l ,  1996; Haren et al., 1998). 

Initially, mutants were cloned under the control of the native virB promoter but this led to 

varied expression levels and mutants were finally expressed to comparable levels under 

the control of the ptac  promoter in pMEP538. Although this is an IPTG inducible 

promoter, expression of the mutants without induction was similar to that of the wild type 

protein in the parent strain. Indeed, addition of the inducer molecule led to high levels of 

bacterial death and loss of the large virulence plasmid. The discovery that un-induced 

expression from this promoter was temperature sensitive, and repressed at 30°C, in 

B S 184 was surprising (Fig. 3.7). There are no other reports of such an effect on the ptac 

promoter in the literature. It is possible that this repression is mediated by the H-NS 

protein, which is responsible for the temperature regulation of virB  in its native context 

(Tobe et al., 1993; Tobe et al., 1995). Indeed, there are several putative binding sites for 

H-NS within the virB  gene, which could block the progress of RNA polymerase along 

DNA (Tobe et a/., 1993). A model for this repression could involve H-NS binding to 

these sites at 30°C but dissociating at 37°C, due to changes in the topology of the DNA at 

37°C weakening these interactions, thus enabling ptac to overcome repression (Goldstein 

and Drlica, 1984; Tobe et al., 1995). This would account for the transcriptional 

repression of the gene at 30°C, and is similar to the regulation of the gene on the LVP 

(Tobe et al., 1995). This did not affect the protein itself, and indeed proved useful as it
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mimicked the actual situation in Shigella. For this reason we continued to use the 

pMEP539 vector to express virB  and the mutant derivatives in trans. Although this 

phenomenon was not investigated further in this work, it remains an interesting 

observation, and may be a useful tool in the investigation of the role of other genes in 

virulence gene regulation in S.flexneri.

Site-directed mutagenesis, was used to reverse the charge of key lysine residues in the 

putative HTH and this abolished the ability of VirB to activate structural gene expression 

(Fig.3.8). In addition these mutations were rran^-dominant when co-expressed with wild 

type protein, which is consistent with proteins that have lesions that alter DNA-binding 

without interfering with oligomerisation (Fig. 3.10). Indeed, cross-linking analysis 

confirms that both HTH mutants oligomerise with the same proficiency as wild type (Fig. 

3.11). Thus, it appears that this HTH motif is important to the biological activity of VirB, 

and strongly suggests that the VirB protein binds to DNA in the activation of structural 

gene expression. It is unclear whether VirB binds directly to the promoters of the 

structural gene or acts via another regulator. Previous attempts to reconstruct the VirB 

dependent activation of structural genes in an LVP' background have been unsuccessful 

(C. Beloin, unpublished), indicating that another factor is required for structural gene 

activation. This question is further addressed in Chapter 5.

Disruption of the LZ motif by amino acid substitutions established a key role for this 

motif in VirB-dependent structural gene activation (Fig. 3.9). In particular replacing 

L203 with a proline residue completely abolished expression from the m xiC-lacZ  fusion. 

It also disrupted any oligomerisation of the protein (Fig. 3.11). Similarly, mutation of the 

leucines in positions 210, 217 and 224, to disruptive amino acids resulted in the reduction 

of both virulence gene activation and a corresponding reduction in oligomerisation (Fig 

3.9, Fig. 3.11). The L203P mutation relieved the trans-dom m m i effect of a mutation in
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the HTH (Fig. 3.10), but L210P did not, probably reflecting the residual ability of this 

mutant to oligomerise. These results indicate that oligomerisation is required for 

structural gene activation, and that the LZ motif plays an essential role in mediating this 

oligomerisation.

However, mutations predicted to have a disruptive effect on the LZ motif, i.e. L I 96 and 

L210, had no effect on either structural gene activation or oligomerisation. In addition, it 

appears that the asparagine in position a (Fig. 3.2), does not play the role it is normally 

associated with in conventional LZ motifs, as replacement with either an isoleucine or a 

histidine residue has no effect on the oligomerisation proficiency of VirB. LZ motifs are 

generally associated with dimerisation and as described above, VirB forms, not only 

dimers, but also trimers and higher oligomers in vivo (Fig. 3.6). Clearly this LZ has 

several features, which distinguish it from conventional LZ motifs. The results seem to 

suggest that this LZ motif in VirB may not be the only oligomerisation domain in the 

protein. Such auxiliary oligomerisation domains have been previously described in the 

I S 9 / /  transposase and in the BgIG protein (Haren et al., 1998; Boss et a i ,  1999). This 

auxiliary oligomerisation domain is discussed in Chapter 4.

The LZ motif in VirB is also unusual in that it lacks residues required to provide 

stabilising cross-dimer salt-bridges. It contains a highly unusual destabilising proline 

residue in position 215, which appears to reduce the ability of the protein to oligomerise. 

Substitution of this amino acid with an alanine residue leads to an enhanced ability of the 

VirB to form multimers, although it had no effect on the ability of the protein to activate 

mxiC  expression.

Thus the results presented in this chapter have demonstrated the importance of the two 

putative structural motifs, the HTH DNA-binding motif and the LZ dimerisation motif,
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and both are important in the biological activity of VirB. Given the importance o f  the 

H TH  motif, it is p robab le  that VirB binds to D N A  in the bacteria l cell. This  

characteristic  is consistent with the view of VirB as a transcriptional activator, in the 

conventional sense, however it is unclear as yet whether activation occurs directly at 

structural gene promoters or through an intermediate regulator. Furthermore, the role of 

the LZ  m otif  in the oligom erisation of the protein, an essential function  in V irB- 

dependent virulence gene activation, was demonstrated although evidence suggests that 

the L Z  m otif may not be the sole mediator o f protein-protein interactions in VirB
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Chapter 4

Identification of a second oligomerisation
domain in VirB
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4.1 Introduction

The ability of proteins to interact with each other is fundamental to virtually all cellular 

processes, including transcription and gene regulation. Our understanding of the ways in 

which these interactions are mediated has greatly increased with the crystallographic 

analysis of numerous proteins and protein complexes including M etR  repressor, GCN-4 

yeast transcription factor, and the yeast transcription complex (Maxon et a l ,  1990; Nilges 

and Brunger, 1993; Wolberger, 1999). It is clear from these data that the ways in which 

proteins interact with each other are both manifold and extremely diverse. Some forms 

o f  in teraction are com m on to m any proteins, such as the LZ  and the SH3 dom ain 

interactions, which might be predicted from sequence analysis (Cicchetti et al., 1992), but 

many, such as, those in the ParB protein are unique and cannot be predicted by sequence 

analysis alone (Surtees and Funnell, 2001).

The VirB protein has been shown to form dimers and higher oligomers, and this ability is 

necessary for the activation of structural gene expression. The involvem ent of an LZ 

m otif in these homomeric interactions has been demonstrated, however, as LZ motifs are 

associated with dimerisation only, it is probable that another region of the protein also 

p ro m o te s  o ligom erisa tion . Th is  was confirm ed  by the resu lts  o f  s ite -d irec ted  

mutagenesis, which show that partial disruption of the LZ motif does not affect the ability 

of the protein to oligomerise.

4.1.1 Oligomerisation domains o f the ParB protein.

To attempt to identify other possible domains in VirB important to oligomerisation, the 

sequence of the protein was compared to that of ParB, to which it is homologous. ParB is 

a dimeric protein which binds DN A as part of a nucleoprotein complex and much work
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has been done to elucidate the domain structure and oligomerisation properties of this 

protein (Lobocka and Yarmolinsky, 1996; Surtees and Funnell, 1999; Bouet et al., 2000; 

Surtees and Funnell, 2001,). It has been shown that two domains in ParB are capable of 

mediating protein-protein interactions (Fig. 1.8). Deletion mutagenesis of the protein 

showed that the C-terminus (275-333) is essential for dimerisation (Lobocka and 

Yarmolinsky, 1996). Yeast two-hybrid analysis confirmed the role of the C-terminus in 

dimerisation and identified a region in the N-terminus (1-60), which is also capable of 

dimerisation (Surtees and Funnell, 1999). It is thought that the C-terminal region of the 

protein mediates initial dimerisation and the N-terminal region mediates dimer-dimer 

contacts within nucleoprotein complexes. The homology between VirB and ParB is most 

pronounced towards the N-terminus of the proteins (Fig. 4.1.), suggesting that the N- 

terminal portion of VirB could be involved in protein-protein interactions.

4.1.2. Characterisation o f  protein-protein interaction domains in vivo.

One of the most widely used methods for demonstrating protein-protein interactions is 

the yeast-two-hybrid assay (Fields and Song, 1989; Chien et al., 1991; Phizicky and 

Fields 1995). This assay is based on the use of transcriptional activity as a measure of 

interaction, and relies on the modular nature of the yeast transcriptional activator protein 

Gal4 (Fields and Song, 1989). The DNA binding and dimerisation domains of the protein 

are separated and fused to protein X and protein X/Y respectively. If the fused proteins 

can interact a reporter gene is transcribed. This assay has been employed to identify 

many homomeric and heteromeric interactions and the protein domains involved for a 

large number of both prokaryotic and eukaryotic proteins including the VirB homologue, 

ParB (Phizicky and Fields, 1995; Surtees and Funnell, 2001). However, as mentioned 

previously (Section 3.1.2.) attempts to show VirB-VirB interactions using this method 

failed, probably due to an effect of the eukaryotic background on VirB (Porter, 1998).
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Fig.4.1. Sequence alignment o f  VirB with ParB and SopB.

VirB (VB) was aligned with the ParB (PB) and SopB (SB) proteins. R esidues identical 

in the three proteins are shaded. Positioning {left to right) and recognition {right to left) 

helices o f the H TH  m otif o f VirB are represented by arrows. The heptad repeat o f the LZ 

m otif is indicated by asterisks. VirB shows 40%  identity and 60% sim ilarity to ParB at 

the am ino acid level.
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The developm ent of a similar one-hybrid system in bacteria offered an opportunity to 

examine VirB protein-protein interactions in the native prokaryotic environment.

The prokaryotic in vivo  dimerisation assay is based on the phage X cl repressor protein 

(Hu et a i ,  1990; Hu, 1995; Zeng and Hu, 1997). This protein dimerises through the C- 

terminus, and binds D N A through the N-terminus. Active dimers bind to the operator 

(Or) sequence at Pr to repress the lytic phase of phage growth (Bailone and Devoret, 

1978, B eam er and Pabo, 1992, Strahs and Brenowitz, 1994). The D N A  binding domain 

is used as a reporter and fused to the protein under investigation (Fig. 4 .2 .A). If the 

protein interacts with itself binding o f  the cl fusion-protein dimer to the operator renders 

bacteria im m une to phage lysis (Fig. 4.2.C). Thus, the test relies on the ability of the 

putative o ligom erisation domain of the protein of interest to functionally replace the 

natural oligomerisation domain in the C-terminus of the phage X cl repressor. In addition 

the strength of protein-protein interactions can be quantified using a P-galactosidase 

reporter gene, the expression of which is repressed when cl fusion proteins bind to the 

operator sequences. The X cl assay is a particularly useful tool in studying protein-protein 

interactions in bacteria as it allows the identification and analysis of the dimerisation 

dom ains of proteins in isolation from each other. Thus the contribution and importance 

o f each domain to oligomerisation can be assessed.

Earlier results had indicated that the LZ motif was involved in, but not solely responsible 

for the observed oligomerisation in the VirB protein. The work in this chapter details the 

identification of a second domain in the protein responsible for VirB-VirB interactions, 

and the dissection of the importance and contribution of each domain to the formation of 

VirB multimers.
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Fig.4.2. One-hybrid in vivo dimerisation assay using phage A cl.

Schematic outline of the prokaryotic one-hybrid in vivo dimerisation assay. The protein 

of interest (protein X or protein Y) is fused to the N-terminal DNA binding portion of the 

cl repressor protein of phage X  (A). The hybrid protein cannot bind to the operator 

sequence ( O r) in the absence of dimerisation through protein X, leading to the 

transcription from the Pr promoter and the lytic phage life cycle (B). Dimerisation of the 

fusion protein through protein Y leads to binding of the Or sequence and repression of 

transcription from the PR promoter, and thus immunity to phage lysis (C) (Adapted from 

Hu, 1995).
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4.2. Results

4.2.1. In siiico analysis o f  the VirB protein.

To identify a possible auxiliary oligomerisation domain in VirB, the predicted secondary 

structure of the protein was analysed for unusual structural features. Initial in siiico  

analysis of the amino acid sequence of the protein in the Coils program (Expasy; 

www.expasy.ch) identified the LZ coiled coil motif (Fig. 3.2.). It also predicted the 

weak probability of a coiled coil structure in the C-terminal region of the protein, which 

was not considered significant. However, further analysis of this region using the more 

advanced Multicoils program (Expasy; www.expasy.ch) identified a putative triple coiled 

coil structure in this region between residues 280-309 (Wolf et al., 1997). Triple coiled 

coils, like two-stranded coiled coils, are commonly involved in the mediation of protein- 

protein interactions (Section 1.8.1). Two and three stranded coiled coils are characterised 

by similar heptad repeated hydrophobic residues, which align along the face of an a-helix 

to promote dimer/trimerisation respectively. The oligomeric state of a coiled coil depends 

on the packing of these hydrophobic residues in the helical supercoil. Triple coiled coils 

are known to promote trimerisation of proteins such as the yeast heat-shock transcription 

factor and the haemagglutinin protein of Influenza virus (Sorger and Nelson, 1989; 

Peteranderl and Nelson, 1992; Carr and Kim, 1993; Bullough et at., 1994). Thus, in 

addition to the N-terminal region, which shares homology to a domain known to mediate 

protein-protein interactions in ParB, the putative triple coil at the C-terminus represents a 

possible oligomerisation domain for VirB.

4.2.2. Construction o f  VirB deletion mutants.
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In order to test the role, if any, of the N and C-terminal portions of VirB in the 

oligomerisation capability of the protein, several truncated derivatives of VirB were 

constructed (Fig. 4.3.A). These included two N-terminal deletion mutants, A 1-30 and 

A 1-65, and three C-terminal deletion mutants, A244-309, A262-309 and A292-309. These 

deletions were designed to remove the regions of the protein, which by homology to ParB 

(N-terminal) or through the presence of a triple coil structure (C-terminal) were identified 

as possible auxiliary domains of oligomerisation. The fragments of VirB were amplified 

by PCR and cloned between the Ndel and Sail sites in pMEP539. All of these mutants 

contained the LZ motif, which had previously been shown by site-directed mutagenesis 

to be important in ability of VirB to oligomerise. In addition none of the truncated 

proteins lacked the HTH DNA-binding motif, which was also shown to be essential for 

VirB-dependent structural gene activation. An LZ deletion mutant was also constructed, 

using three-way cloning, to investigate the necessity of this region in oligomerisation.

The deletion mutants were cloned into the pMEP539 vector and verified by sequencing. 

Expression levels of the mutants were analysed by western immunoblot and found to be 

comparable to wild type (Fig. 4.3.B). These truncates of VirB were then analysed for 

their ability to complement a VirB defect and to form dimers and higher oligomers.

4.2.3. Ability o f  deletion mutants o f  VirB to activate gene expression.

To assess the ability of the truncated VirB proteins to activate virulence gene expression, 

the plasmids were transformed into the virB  null mutant CJD1018, and (3-galactosidase 

expression from the mxiC-lacZ  fusion was measured (Fig. 4.4). The results show that 

the expression of the wild type protein in trans leads to a significant induction of (3- 

galactosidase expression from the ipgD promoter (which drives mxiC  expression), 

however none of the truncates are capable of activating gene expression above
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Fig. 4.3. Construction and expression of VirB deletion mutants.

The different VirB deletion mutants constructed are shown in A with relevant putative 

structural domains are highlighted. All of the truncated proteins were expressed from the 

pMEP539 plasmid, in the virB  null strain CJD1018. Expression of the deletion mutants 

was confirmed by western immunoblotting (B). Molecular weight size standards are 

given along the left side, and an asterisk indicates the position of a cross-reacting band 

unrelated to VirB.



A

I

wt VirB N 

Al-30

Al-65

A244-309

A262-309
I

I

A292-309

ALZ

c
30 cI

65

HTH LZ
Putative triple 

coil

( K m ) .  C :
148 171 193 228 244 309

T -
148 171 193 228 244 309

ami, ( >
148 171 193 228 244 309]nnf)

—

148 171 193 228 244

jnnnT
148 171 193 228 244 262

fim] «
148 171 193 228 244

1
292

148 I7 iy \ ^ 244 

193 228

1
309

B kDa
97.2 -

66.7 -

55.6 -

42.7 -

36.5 -

26 .5 -



Fig. 4.4. Ability o f  VirB deletion mutants to activate mxiC-lacZ expression.

To analyse the ability of VirB deletion mutants to activate structural gene expression, (3- 

galactosidase activity was monitored from an mxiC-lacZ  fusion in the virB null mutant 

CJD1018. VirB and the mutant constructs were expressed fromm pMEP539. Assays 

were performed on overnight cultures grown at 37°C. Results shown are representative 

of four independent experiments done in quadruplicate. Error bars indicate standard 

deviation values.
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background levels. It thus appeared that the N and C terminal regions of VirB are 

absolutely required for the biological activity of the protein, although it was unclear 

whether this was related to an inability to oligomerise efficiently. Deletion of the region 

of the protein containing the LZ motif also abolished p-galactosidase activity, confirming 

the importance of the motif in gene activation.

4.2.4. Trsms-dominant phenotype o f deletion mutants o f  VirB.

To identify mutants defective for oligomerisation, the ability of the truncated derivatives 

of VirB to interact with the wild type protein was tested by co-expressing the mutants 

with wild type VirB in the parent strain BS184. As all of the mutants are defective for 

gene activation, those capable of interacting should form faulty oligomers with the wild 

type protein, and thereby reduce the expression of |3-galactosidase from the mxiC  

promoter. The results of the assay for rram’-dominance are shown in Fig. 4.5. Expression 

of the wild type protein in trans has little effect on the levels of [3-galactosidase 

expression when co-expressed with VirB on the LVP. This is also true for the three C- 

terminal deletion mutants, A244-309, A262-309 and A292-309, which do not appear to be 

capable of forming faulty oligomers. This infers that the C-terminal part of VirB, which 

includes a triple coil structural feature, is necessary for homomeric protein-protein 

interactions. In contrast, co-expression of the N-terminal deletion mutants with wild type 

VirB reduces the levels of structural gene expression by 50% (Fig. 4.5). This trans- 

dominant effect implies that the N-terminal portion of VirB plays an important role in the 

activation of structural gene expression, but is not required for oligomerisation of the 

protein. Unsurprisingly the VirB deletion mutant lacking the region containing the LZ 

motif had no effect on the activation of m xiC-lacZ  expression when co-expressed with 

wild type protein. This correlates with the role previously identified for the LZ motif in 

the oligomerisation of VirB (Section 3.2.6-8.).
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Fig. 4.5. Trans-dominant phenotype o f VirB deletion mutants.

To analyse the ability of VirB deletion mutants to interact with the wild type protein, 

mutants expressed from the pMEP539 plasmid were transformed into virB^ strain E S I 84, 

and structural gene expression was monitored from the mxiC-lacZ  fusion. Assays were 

performed on overnight cultures grown at 37°, and were performed in quadruplicate. 

Error bars indicate standard deviation values, and results shown are representative of four 

independent experiments.
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4.2.5. Oligomeric state o f  deletion mutants o f  VirB.

To confirm directly the role of the C-terminus in oligomerisation, implied by the trans- 

dom inant data, chemical crosslinking was carried out on the VirB deletion mutants in 

vivo. Plasmids expressing the truncated forms of VirB were transformed into the virB  

null mutant strain CJD1018 and grown at 37°C to mid-exponential phase before exposure 

to crosslinker DSP (Section 2.19.1). Subsequent detection of VirB using immunoblotting 

revealed that truncates lacking the N-terminus of the protein, A 1-30 and A 1-65, could 

oligomerise efficiently, forming dimers and trimers of the appropriate m olecular weight 

(Fig. 4.6). In contrast, for mutants lacking either the C-terminus of the protein, A242- 

309, A262-309 and A292-309, or the region containing the LZ motif, no dimers or higher 

oligomers were observed in the presence of crosslinker (Fig. 4.6). This confirms the role 

of the C-term inus as an auxiliary oligomerisation domain in the VirB protein. Several 

attempts were m ade to mutate residues in the putative triple coil structure in the C- 

terminus, however, the high A+T content of this region rendered this impossible. It 

appears from these data that both the C-term inus and the LZ m otif  are required for 

oligomerisation of VirB protein. An in vivo dimerisation assay was used to dissect further 

the relative importance of each of these regions in VirB protein-protein interactions.

4.2.6 Construction  A c l  fusion  proteins to VirB fo r  use in an in vivo dimerisation  

assay.

To estab lish  the re la tive  con tr ibu tions  o f  the LZ  m o tif  and the C -te rm inus  to 

oligomerisation of VirB, a one-hybrid system based on the cl protein of phage X was used 

to assay dimerisation capabilities of different fragments of the protein. The N-terminal 

portion of cl, containing the D N A  binding domain, was encoded by pJH391 under the
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Fig. 4.6. In vivo chemical cross-linking o f VirB deletion mutants.

W ild  type or v irB  dele tion m utants  were c loned  into the p lasm id  pM E P 5 3 9 ,  and 

transform ed into a v /rf inu ll  strain (CJD1018). Logarithmically growing bacteria were 

exposed  to c ross- linker  (DSP) as described in Section 2.19.1. Protein bands were 

detected by immunoblotting with polyclonal anti-VirB antiserum. Presence of the cross

linker is indicated along the top o f  the diagram, and molecular weight size m arkers are 

indicated along the left side. The asterisk corresponds to a cross-reacting band, unrelated 

to VirB, as shown in the virB  strain CJD1018
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control of the ptac  promoter. This plasmid contained a “stuffer” region at the end of the 

cl N-term inus open-reading frame into which virB  and various fragments o f  virB  were 

cloned to create fusion proteins. The VirB fragments were amplified by PCR and cloned 

into the HindlW  site in the stuffer region of pJH391, thus creating translational fusions 

between the N-terminal of cl and the VirB-derived proteins. All of the constructs were 

then sequenced , and expression  of the virB  portion was confirm ed  using  western 

immunoblotting (Fig. 4.7).

Eleven different fusion proteins were constructed as shown in Fig. 4.7. These included 

full-length VirB, as a positive control, and two mutant derivatives, containing disruptive 

m utations in either the H TH D N A  binding m otif  or the LZ dim erisation motif. In 

addition three fragments of VirB containing progressive deletions of the N-terminus, A l-  

144, A I-184  and A 1-225 were constructed to test the ability of the C-terminus to mediate 

oligomerisation with and without the LZ dimerisation m otif  (Fig. 4.7). Similarly three 

VirB fragments containing deletions of the C-terminus, A232-309, A176-309 and A147- 

309 were constructed to test the ability of the LZ motif and the N-terminus to oligomerise 

without the C-terminal domain (Fig. 4.7). Finally a chimeric protein o f  the cl D N A  

binding region with the LZ m otif o f VirB was also constructed to test the ability of that 

region of the protein to dimerise independently. The HTH m otif  was used as a negative 

control.

4.2.7. Ability o f  cI-VirB fusion proteins to dimerise.

Plasmids expressing the cI-VirB fusion proteins and several controls were transform ed 

into the strain AG 1688, a phage A. sensitive strain. These strains were then infected with 

a cl null mutant phage. Thus, those fusion proteins capable o f  interacting through the 

virB  portion to form dimers confer immunity to lytic phage infection on AG1688 (Fig.
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4.2). A fusion protein containing the strongly dimerising GCN-4 LZ was included as a 

positive control, as well as the full-length wild type cl protein. As negative controls, a 

fusion protein of cl to the DNA binding region of the BglG protein, previously shown to 

have no dimerisation capacity (Boss et a l ,  1999) was used in addition to the cl N- 

terminus alone (Table 4.1).

The results of the phage immunity assay on these strains are shown in Table 4.1. As 

expected plasmids expressing the N-terminal portion of cl alone or fused to a non- 

dimerising domain of a protein (BglG DNA binding domain) did not confer immunity to 

lytic phage infection and high numbers of plaques were observed. In contrast strains that 

contained the wild type cl or a fusion to of the N-terminus to a dimerisation domain 

(GCN-4 LZ) were not susceptible to lysis by phage and no plaques were observed (Table 

4.1). A similar trend was observed for a fusion protein containing full length VirB, and 

the HTH mutant K152E. However, the L203P mutant, which was known to be defective 

for oligomerisation, could not confer immunity to phage lysis (Table 4.1). All of the 

VirB fragments containing deletions in the N-terminus were capable of mediating 

dimerisation of the cl N-terminus in this assay, as no plaques were observed. 

Interestingly even the A 1-225 truncate, which lacked the LZ motif could effect 

dimerisation independently (Table 4.1). This confirms the role of the C-terminus in 

oligomerisation and suggests strong protein-protein interactions through this region. This 

was further confirmed by the results obtained from strain expressing fusion proteins with 

deletions in the C-terminus of VirB. None of these proteins was capable of repressing the 

lytic cycle of phage X. Surprisingly, even a VirB truncate containing the LZ dimerisation 

motif, A232-309, could not confer immunity to lysis. This remained true for the LZ motif 

alone also (Table 4.1). Thus it appears that the LZ motif in VirB is incapable of 

mediating protein-protein interactions without the presence of the C-terminus of the 

protein.
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Table 4.1. Results o f  phage sensitivity in vivo dimerisation assay.

B acteria l strain or 

p lasm id

cl hybrid  protein Phage ?icr superin fection  

im m unity  or sensitivity"

A G  1688 - sensitive

p Z 1 5 0  (vec to r alone) - sensitive

p F G 1 5 7 c l  (w ild  type) im m une

p K H lO l c l ( l -1 1 5 ) sensitive

p JH 3 7 0 c l ( l - l  15)-G C N -4L Z im m u n e

pO A ClO O c l ( l - l  15)-BglG D N A  binding sensitive

p O A C lO l c I ( l -1 1 5 )-B g lG im m une

pS M virB c l ( l - l  15)-VirB im m une

p S M K 1 5 2 E c l ( l - l  15)-V irB K 152E im m une

p S M L 2 0 3 P c l ( l - l  15)-V irBL203P sensitive

p S M A L Z cI( l -1 1 5 )-V irB A L Z sensitive

pSM A  1 -1 4 4 c I ( l -1 1 5 ) -V ir B A l- 1 4 4 im m une

p S M A l - 1 8 4 c l ( l - l  15) - V i r B l - 1 8 4 im m une

pSM A  1 -2 2 5 c l ( l - l  15) -V i rB A l-2 2 5 im m une

pSM A  1 4 7 -3 0 9 c l ( l -1 1 5 )  -V irBA 14 7 -3 0 9 sensitive

pSM A  1 7 6 -3 0 9 c l ( l -1 1 5 )  -V irBA 17 6 -3 0 9 sensitive

p S M A 2 3 2 -3 0 9 c l ( l -1 1 5 )  -V irB A 2 3 2 -3 0 9 sensitive

p S M H T H c I ( l - 1 1 5 ) -V ir B H T H im m une

p S M L Z c l ( l -1 1 5 )  -V irB L Z sensitive

“ Phage X  cF superinfection  im m unity  and sensitivity w ere  assessed by p laque  assay 

(S ec t io n 2 .2 0 .1). Superinfection  sensitive strains alw ays show ed  greater  than 20  p laques  

per ml.



Perhaps the most unexpected result was the observation that the HTH motif alone was 

capable of conferring immunity to phage lysis when fused to the N-terminus of cl (Table 

4.1). This may be due to a change in conformation of the region containing the HTH 

motif when removed from the context of the whole protein. Indeed, fragments of VirB, 

A 176-309 and A232-309, containing the HTH motif were not capable of mediating 

protein-protein interactions, suggesting that this region is not involved in dimerisation of 

VirB in the context of the whole protein.

4.2.8. Quantitative analysis o f  the dimerisation o f  cI-VirB fusion proteins.

To quantify the strength of the dimerisation through VirB and the truncated forms of 

VirB, pJH391 plasmids expressing the fusion proteins were transformed into a strain 

containing a lacZ  reporter fusion to the lytic cycle promoter (JH372; Table 2.1). This 

promoter contains a single strong operator site, identical to that found in the phage A, used 

for the immunity assays. Thus p-galactosidase is expressed to high levels in the absence 

of the cl repressor protein in this strain. As before, dimerisation of an N-terminal cl 

fusion protein leads to binding at the operator site and repression of the lacZ  promoter. 

However, the sensitivity of the p-galactosidase assay allows correlation between levels of 

repression and the intensity of protein-protein interactions.

Fig. 4.8 shows the results of P-galactosidase assays performed on overnight cultures of 

bacteria grown at 37°C. In the strain JH372 alone, high levels of P-galactosidase activity 

were detected. Expression of the wild type cl repressor in trans reduced this by almost 

30-fold. The presence of the DNA binding region (1-115) of cl alone, pK H lO l, reduces 

constitutive levels of p-galactosidase activity by approximately 2-fold indicating that this 

construct retains some ability to repress the Pr promoter. This represents the background 

level of activity in the presence of the cl (1-115) region (Fig. 4.8). Similar levels of lacZ
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Fig.4.8. Quantitative Analysis o f  the dimerisation o f  cI-VirB fusion proteins.

Plasmids expressing the cI-VirB fusion proteins were introduced into the strain JH372, 

containing a phage X where the lacZ  gene is fused to the P r O r .  Oligomerisation 

proficiency of the fusion proteins was assessed by measuring (3-galactosidase activity. 

The data are expressed in Miller units, and represent an average of three independent 

experiments. Error bars indicate standard deviation values.
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expression were observed when the cl (1-115) region was fused to the BglG DNA 

binding region in plasmid pOAClOl. However, fusion to the GCN-4 LZ (pJH370) led to 

repression that was even stronger than the wild type cl, showing 100-fold repression of 

the Pr promoter (Fig.4.8). The cI-VirB and the cI-VirB (K152E) fusion proteins 

repressed (3-galactosidase activity by 40-fold, indicating that the protein dimerises 

strongly. As expected the cI-VirB (L203P) chimera, which is defective for 

oligomerisation, was unable to repress p-galactosidase activity effectively (Fig. 4.8). 

Removal of the N-terminus of VirB (A 1-144, Al-184) had no effect on the ability of 

fusion proteins to repress expression of lacZ. Further removal of the LZ motif (A 1-225), 

leaving just the C-terminal end of VirB reduced repression by about 2-fold (Fig. 4.8). 

This indicates that the C-terminus is capable of dimerising effectively in isolation, but the 

presence of the LZ region increases the strength of this interaction. In contrast deletion 

of the C-terminus of VirB (A232-309, A 176-309 and A 147-309) abolished the ability of 

cI-VirB fusion proteins to repress activity from the Pr promoter to levels similar to that of 

the N-terminal portion of cl by itself. A truncate lacking the C-terminus but containing 

the LZ (A232-309) showed the poorest repression of lacZ expression indicating that this 

region of the protein cannot promote dimerisation in the absence of the C-terminus. 

Removal of the LZ region (A 176-309) slightly increased repression (by about 2-fold), and 

similar levels were seen upon further removal of the HTH region (A147-309). 

Interestingly the LZ motif alone was unable to promote dimerisation of a cI-LZ fusion 

protein, indicating that unlike the GCN-4 LZ, this motif is not functional out of the 

context of the VirB protein. In contrast, the HTH motif alone promoted effective 

repression of the [3-galactosidase expression from the Pr promoter, confirming the results 

of the phage immunity assay.
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4.3 Discussion

The abihty of VirB to form higher oHgomers is necessary for the activation o f  structural 

gene expression in S. f lexner i  (Section 3.2.7). An LZ m otif  toward the centre of the 

protein was shown to play a key role in mediating VirB-VirB interactions (Section 3.2.7, 

3 .2 .9) ,  how ever ,  several obse rva t ions  ind ica ted  that  VirB p o ssessed  a second  

oligomerisation domain. The first indication of an auxiliary oligomerisation domain was 

the identification of trimers and higher oligomers of VirB. LZ  motifs are generally 

associated  with dimerisation only, and require auxiliary o ligom erisation dom ains to 

facilitate formation of higher oligomers (Landshulz et al., 1988; Haren et al., 1998; 

Haren et a l ,  2000). In addition the LZ m otif  itself appeared unusual, and several 

m uta tions , w hich were expected  to d isrupt the coiled  coil, had no effec t on the 

o ligom erisa tion  capability  of VirB (Section 3.2.7, 3.3). The identif ication o f  an 

oligom erisation domain in the N-terminus of the ParB protein, which shares extensive 

hom ology to VirB, indicated this region as a putative auxiliary oligomerisation domain 

(Surtees and Funnell, 2001). A second candidate domain was revealed through in silico  

analysis o f  the protein, which predicted the presence o f  a triple coiled coil structure, 

com m only associated with trimerisation, at the extreme C-terminus of VirB. The work in 

this chapter aimed to identify the second oligomerisation domain in VirB, and to assess 

its contribution to oligomerisation of the protein.

Deletion mutagenesis was employed to examine the importance of the N and C-termini in 

the ability of VirB to activate gene expression and the role o f  these regions in 

o ligom erisation of the protein. Several truncated VirB derivatives, with progressive 

deletions at both ends and a LZ deletion mutant, were constructed and the expression of 

these proteins was confirmed by western immunoblotting (Fig. 4.3). Any attempts to 

delete further than 65 amino acids at the N-term inus and 67 am ino acids at the C-
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terminus resulted in proteins that were not detectable by immunoblotting. None of the 

VirB deletion mutants were able to activate structural gene expression, as measured by 

activity from the mxiC-lacZ  fusion (Fig. 4.4). Deletion of even the first 30 amino acids at 

the N-terminus of the protein and the last 17 amino acids at the C-terminus resulted in 

truncates that were incapable of activating mxiC  expression. This indicated that both the 

N and C termini are involved in functions that are essential to VirB-dependent 

transcriptional activation. As expected, the ALZ mutant was also inactive, having 

previously been shown to be important in the formation of VirB oligomers.

To establish whether the defects induced by deleting the N and C termini of VirB were 

due to an inability to oligomerise the truncated VirB proteins were co-expressed with the 

wild type protein, to look for a rranj'-dominant effect. The results show that VirB 

truncates lacking the N-terminus are ^ranj'-dominant reducing the ability of wild type 

VirB to activate mxiC  expression (Fig. 4.5). This suggests that these proteins are capable 

of interacting with each other and thus, that the N-terminus does not contain the auxiliary 

oligomerisation domain in VirB. Confirmation of this was obtained through in vivo  

crosslinking, which showed that the A I-30 and the A 1-65 N-terminal deletion mutants 

could oligomerise to form dimers and trimers (Fig. 4.6). It thus appears that the N- 

terminus of VirB is required for a different function of the protein. This may be related 

to the DNA binding function implied by the presence of a functional HTH motif (Section. 

3.2.7), which is located at positions 148-171 of the protein. It may also represent an 

activation domain, through which VirB activates transcription of structural genes. 

Transcriptional regulators often require interactions with RNA polymerase and other 

regulatory proteins to initiate transcription (Section 1.6; Dove et al., 1997). The 

functional role of the N-terminal region of VirB in transcriptional activation of structural 

gene promoters is further examined in Section 5.



In contrast to the N-terminal deletion mutants, VirB truncates lacking the C-terminus did 

not exert a fra/i5-dominant effect on the expression of mxiC  when co-expressed with the 

wild type protein (Fig. 4.5). A similar result was observed for the ALZ mutant and 

indicated that these proteins could not interact with wild type protein, and were defective 

for oligomerisation. To confirm this, the oligomeric state of the mutants was examined 

using in vivo crosslinking (Fig. 4.6). All of the C-terminal truncates, A244-309, A262- 

309 and A292-309, were unable to form oligomers in the presence of crosslinker. Thus 

the C terminus of VirB, containing the putative triple coiled coil structure, appears to be 

required for oligomerisation of the protein. A deletion mutant lacking the LZ motif was 

also unable to oligomerise, confirming the role of this region in the oligomerisation of 

VirB. Attempts were made to mutagenise the heptad repeats of the putative triple coil 

structure, but these were unsuccessful due to the high A+T content of this part of the 

protein.

Oligomerisation of the VirB protein relies on two separate coiled coil regions within the 

protein, an LZ dimeric coiled coil and a rarer trimeric three-stranded coiled coil in the C- 

terminus. To compare the roles of each of these motifs in oligomerisation, a one-hybrid 

in vivo dimerisation assay was used. Although this measures dimerisation and not 

oligomerisation, as seen in VirB, it is the least complicated method for measuring 

interactions and is not inhibited by oligomerisation of interacting fragments. This assay 

allowed an examination of the ability of each region of the protein to dimerise by itself 

and in the context of the whole VirB protein. A similar experiment had been attempted 

previously using the prototype yeast two-hybrid system but no interactions could be 

detected (Porter, 1998). This was probably due to improper folding of VirB in a yeast 

background. The development of a prokaryotic one-hybrid system based on the cl 

protein of phage X removed this problem and allowed the analysis of the homomeric 

interaction properties of the coiled coil domains of VirB in a bacterial environment (Fig.
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4.2; Zagursky and Berman, 1984; Hu et al., 1990; Zeng and Hu, 1997). Tw o assays for 

dimerisation, from the same promoter (P^), were used, a phage lysis immunity indicator 

assay, and a quantitative [3-galactosidase repression assay.

The im portance  of the LZ  region in the o ligom erisation of VirB was dem onstra ted  

through site-directed mutagenesis (Section 3), where mutants showed reduced ability to 

form dim ers and higher oligomers. The results o f  the in vivo  d imerisation assays, 

confirm  that the LZ m otif is important to oligomerisation, as mutants lacking the m otif 

could not promote dimerisation of the N-terminus of the phage A, cl repressor (Table 4.1). 

Thus, although the C-terminal portion of VirB (A 1-225) can dimerise in isolation, it 

appears that the LZ m otif is also required for dimerisation in the context o f  the whole 

protein. How ever it is clear that this oligomerisation requires the presence of the C- 

terminus o f  VirB, as a truncate of VirB, A232-309, containing the LZ but lacking the C- 

term inus is unable to promote binding to the Operator (Or) and repression of the Pr 

promoter. Indeed the LZ itself appears inherently unstable and is unable to prom ote 

pro tein-pro tein  interactions in isolation. This is in sharp contrast to functional LZ  

dimerisation domains in other proteins such as the GCN-4 LZ (Hu et  a/., 1990). This 

instability may stem from the absence of charged residues in the e and g  positions o f  the 

heptad repeats  (Fig. 3.2), which in other LZ motifs interact to stabilise the d im eric  

in teractions. The presence of a helix-disrupting proline at position 215 m ay also 

contribute  to this inherent instability. It thus appears that the LZ m otif  in VirB is 

functional only when stabilised by a second coiled coil structure located in the C- 

terminus o f  the protein.

The im portance  of the C-term inal triple coiled structure in p rom oting  V irB -V irB  

interactions is dem onstrated in the results of the in vivo  dimerisation assay. Fusion
j

proteins lacking the C-terminus were unable to confer immunity to phage lysis or to
j
i

113



repress p-galactosidase from Pr indicating that this region is absolutely required for VirB 

oligomerisation (Table 4.1; Fig. 4.8). Indeed the C-terminal portion of VirB (Al-225) 

was capable of interacting strongly with itself in isolation from the rest of the protein 

(Table 4.1; Fig. 4.8). Thus interactions through this region of the protein appear stable. 

However, VirB truncates containing the C-terminal domain but lacking the LZ region 

(ALZ) were unable to mediate dimerisation of phage K cl fusion proteins. Thus in the 

context of the whole protein both oligomerisation domains of VirB appear to be required 

for homomeric interactions to take place. In addition these results suggest co-operativity 

between the domains as the presence of the LZ motif with the C-terminus of VirB (Al- 

144, Al-184) led to a 2-fold increase in the strength of protein-protein interactions as 

measured by the p-galactosidase repression assay.

The presence of two coiled coil structural features within the same protein is extremely 

unusual. Indeed, this is the first report of a putative triple coiled coil mediating 

oligomerisation of a bacterial transcription factor. The in vivo dimerisation assay has 

demonstrated that both coiled coil regions are required for normal oligomerisation of 

VirB, although the LZ appears to be inherently unstable in the absence of the C-terminus 

of the protein. As crosslinked VirB is present as dimers, trimers, tetramers and higher 

oligomers, it seems likely that oligomerisation occurs in a stepwise manner (Fig. 4.6). 

Possibly, initial dimeric interactions occur through the LZ region, and these are stabilised 

by additional coiled coil interactions at the C-terminus. It is probable that protein-protein 

interactions at the C-terminus then mediate the formation of stable trimers and higher 

oligomers of VirB. It is reasonable to conclude from the evidence above that full 

function in VirB requires both oligomerisation of LZ and C-terminal domains whose 

activities are mutually dependent, a situation described previously for some eukaryotic 

proteins and for the bacterial protein BglG (Boss et a i ,  1999).



One of the most unexpected results of the in vivo dimerisation assay was the observation 

that the HTH m otif was capable of promoting dimerisation o f  the phage X c l  (1-115) 

fusion protein. HTH motifs are com m only associated with DN A-protein  interactions 

rather than protein-protein interactions. Indeed mutagenesis of this m otif had previously 

been shown to have no effect on the oligomerisation of the VirB protein (Section 3.7, 

3.9). It is probable that this result is due to the effect of removing the H TH m otif from 

the context o f  the whole VirB protein, as truncated forms of the protein containing the 

HTH m otif  (A 176-309, A232-309) were unable to promote d im erisation. Thus the 

dimerisation of the HTH motif alone is probably due to a conformational change adopted 

in the absence of the rest o f VirB and does not appear to indicate a role for this m otif  in 

the oligomerisation of the protein.

The results presented in this chapter have shown the identification and characterisation of 

a second oligomerisation domain in the VirB protein, consisting of a putative triple coiled 

coil structure in the C-terminus of the protein. This domain is independent o f  the LZ 

m otif identified in Section 3 and is absolutely required for VirB-VirB interactions. The 

contribution of both oligomerisation domains to the formation of VirB m ultim ers has 

been dem onstrated through the use of an in vivo  dimerisation assay. This revealed an 

in ter-dependence and co-operativity between the L Z  and triple coil domains. Thus, 

oligomerisation of the VirB protein appears to be an unusual process involving a series of 

complex protein-protein interactions through two separate coiled coil dom ains in the 

protein.



Chapter 5

Characterisation of the DNA-binding Activity
of VirB
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5.1 Introduction

The interaction of proteins with DNA is a basic requirement for the regulation of gene 

expression. The model of a conventional transcriptional regulator, as exemplified by the 

prototype L a d  repressor, is a protein which binds to a specific sequence at a promoter to 

facilitate the initiation or repression of transcription. The effect on transcription can be 

transmitted in many ways. Some proteins, such as CAP, interact directly with RNA 

polymerase, others, such as IHF and H-NS, change the topology of promoter DNA and 

can regulate transcription over long distances (Section 1.6; Gicquel and Cossart, 1982; 

van Rijn et al., 1988; Ueguchi and Mizuno, 1993; Savery et al., 1998; Rimsky et al., 

2001; Huffman and Brennan, 2002). Many variations of this basic model have been 

elucidated and described, and several families of transcriptional regulator proteins, such 

as AraC and the LysR, have been identified (Henikoff et al., 1988; Henikoff et al 1990; 

Bruckner and Titgemeyer, 2002). The VirB protein is responsible for the activation of 

transcription from four separate promoters, icsB, ipgD, spa and virA, however, unusually 

for a putative transcriptional regulator, the VirB protein possesses no homology to any of 

these families, as discussed in Section 1.6.

The perception of VirB acting as a conventional transcriptional activator appeared to be 

vindicated by the observation that mutation of key residues in the putative HTH DNA 

binding motif abolished the ability of the protein to activate expression of the structural 

gene mxiC  (Section 3.2.8). However, previous attempts at bandshift experiments, using 

cell lysates, to show specific binding of VirB to the promoters of the S. flexneri structural 

genes were unsuccessful (Porter, 1998). Furthermore, a reconstituted system in E. coli, 

where VirB was expressed in trans from an inducible promoter failed to show direct 

activation by VirB of virulence gene promoter fusions to lacZ  (Porter, 1998). Thus the
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way in whicii VirB binds to D N A  and w hether the activation of s tructural gene 

expression is direct or indirect remained unclear.

5.1.1. DNA-binding properties o f  the ParB protein.

Although the VirB protein possesses no homology to transcriptional activator proteins, it 

shares a high degree of similarity with a family of plasmid partition proteins that includes 

ParB (Watanabe et a l ,  1990; Fig. 1.9, Fig. 4.1). This protein bind specifically to D N A as 

part of a nucleoprotein complex, including the ParA protein and the architectural protein 

IHF, during segregation to effect the stable maintenance o f  p lasm id copy num ber in 

daughter cells. ParB binds directly to the D N A at the parS  site, which consists of two 

conserved motifs. Box A and Box B, flanking an IHF binding site (Section 1.9.3; Fig.

5.1.A; Hayes and Austin, 1983; Abeles et al., 1985). Bending of the D N A  by IHF is 

required for the binding of a ParB dimer, forming a structure in which the D N A  is 

wrapped around a protein core (Fig. 5. l.B; Davis and Austin, 1988; Funnell, 1988; Davis 

et al., 1990; Funnell, 1991; Bouet et al., 2000). Subsequent ParB dimers load onto the 

partition com plex  through protein-protein  and p ro te in-D N A  interactions, tethering 

increasing amounts of ParB to the complex. ParA is an ATP-ase, which interacts with 

the nucleo-protein partition complex through protein-protein interactions with the N- 

terminus of ParB (Section 1.9; F ig .1.8; Davis et al., 1992; Bouet and Funnell, 1999; 

Erdmann et al., 1999). This interaction is not required for DN A-binding by ParB, but is 

necessary for plasmid partitioning. Interestingly the corresponding N-terminal region in 

VirB is essential to the activation of structural gene expression (Section 4.2.2).

ParB has been shown through mutational and deletion analysis to bind specifically to the 

Box A sequences through a HTH motif (Lobocka and Yarmolinsky, 1996; Surtees and 

Funnell, 2001), which is 80% identical to that found in VirB. A region at the C-terminus
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Fig. 5.1. Binding of ParB to the par5 partition site.

The sequence of the parS partition site is given in A. The ParB hexamer and heptamer 

binding site sequences are boxed and highhghted, with the position of the IHF binding 

site also indicated. A schematic diagram of the proposed arrangement of the parS site 

upon protein binding is shown in B based on the observations of Funnell, 1991 and 

Radnedge et al., 1996. The ParB binding site sequences are highlighted as before. The 

DNA at the parS site is bent 180° at the binding of the IHF protein, facilitating the 

binding of a ParB dimer as indicated (Adapted from Radnedge et al, 1996).
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of ParB, the DRS, is not required for DNA-binding, but interacts with the Box B 

sequences to confer species specificity (Radnedge et a i ,  1996). The presence of a parS- 

like sequence at the target promoters on the LVP of S. flexneri was investigated through 

sequence alignment. However, there appeared to be no regions of homology that might 

indicate a binding site consensus of any kind. Interestingly ParB and homologous 

plasmid partition proteins, such as SopB, appear to be able to nucleate at the partition 

site, resulting in the silencing of genes flanking the partition region (Section 1.9.3; Lynch 

and Wang, 1995; Lobocka and Yarmolinsky, 1996; Rodinov et a l ,  1999). This is the 

only type of direct gene regulation effected by these proteins, and there have been no 

reports of ability to activate transcription in a specific manner.

5.1.2 Identifying D N A-protein interactions  in vivo.

The interactions of proteins with DNA can be identified and characterised in many ways 

both in vitro and in vivo (Cartwright and Kelly, 1991; Dotsch, 2001; Joung, 2001; Pugh 

and Gilmour, 2001). DNA-protein interactions can be analysed in vitro  using gel 

retardation assays or DNase I footprinting. Gel retardation, or bandshift, assays rely on a 

shift in the migration of a labelled DNA probe on a gel when incubated with a binding 

protein specific to the probe. In DNase I footprinting, the binding of a protein to a 

specific DNA sequence results in protection of that sequence from cleavage by DNase I 

and a subsequent change in the pattern of cleavage products on an acrylamide gel 

(Dotsch, 2001). Both of these techniques are extremely useful for examining protein- 

DNA interactions but require a knowledge of the conditions suitable for DNA binding. 

In addition, differences have been observed for a number of proteins between the binding 

to target DNA in vitro and in vivo (Dotsch, 2001; Pugh and Gilmour, 2001). Thus it is 

important to confirm in vitro binding of a protein to DNA reflects actual binding inside 

bacteria. Analysis of protein-DNA interactions inside the bacterial cell is more difficult
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and often has to be carried out indirectly. Direct analysis of D N A binding in vivo  can 

carried out through footprinting of protein bound to DNA using dimethyl sulfate (DMS), 

an highly toxic, m em brane perm eable com pound that leads to c leavage o f  D N A  at 

guanine nucleotides. Protein-DNA interactions in vivo  can also be identified indirectly, 

through chromatin immunopreciptation or ChIP (Fig. 5.2; Lin and Grossman, 1998).

The chromatin imm unoprecipitation technique is one of the most useful m ethods for 

identification of protein-DNA interactions in vivo (Lin and Grossman, 1998; Rodinov et 

al., 1999; Johnson et al., 2001; Pugh and Gilmour, 2001). This technique involves the 

reversible chemical crosslinking of D N A to protein using formaldehyde, followed by 

shearing of the D N A by sonication (Fig. 5.2.A, B). Specific Protein-DNA complexes are 

then imm unoprecipitated using antibody-coated sepharose beads. Follow ing the heat- 

reversal o f  form aldehyde crosslinks, the im m unoprecipitated D N A  can be amplified 

using specific primers (Fig. 5.2.C, D, E). Thus specific interactions between any protein 

and a pu ta t ive  targe t  D N A  sequence  can be ana ly sed  us ing  the c h ro m a tin  

immunoprecipitation-based technique.

To establish the mode by which VirB activates structural gene expression in S. flexn eri, 

and to confirm whether this is a direct or an indirect effect, the ability of the protein to 

bind specifically to putative target promoters was assayed both in vitro  and in vivo. The 

possibility of an interaction partner for VirB is suggested by the homology of the protein 

to ParB, which interacts through its N-terminus with ParA, and the similar requirement of 

the N-terminus of VirB for structural gene activation. This is supported by an inability to 

reconstitute the activation of structural gene promoters in E. coli when VirB is supplied 

in trans. The identity of this putative auxiliary partner for VirB was also investigated.
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Fig. 5.2 Identification o f DNA-protein interactions in vivo through chromatin  

immunoprecipitation

S chem atic  d iagram  show ing the process by which p ro te in -D N A  in te rac tions  are 

identified in vivo using a chromatin immunoprecipitation-based technique. The process 

is divided into four main steps. Protein Y bound to DN A in situ  in the bacterial cell (A) 

is treated with crosslinker (X) to prevent dissociation and sonicated to fragm ent DNA. 

The Protein  Y -D N A  (B) fragm ents are im m unoprec ip ita ted  with anti-Y  antibody 

conjugated to sepharose beads ( ^ ) .  The crosslinks between the antibody-Protein Y 

com plex, and the D N A  fragments (C) are reversed by heating. The antibody protein 

complex and D N A  fragments (D) are separated by centrifugation and D N A  is amplified 

by PCR.
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5.2 Results

5.2.1. Ability o f  purified  VirB protein to bind to target prom oter DNA.

Electrophoretic mobihty shift assays were used to assess the abihty of HlO-VirB, purified 

by column affinity chromatography (Section 3.2.1), to bind specifically to the target 

promoter DNA in vitro. The icsB-ipgD  promoter region was selected as the target DNA, 

as this region contains the promoter for two divergently transcribed operons, which 

require VirB for expression (Section 1.0.0). Binding to a DNA fragment from within the 

icsP gene, coding for the plasmid-encoded IcsA protease, was also assayed as a negative 

control. The DNA probes, which were 300 base pairs in length, were amplified by PCR, 

and end-labelled with y^PdATP as described in Section 2.15. The binding reactions, 

with increasing concentrations of HlO-VirB protein, were carried out in an optimised 

buffer at room temperature, and in the presence of competitor spermidine. Protein-DNA 

complexes were then analysed on 12% acrylamide gels (Fig. 5.3).

It is clear from the results of the electrophoresis that purified VirB binds with much 

higher affinity to the icsB-ipgD  DNA than to icsP DNA (Fig. 5.3.A, 5.3.B). At 10 ng of 

protein the icsB-ipgD  probe is shifted into the wells, but a similar shift of icsP  DNA 

requires a 20-fold increase in the amount of protein. A faint intermediate band observed 

at 200 ng in the icsP  bandshift was not observed on other occasions and is thus unlikely 

to represent a specific interaction between VirB and this probe. VirB was observed to 

bind in vitro to the spa and virA structural gene promoters with the same affinity as icsB- 

ipgD  (data not shown). These results indicate that VirB binds to the target promoters 

with greater specificity than to other DNA sequences.
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Fig. 5.3. Binding o f purified recombinant VirB to DNA in vitro.

Gel mobility shift analysis of VirB interactions with the putative target prom oter icsB- 

ipgD  D N A and control icsP  DNA. Increasing amounts of purified recombinant HlO-VirB 

were incubated with ^^P-labelled icsB-ipgD  (A) and icsP  (B) D N A fragm ents for 20 

minutes at room temperature in a buffer containing 50-fold excess competitor spermidine. 

B ound  and free probes  were separated  by polyacry lam ide  gel e lec trophoresis  and 

visualised by autoradiography. The migration of free and bound probes are indicated 

with arrows.
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In teresting ly , no d iscre te  p ro te in -D N A  com plexes , w hich norm ally  indicate  the 

interaction of a protein with its binding site on DNA, were observed in the binding of 

VirB to either probe. One possible explanation for this pattern could be that VirB binds 

to D N A  as a large complex. Another possibility is that on binding, VirB polymerises 

along the D N A very rapidly, also forming a large complex that results in the trapping of 

probes in the wells. W ith the exception of differing affinities, the pattern o f  binding 

appears similar for both the target promoter DNA and the negative control DNA. Indeed, 

in further bandshift experiments VirB was capable of shifting many unrelated  D N A 

probes, including parS ,  in a similar m anner (data not shown), but never with the same 

affinity as to the target promoter DNA. Thus it appears that in vitro VirB binds most 

DNA in an unusual and relatively non-specific manner, however, this binding shows an 

approximately 20-fold higher affinity for a target promoter probe than other DNAs.

5.2.2. Purification o f VirB mutants.

To test the effect o f  mutations in the HTH putative D N A binding m otif o f  VirB on the 

ability of the protein to bind DNA, the K152E and K164E mutants were purified for use 

in electrophoretic mobility shift assays. Both of these proteins contain mutations at key 

residues in the motif, proposed to disrupt protein-DNA interactions. These changes were 

previously shown to abolish the ability of VirB to activate structural gene transcription, 

without affecting the oligomeric state of the protein (Section 3.2.5, 3.2.6, 3.2.9). In 

addition, to test the requirement for oligomerisation in the D N A binding activity of VirB, 

several representative mutants that had been shown to be defective in oligomerisation, 

L224R, ALZ and A244-309, were also purified (Section 3.2.9, 4.2.7). An attempt was 

made to purify truncates (A 1-30 and A 1-65) lacking the N-terminus o f  the protein, to 

examine the role o f  that region in DNA binding, but this protein proved unstable when 

over-expressed.
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The mutant proteins were over-expressed from plasmid pET19VirB, containing the virB  

m utant gene with 10 N-term inal histidines c loned dow nstream  o f  a T7 inducible 

promoter. Recom binant HlO-VirB and HlO-VirB mutants were expressed to high levels 

w hen induced  with 0.5 mM  IPTG (Fig. 5 .4 .A). As m onito red  by SDS PA G E, 

approximately 85% of the protein remained in the soluble fraction after cell lysis (Fig.

5.4.A). Over-expressed proteins were then purified using Ni "̂̂  charged magnetic beads. 

VirB was eluted from the beads by 500 mM  imidazole, which out-com petes the N- 

terminal histidines for Ni^'^(Fig. 5.4.A). Full-length VirB and VirB mutants purified in 

this m anner was judged  to be >90% pure by SDS PAGE and densitometric analysis (Fig.

5.4.B). W ild type HlO-VirB was re-purified using this technique to ensure no effect on 

the DNA binding capacity of the mutant proteins purified in this way. Bandshift assays 

using wild type protein purified in this m anner showed an identical profile of D N A  

binding to VirB purified by the large scale method in bandshift assays (data not shown).

5.2.3. Ability o f  VirB HTH mutants to bind DNA in vitro.

The observation that m utagenesis of key charged residues in the H TH D N A  binding 

m otif of VirB abolished the ability of the protein to activate structural gene expression, 

indicated that this m otif  was functional and contributed to D N A  binding by VirB in S. 

flexneri. To confirm  directly the disruption of pro te in -D N A  interactions by these 

mutations, purified K152E and K164E were used in electrophoretic mobility shift assays 

(Fig. 5.4.B). Fig. 5.5 shows the results of binding reactions of the H TH mutants with an 

icsB-ipgD  promoter probe and an icsP  control probe. Clearly the binding of both of the 

HTH mutants to either promoter DNA or to the negative control icsP  D N A is negligible 

when compared with that o f wild type VirB (Fig. 5.5.A, 5.5.B). Small amounts o f  both 

probes are shifted when 200 ng of the K152E protein is present but this may be due to
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Fig. 5.4. Purification o f recombinant VirB mutants.

SDS PAGE analysis of overexpression and purification of the VirB mutant K164E is 

shown in A (Section 2.15.2). Strain BL21 (DE3)/pDIA 17 harbouring the overexpression 

plasmid pET19K164E was grown to mid-exponential phase, and virB expression induced 

with the addition of 0.5 mM IPTG. Protein samples of induced (+) and un-induced (-) 

culture, the insoluble and soluble fraction prior to passage over a Ni charged column, and 

the elution fractions are indicated on the gel. The band corresponding to K164E is 

indicated with a horizontal arrow. B shows SDS PAGE analysis of Ijlg of each of the 

VirB mutants purified to show concentration, purity and integrity of the proteins.
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Fig. 5.5. Ability o f  VirB HTH mutants to bind DNA in vitro.

Gel mobility shift analysis of interactions of the K152E and K164E, HTH mutants, of 

VirB with the putative target promoter icsB-ipgD  DNA and control icsP  DNA. Increasing 

amounts of purified recombinant H10-K152E (A) and H10-K164E (B) were incubated 

with -’^P-iabelled icsB-ipgD  and icsP DNA fragments for 20 minutes at room temperature 

in a buffer containing 50-fold excess competitor spermidine. Bound and free probes were 

separated by polyacrylamide gel electrophoresis and visualised by autoradiography. The 

migration of free probes is indicated with arrows.
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trapping of tiie probe in protein complexes rather than specific binding. The K164E 

mutant also shifts small amounts of probe, but this is not concentration dependent and 

therefore probably  represents non-specific pro te in -D N A  interaction. These  results 

indicate that the H TH m otif in VirB is functional and contributes to the D N A  binding 

ability of the protein. By implication, the effect of mutations in the HTH in VirB on the 

activation of structural gene expression in S. f lexner i  is due to an inability o f  the protein 

to bind DNA.

5.2.4. Ability o f  oligomerisation deficient mutants o f  VirB to bind DNA in vitro.

To test the role o f  oligomerisation in the ability of VirB to bind DNA, three mutants, 

L224R, ALZ and A244-309 were purified for use in bandshift assays, as described in 

Section 2.15.2 (Fig. 5.4.B). These mutants had previously been shown to have a reduced 

capacity  to o ligom erise  in in vivo  crosslink ing  analyses  (Fig. 3.11). All o f  the 

oligomerisation deficient mutants show a reduced affinity for promoter icsB-ipgD  DNA 

and the icsP  internal D N A compared with wild type VirB (Fig. 5.6). Unlike the native 

protein, none o f  the mutants was capable of fully shifting the D N A  probes at any 

concentration, indicating that VirB probably interacts with D N A  most efficiently in its 

oligomeric form.

Interestingly the VirB mutants with an inability to oligomerise show a different pattern of 

binding to the icsB-ipgD  promoter D N A to the wild type protein (Fig. 5.6). W ild type 

VirB shifts the p rom oter D N A  probe directly into the wells, however, for all of  the 

oligomerisation deficient mutants a single intermediate com plex o f  the protein with 

promoter DNA was visible, before a shift into the wells (Fig. 5.6). Thus it appears that 

low molecular weight forms of the L224R, ALZ and A244-309 mutants form an initial 

complex with DNA, followed by polymerisation of the protein on the D N A forming high
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Fig. 5.6. Ability o f oligomerisation deficient VirB mutants to bind DNA in vitro.
Gel m obility shift analysis o f interactions of the L224R, DLZ and D244-309 
oligomerisation deficient mutants of VirB with the putative target promoter icsB-ipgD 
DNA and control icsP  DNA. Increasing amounts o f purified recom binant HIO-

L224R(A), HIO-DLZ (B) and H10-D244-309 (C) were incubated with 32p_iabelled 

icsB-ipgD and icsP DNA fragments for 20 minutes at room temperature in a buffer 
containing 50-fold excess competitor spermidine. Bound and free probes were sepa
rated by polyacrylamide gel electrophoresis and visualised by autoradiography. The 
migration of free and bound probes are indicated with arrows.



m olecular weight complexes that remain in the wells of the gel. The reduced ability of 

these proteins to interact with each other seems to slow this reaction down sufficiently to 

separa te  initial com plex  form ation from oligom erisa tion . Indeed  the am ount of 

oligomerisation correlates with the ability of these mutants to bind promoter DNA. The 

L224R mutant, which is least compromised for oligomerisation (Section 3.2.9), binds to 

and shifts promoter D N A at the lowest concentration o f  protein (50 ng), while the ALZ 

and A244-309 mutants, which have more severe lesions show no binding until 100 ng and 

200 ng of protein respectively.

Thus it appears that oligomerisation of the VirB protein plays a key role in the binding of 

the protein to D N A in vitro. Proteins defective for oligomerisation showed a reduced 

affinity for promoter DNA and a different binding pattern compared with native VirB.

5.2.5 Ability o f  VirB to bind DNA in vivo.

T o confirm  the direct binding of the VirB protein to the putative target structural gene 

promoters in Shigella flexneri  a technique derived from a chromatin immunoprecipitation 

assay was used. This assay had previously been em ployed to identify targets of DN A 

b inding  proteins (Lin and Grossm an, 1998). The technique involved the chem ical 

crosslinking of D N A to protein in vivo, followed by cell lysis and mechanical shearing of 

the D N A  by sonication. Specific V irB-DNA complexes were then imm unprecipitated 

u s ing  polyclona l an ti-V irB  antibody and the c ross l ink ing  reversed  by heating. 

Precip ita ted  D N A  was then analysed by quantitative PCR (C. Beloin). Five sets of 

prim ers were used in the PCR assay to test for the presence of three of the prom oter 

regions from structural genes/operons proposed to be directly activated by VirB (icsB- 

ipgD, spa  and virA) and also for the presence of two negative control DNAs. These were 

an internal fragm ent o f  the icsP  gene (Section 5.2.1) and the prom oter region of the 

chrom osomally-encoded om pC  gene (Fig. 5.7; C. Beloin). D N A from the four structural
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Fig. 5 .7. Binding o f  VirB to structural gene promoters in vivo.

Polyclonal absorbed antibodies were used to immunoprecipitate VirB from cell extracts 

following formaldehyde crosslinking in vivo (Section. 2.21.1). After heat-reversal of the 

crosslinks, DNA in the immunoprecipitate was amplified by PCR using five sets of 

primer pairs from three different structural gene promoter regions on the LVP of S. 

flexneri {icsB-ipgD  intergenic region, virA and spa promoter regions), one internal gene 

region on the LVP {icsP gene) and one promoter region of a chromosomal gene {ompC 

promoter region). no DNA in the PCR; LVP, PCR with purified LVP DNA; BS184, 

DNA from immunoprecipitate from wild type cells in the PCR; CJD1018, DNA from 

immunoprecipitate from a virB  null mutant in the PCR. Each gel corresponds to a 

representative result of at least three independent experiments. Percentages inset in each 

gel represent quantified PCR amplification levels obtained from the wild type 

immunoprecipitate (E S I84) compared with those obtained from DNA of the purified 

LVP. Those percentages correspond to PCR quantification of at least three independent 

experiments. Standard deviation values are indicated (C. beloin).
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gene promoters was clearly amplified following immunoprecipitation in the wild type 

virB* strain BS184, however no DNA was detectable in a parallel experim ent from the 

virB  null mutant CJD1018 (Fig. 5.7). These results strongly indicate that VirB is bound to 

the promoters of the structural virulence genes in vivo. In contrast only trace amounts of 

icsP  and ornpC  D N A  were detectable in the precipitated DNA pool from the virB* strain 

suggesting that binding at the structural gene promoters is specific (Fig. 5.7). These data 

confirm ed  the in vitro  observation that VirB binds to structural gene p rom oters  o f  

Shigella  flexn eri with higher affinity than to other DNA.

5.2.6 Ability o f  VirB mutants to bind DNA in vivo.

The same chromatin immunoprecipitation assay-based technique was used to analyse the 

interaction of VirB mutants in vivo with the icsB-ipgD  region. As in the in vitro  D N A  

binding assay the interactions o f  the two HTH mutants, K152E and K164E, and the 

o ligom erisa tion  defic ient m utants  L224R, ALZ and A244-309, were exam ined . In 

addition the DNA binding ability of the N-terminal deletion mutant A l-65 , which could 

not be purified for the in vitro  assay, was investigated using this technique. W ild  type 

VirB and the mutant derivatives were expressed from the pM EP539 multicopy vector in 

the virB  null strain, CJD1018. Densitometric analysis of the PCR amplification allowed 

relative amplification levels to be expressed as a percentage of maxima! amplification, 

thus allowing com parison between the mutants (Fig. 5.8). C om parable  quantities of 

immunoprecipitated D N A for wild type VirB expressed from virB  in its native location or 

from pM EP539 were observed (Fig. 5.8.A). In contrast, strains expressing either o f  the 

H T H  m u ta n ts  s h o w e d  c o n s id e ra b ly  red u c e d  leve ls  o f  i c s B - i p g D  D N A  

imm unoprecipitation, from 62% with wild type protein to 11.3% and 13.4% from  the 

K I5 2 E  and K I6 4 E  mutants. This confirmed the observation from the in vitro  bandshift 

assays, that the HTH motif in VirB acts in vivo as a functional D N A  binding domain, and
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Fig. 5.8. Binding o f VirB mutants to promoter DNA in vivo.

Representative VirB mutants were expressed in the virB  null strain CJD1018. Polyclonal 

absorbed antibodies were used to immunoprecipitate VirB from cell extracts following 

form aldehyde crosslinking in vivo (Section. 2.21). After heat-reversal of the crosslinks, 

DN A in the immunoprecipitate was amplified by PCR using a primer set for icsB-ipgD  

in te rgen ic  region (A). The gel presented  is representa tive  o f  three independent 

experim ents . A table is p resented  (B) with relative values o f  PC R am plification 

ca lcu la ted  for each D N A  im m unoprecip ita ted  com pared  with purified L V P D N A  

(average of three independent experiments).
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also indicated that VirB interacts directly with structural gene promoters DNA in S. 

flexneri.

The levels of DNA immunoprecipitated by mutants where VirB oligomerisation ability 

was affected (L224R, ALZ and A244-309) were also reduced approximately 3-fold 

compared to wild type VirB (Fig. 5.8). Again these data correlate with the observation in 

vitro that these mutants show lower affinity for promoter DNA. It appears from these 

results that oligomerisation of VirB is required for efficient binding to target DNA.

Interestingly, levels of DNA immunoprecipitated from a strain expressing an N-terminal 

truncate o f  VirB (Al-65) were dramatically reduced (Fig. 5.8). This truncate was 

previously shown to be incapable of activating structural gene expression, and had a 

/ra«.v-dominant phenotype (Section 4.2.3, 4.2.4). However, Al-65 was shown in 

crosslinking experiments to oligomerise normally, thus, it is unlikely the effect observed 

in this chromatin immunoprecipitation assay is due to disruption of the VirB secondary 

structure and suggests that the N-terminal domain of the VirB protein is required for 

binding to DNA.

5.2.7. Construction o f  a DNA library from  Shigella flexneri to identify poten tia l 

interaction partners fo r  VirB.

The results of the in vitro and in vivo analyses of the DNA binding capacity of VirB 

indicate that the protein activates gene expression through direct binding to promoter 

regions. This would appear to imply that the protein acts like a conventional 

transcriptional activator, however, attempts to reconstruct this activation in E. coli using a 

reporter system were unsuccessful (Porter, 1998). It was observed that VirB-activated 

promoters fused to a lacZ  reporter gene on the plasmid pQF50 (Table 2.2) showed high
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levels of transcription in tiie lac virulent strain of S. flexneri 2457T (Fig. 5.9A), with the 

icsB  fusion showing the highest levels of activation. As expected this activation was 

abolished when the strain was cured of the L V P (BS103; Fig. 5 .9B). How ever, 

expression of virB in trans from an inducible promoter in this strain failed to yield any 

activation of expression from the icsB  promoter implying that additional LVP determined 

factors are required for V irB-dependent activation o f  structural gene expression. To 

attempt to identify this factor/factors a gene library of S. flexn eri 2457T was constructed.

Chrom osom al and plasm id D N A  was purified from S. f le x n e r i  2457T and partially 

digested with S a u 3 M  (Fig.S.lOA, 5.1 OB). A digest with fragments of between 2 kb and 

10 kb was chosen, and ligated into the low copy num ber expression vector pTH 19kr 

(Table 2.2). It was estimated, using the equation in Section 2.10.2 (Ausubel et al., 1990) 

that 4 ,614 recombinants were required to cover the entire Shigella  genome (including 

plasmids). To ensure adequate coverage 18,629 independent colonies were screened and 

there was found to be a 1% frequency of vector religation through blue/white screening. 

PCR analysis of 20 independent white clones showed inserts varying in size from 2.5kb 

to 8.5kb indicating that these were true recombinant plasmids (Fig.5. IOC).

Thus, a library of genes from both the chrom osom e and LV P of Shigella  fle x n er i  was 

prepared to attempt to identify the factor/s required with VirB for activation o f  structural 

gene promoters in a reconstructed system.

5.2.7. Screening o f a gene library o f  S. flexneri to identify auxiliary factors required 

for structural gene activation.

The inability to reconstruct VirB-dependent activation of structural gene expression in 

the absence o f  the L V P of S. flexneri implies that an auxiliary factor is required in
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Fig. 5.9. Activation o f transcription from structural gene promoters.

Putative VirB target promoters, icsB, ipgD, virA and spa were fused to a lacZ  reporter 

gene in the plasmid pQF50 and transcription measured in S .flexneri in the presence, 

strain 2457T (A), and absence, strain BS 103 (B), of the LVP. The vector alone and the 

hupA constitutive promoter were used as controls. P-galactosidase assays were carried 

out on overnight cultures grown at 37°C. The data are representative of three independent 

experiments and standard deviation values are indicated with error bars.
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Fig. 5.10. Construction o f a gene library from  S. flexneri 2457T.

Plasmid and chromosomal D N A  was isolated from S. flexneri strain 2457T according to 

the m ethod described in Section 2.6.3. (A). The LVP, chromosomal D N A  and 4 small 

p lasm ids isolated from the strain are indicated. D N A  was quantif ied  by gel and 

spectophotometric analysis. D N A  (50 |Xg) was partially digested using S a u 3 A l  enzyme 

(B). E ight digests with two-fold decreasing dilutions of enzym e are shown, lane 9 

contains D N A  alone with no enzyme. The digest in lane 2 with fragments ranging in size 

from 2 k b - 10 kb was used to construct the D N A library. Gel C shows plasmids isolated 

after ligation of partially digested S. flexn er i  D N A into plasmid pTH19kr. Lanes b, d, 

and e contain plasmids extracted from colonies that were blue on agar containing X-gal 

after the ligation, indicating vector religation. Lanes a, c, f, g and h contain plasmids 

iso la ted  f rom  co lon ies  that w ere white on agar  con ta in ing  X-gal and represen t 

recombinant plasmids.
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addition to VirB to induce transcription. To attempt to identify this factor a gene library 

of S. flexneri 2457T was constructed in pTH19kr and transform ed into the LV P cured 

strain BS103, containing pBAD33VirB and an icsB-lacZ  reporter fusion on pQF50. The 

lucZ  reporter enabled a blue/white screen for activation of transcription from  the icsB  

structural gene promoter. An exhaustive screening of 40,000 colonies was performed, 

however no blue colonies were observed. To ensure that this was not due to an inability 

of the library to com plement a lesion in the LVP it was transform ed into both the virF  

and v irB  null m utants C JD 1006 and CJD1018 respectively. A screening o f  20,000 

colonies in each of these mutants transformed with the library yielded 5 blue colonies 

from C JD 1006 and 3 blue colonies from CJD1018. PCR analysis of library plasmids 

prepared from these colonies revealed the presence of the virF  or virB  gene respectively.

Thus it appears likely that the factor/s required in addition to VirB for the activation of 

structural gene expression were not expressed from the gene library constructed. This 

may be due to the involvement of two or more genes located at discrete positions on the 

LVP, which were separated in the construction of the library.
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5.3 Discussion

The VirB protein has been shown to be absolutely required for the expression of 

structural virulence genes in S. flexneri. However, the way in which VirB activates 

transcription of these genes has never been established (Adler et al, 1989; Watanabe et al, 

1990). The activation of structural gene expression by VirB depends on the presence and 

functionality of a HTH motif located between residues 148 and 171 of the protein 

(Section 3.2.8). This implied that DNA binding is an essential function of the VirB 

protein. However it remained unclear whether VirB was binding directly to structural 

gene promoters or acting indirectly via another regulator. Previous attempts to show 

VirB bound to target promoter DNA using whole cell lysates were unsuccessful (Porter, 

1998). In addition it has never been possible to reconstruct the direct activation of 

putative target promoters using VirB alone (C. Beloin, unpublished), inferring that 

activation of transcription may be either indirect, occurring through a further regulator, or 

direct with a requirement for additional factors. The work in this chapter aimed to 

characterise the ability of VirB to DNA at the structural gene promoters both in vivo and 

in vitro. Furthermore the possibility of an auxiliary regulator molecule required for the 

activation of VirB-dependent transcription was investigated.

The purification of recombinant VirB protein (Section 3.2.1) provided an invaluable tool 

in the investigation of the ability of the protein to bind structural gene promoter DNA. It 

facilitated the examination of interactions between VirB and different DNAs in vitro. 

DNA mobility shift assays were used to show the ability of VirB to bind directly to the 

putative target promoters with a 20-fold higher affinity than for control DNA (Fig. 5.3). 

This indicates that VirB activates structural gene expression through direct binding at 

target gene promoters. This was confirmed through the use of a chrom atin  

immunoprecipitation-based assay, which showed the direct binding of VirB to target gene
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promoters in vivo (Fig. 5.7). Thus it appears that VirB induces the transcription of 

structural virulence genes directly, binding to the promoter region of target genes.

The HTH motif of VirB had previously been shown through site-directed mutagenesis to 

be essential to the ability of the protein to activate structural gene expression (Section 

3.2.7). Mutants of VirB containing lesions in the HTH also possessed a dominant 

negative phenotype over wild type protein indicating an ability to form faulty oligomers 

with wild type VirB (Section 3.2.9). The role of this HTH in the binding of VirB to DNA 

was examined using purified K152E and K164E mutant of VirB containing substitutions 

in the HTH. Neither of these mutants could bind promoter icsB-ipgD  DNA or control 

icsP  DNA in vitro, indicating that the changes in the HTH motif compromised the 

binding of VirB to DNA (Fig. 5.5). These results in vitro were confirmed using the in 

vivo  chromatin immunoprecipitation assay. Both HTH mutants showed a marked 

reduction from 74% to around 10% DNA binding in vivo. Thus it appears that VirB 

binds specifically to virulence gene promoters through a HTH located between residues 

148-171 of the protein. In general, HTH motifs bind in a sequence specific manner to 

target DNA (Muller, 2001), however, no similarity of sequence was observed in the 

putative target promoter regions of structural virulence genes. Possibly VirB binding is 

determined by structural features at the promoters rather than sequence specificity in a 

similar manner to the H-NS protein (Spurio et al., 1997, Dame et al., 2001).

Interestingly the N-terminus of VirB also appears to be essential to the ability of the 

protein to bind DNA. An N-terminal truncate of VirB A 1-65, which contains an intact 

HTH, was shown to have almost no DNA binding ability in vivo (Fig. 5.8). This suggests 

that the N-terminus of the protein plays an important role in the binding of VirB to target 

DNA. This may be due to a change in secondary structure induced by the removal of the 

N-terminus, although this appears unlikely as the truncate retains the ability to
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oligomerise (Fig. 4.6). Analysis of this region of the protein offered no indication of the 

role it plays, as no structural features were observed. It is possible that the N-terminus of 

the protein is involved directly in protein-DNA interactions, perhaps in the recognition 

and specificity of binding to promoter DNA. Another possibility is that the N-terminus 

of VirB interacts with a co-factor which is involved in stable binding of the protein to 

DNA. Such a situation exists for the homologous ParB protein, which requires 

interaction through the N-terminus with the ParA ATP-ase to segregate plasmids during 

cell division (Bouet and Funnell, 1999; Erdmann et a i ,  1999). VirB, however, does not 

possess homology to ParB in the region required for ParA interaction, and analysis of the 

sequence of the LVP in S. flexneri did not identify any ParA-like proteins, except that 

required for partitioning of the plasmid itself. For this reason it is unlikely that the N- 

terminus of VirB interacts with a ParA homologue to induce transcriptional activation.

The role of oligomerisation of VirB in the binding of the protein to DNA was 

investigated using mutants, L224R, ALZ and A244-309, which had previously been 

shown to be defective for oligomerisation. These mutants were purified and in vitro were 

capable of binding promoter icsB-ipgD  DNA in electrophoretic mobility shift assays (Fig. 

5.6). This binding was 5-10-fold less efficient than wild type VirB depending on the 

severity of the effect on oligomerisation. This was again confirmed by the in vivo data, 

which shows decrease in the amount of DNA immunoprecipitated with these mutants 

(Fig. 5.8).

In addition to a reduction in affinity for DNA, there appeared to be a different pattern of 

DNA binding for oligomerisation deficient mutants compared with wild type protein in 

vitro. Wild type VirB showed an unusual pattern of DNA binding in the electrophoretic 

mobility shift assays. DNA was shifted directly into the wells of the acrylamide gel and 

no discrete bands of protein-DNA complexes were observed (Fig. 5.3). This implies that
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the protein is bound to DNA in a very high molecular weight form trapping it in the 

wells. In contrast mutants with a reduced ability to oligomerise formed a single protein- 

DNA complex before finally shifting the DNA into the wells (Fig. 5.6). This result 

indicates that VirB binds initially to a single site at the promoter DNA followed by 

polymerisation of the protein along the DNA leading to the formation of a high molecular 

weight protein-DNA complex. This reaction appears to proceed extremely rapidly with 

wild type protein, and it is only when the oligomerisation of the protein is slowed down 

artificially, through mutation, that the initial interaction of the protein with DNA and 

polymerisation can be separated. The reduction in affinity of the oligomerisation mutants 

for promoter DNA indicates that VirB interacts initially with promoter DNA in an 

oligomeric form. This is confirmed by the observation that the L224R mutant, which is 

the least compromised for oligomerisation, binds to DNA at the lowest concentration of 

protein and A244-309, which is most compromised, binds at the highest concentration of 

protein (Fig. 5.6). The ability of VirB to polymerise along DNA is similar to a 

phenomenon observed in vivo for the ParB protein (Lynch and Wang, 1995; Lobocka and 

Yarmolinsky, 1996). ParB is capable of silencing genes around the parS  site through 

polymerisation along the DNA, however as VirB appears to be an activator of gene 

expression it is unclear whether this polymerisation actually reflects the way in which 

this protein binds to DNA in vivo. Thus, the oligomerisation of VirB appears to be 

important for the efficient binding of VirB to target promoter DNA both in vitro and in 

vivo, and binding to DNA in vitro results in polymerisation of the protein to form a high 

molecular weight protein-DNA complex.

The discovery that VirB binds directly to target virulence gene promoters, both in vitro 

and in vivo, with a high degree of specificity strongly suggests that VirB exerts its effect 

on transcription at these promoters and not through an intermediate regulator. However, 

it has proven impossible to reconstitute this activation in a reporter system with VirB
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protein provided in trans, and thus it appears that another factor is required in addition to 

VirB to induce the activation of transcription. This factor must be present throughout 

growth, as previous experiments have shown that virulence gene expression is directly 

correlated to levels of VirB in the cell (C. Beloin, unpublished data. Section 3.2.3). In 

addition this factor does not appear to be a protein that interacts directly with VirB, as in 

vivo crosslinking experiments showed no indication of interactions of VirB with other 

proteins (Fig. 3.2.4). One possible explanation is that VirB requires an architectural 

DNA binding protein to bind DNA and induce a conformational change that facilitates 

VirB binding. This would be similar to the ParB protein which requires the bending of 

DNA at the parS  binding site by the IHF protein for efficient DNA binding, however this 

seems unlikely as purified VirB binds to DNA in vitro (Funnell, 1988; Davis et al., 1990; 

Funnell, 1991; Bouet et al., 2000). An alternative possibility is that VirB requires 

interaction with a small molecule to activate transcription, a situation that is common for 

transcriptional regulators associated with regulation of carbon metabolism such as AraC 

and L a d  (Gicquel and Cossart, 1982). In the case of VirB the ligand would be present at 

all times, however.

It was hoped that the construction of a gene library of the chromosome and LVP of S. 

flexneri would facilitate identification of the putative VirB co-factor (Fig. 5.10), however 

no activation of a structural reporter gene fusion (icsB) was seen despite an exhaustive 

screen. As the reporter gene fusion was activated in the wild type strain 2457T and not 

the LVP-cured strain, it is clear that activation of the reporter gene fusion is possible and 

it appears that the factor responsible is associated with the LVP. In addition the library 

was capable of complementing both a virF  and a virB lesion in the LVP indicating that 

the genes of the LVP are present in the library. A likely explanation is that the factor is 

required for VirB-dependent activation of structural gene expression is encoded by more 

than one gene, and that these are not adjacent to each other on the LVP. Thus it appears
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that VirB requires the presence of a co-factor to activate structural gene transcription, 

however the identity of that factor remains elusive.
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Chapter 6

General Discussion
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The ability of S. flexneri  to successfully invade and infect the colonic epithelium in 

humans and primates depends on the expression of a battery of structural proteins, which 

facilitate invasion, survival and intercellular spread of the bacteria (Sansonetti, 1999). 

The expression of these proteins represents a heavy metabolic load on the cell and thus 

stringent regulation of their expression is vital to the survival of bacteria in a variety of 

environments, both inside and outside the host (Dorman and Porter, 1998). The VirB 

protein is a key regulator of virulence gene expression in S. flexneri and is absolutely 

required for the activation of transcription at structural gene promoters encoding a type 

III secretion system and invasins, icsB, ipgD, mxi, and spa, which mediate the initial 

steps in shigellosis infection (Adler et al., 1989; Watanabe et al., 1990). Hitherto, despite 

lacking homology to known families of regulator proteins, VirB has been thought to act 

as a conventional transcriptional activator at these promoters, however no evidence has 

been offered to date in support of this hypothesis (Dorman and Porter, 1998). The VirB 

protein possesses extensive homology to the ParB-like family of plasmid partition 

proteins, which bind to DNA to mediate the active partitioning of low copy number 

plasmids (Section 1.9; Watanabe et al., 1990; Funnell, 1991). These proteins are capable 

of repressing transcription indirectly through gene silencing but there is no record of any 

member of the family of ParB-like proteins acting as a transcriptional activator (Section 

1.9; Rodionov et al., 1999). The organisation of structural domains within ParB and 

ParB-like proteins is well-defined, and includes two multimerisation domains, two DNA 

binding domains and a ParA interaction domain (Section 1.9, 4.1, 5.1; Funnell, 1991; 

Surtees and Funnell, 1999; Surtees and Funnell, 2001). Analysis of the amino acid 

sequence of VirB predicted the presence of two putative functional motifs in the protein, 

a HTH DNA binding motif and an LZ dimerisation motif. The presence of these putative 

functional motifs indicated a possible role for DNA binding and dimerisation in the 

activity of VirB and suggested the presence of at least two structural domains in the
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protein. How ever the mechanism by which VirB activates transcription and whether this 

activation is direct or indirect remained unclear.

The purification of VirB and subsequent isolation o f  polyclonal an ti-V irB  serum 

permitted the levels of VirB in the cell to be examined and the confirmation o f  results 

from earlier genetic experiments on virB  expression. The intracellular concentration of 

VirB was observed to rise sharply when the culture was shifted from 30°C to 37°C, the 

temperature at which virulence gene expression is maximal (Fig. 3.7.B, 3.8; Section 3.3). 

The levels of expression from the ipgD  structural gene promoter, as measured by mxiC  

expression, appear to correlate to levels of VirB in the cell, supporting the hypothesis that 

levels of VirB are limiting to the amount of expression from structural gene promoters. 

This is further supported by the observation that artificially increasing levels of VirB in 

the cell results in a proportional increase in expression from the ipgD  structural gene 

promoter, as measured by m xiC  expression (C. Beloin). Interestingly, the presence of 

detectable amounts of VirB protein at 30°C, albeit at a very low level (Fig. 3.7.B), when 

structural gene expression is repressed (Fig. 3.8) imply that a threshold level of protein is 

required for the initial induction of transcription at structural gene promoters, after which 

levels of transcription depend on levels of VirB. Immunological analysis o f  VirB levels 

throughout growth also confirmed the results of earlier genetic experiments, showing that 

levels of the protein peak during late exponential phase before dropping to a lower steady 

level during stationary phase (Fig. 3.5). This peak of expression may be due to the effect 

of a LuxS quorum sensing system that has previously been shown to be responsible for 

the peak o f  virB transcription at this point in the growth curve (Day and Maurelli, 2001).

In silica  analysis of VirB predicted the presence of an LZ dimerisation motif, suggesting 

that protein-protein interactions play a role in the biological function of VirB. In vivo  

c rosslink ing  o f  native protein and in vitro  crosslinking o f  purified H -tagged  VirB
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demonstrated the ability of the protein to form dimers, trimers, and higher oligomers (Fig. 

3.6). The ability of the protein to form oligomers in vitro, as well as in vivo implies that 

this is both a DNA and temperature independent process. In addition, the oligomerisation 

of the protein appears to proceed in a step-wise manner in vitro, i.e. from monomer to 

dimer and from dimer to trimer (Fig. 3.6.A). Thus the dimeric form of the protein may be 

an intermediate oligomeric state of VirB. The trimeric form of the protein appears to be 

the most common form in vivo and therefore may represent the active state of the protein 

(Fig. 3.6.B). Interestingly, protein-protein crosslinking in vivo showed formation of VirB 

complexes with molecular weights corresponding to dimers, trimer, tetramers and 

pentamers and no intermediate complexes were observed. This suggests that VirB 

interacts only with itself and does not form stable interactions with other proteins.

Two multimerisation domains were identified in VirB in the course of this study, an LZ 

motif (Section 3.3) and a coiled coil domain at the C-terminus of the protein (Section 

4.3). The LZ motif was observed initially during a preliminary assessment of putative 

structural motifs in silica in VirB. Extensive mutagenesis of the predicted LZ motif was 

carried out to attempt to establish the importance of the motif in the ability of VirB to 

activate structural gene expression and in the formation of VirB-VirB oligomers (Fig. 

3.9; Section 3.2.5). It was found that several mutations in the LZ motif, predicted to 

disrupt interactions along the hydrophobic interface, resulted in a reduction in the ability 

of the protein to oligomerise and a corresponding reduction in activation from the ipgD  

structural gene promoter (Fig. 3.9, 3.11) A similar effect was observed when the LZ 

motif was deleted, suggesting that this motif plays a role in mediating protein-protein 

interactions in VirB and that these interactions are necessary for the biological activity of 

the protein (Fig. 4.4, 4.6). However, the LZ motif in VirB does not appear to be a 

canonical dimerisation motif. Several disruptive mutations to the motif, such as L196E, 

had no effect on the oligomerisation proficiency of VirB (Fig. 3.9). In addition the LZ
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motif was incapable of mediating dimerisation in isolation from the rest of the protein in 

an in vivo dimerisation assay (Fig. 4.8.; Table 4.1; Section 4.2.7). It appears likely that 

the LZ motif in VirB is inherently unstable. This may be due to the lack of charged 

residues in the e and g positions of the predicted coiled coil, which are usually associated 

with dimer stabilisation (Zeng et al., 1997). The proline residue at position 215 in the 

protein could also contribute to the instability of the LZ, as replacement of this residue 

with an alanine results in an increase the appearance of higher oligomers of VirB, 

compared with wild type protein, in crosslinking experiments (Fig. 3.11). Thus the LZ 

motif in VirB is functional and makes an essential contribution to the oligomerisation of 

the protein. However it is not a canonical LZ and requires the presence of an additional 

oligomerisation domain to effectively mediate VirB-VirB interactions.

As LZ motifs are generally associated with dimerisation and not oligomerisation 

(Landschulz et al., 1988), it is unsurprising that VirB possesses an auxiliary 

oligomerisation domain. Deletion mutagenesis of VirB identified a region at the extreme 

C-terminus of the protein, without which the protein could not form homo-oligomers 

(Fig. 4.6). Analysis of the structure of this region in silico revealed the presence of a 

putative three-stranded coiled coil structure (Section 4.1). Although attempted 

mutagenesis of this structure failed, deletion of the last 20 amino acids in VirB, 

containing the putative triple coil, abolished its ability to form oligomers, suggesting that 

it is this structure that contributes to oligomerisation (Fig. 4.6). Indeed in contrast to the 

LZ, the C-terminus alone of VirB was capable of promoting dimerisation in an in vivo 

dimerisation assay, however the affinity of this dimerisation was significantly increased 

in the presence of the LZ motif, suggesting that oligomerisation in VirB is a co-operative 

process (Fig. 4.8; Table 4.1).
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The way in which the oligom erisation dom ains in VirB interact, and their relative 

importance is not clear. Both domains are essential as deletion of either one results in an 

abolished ability of VirB to oligomerise (Fig. 4.6). Thus although the C-terminal coiled 

coil structure appears to be more stable in the context o f  the whole protein both domains 

are required for effective oligomerisation and they are therefore inter-dependent. In 

addition the presence of both dom ains leads to s tronger dimerisation im ply ing  c o 

opera tion  betw een dom ains. It is possib le  that initial interactions betw een  VirB 

m onom ers  are dimeric, as observed in in v itro  crosslinking experiments, and occur 

through the LZ motif. However these interactions are inherently volatile and require the 

C-terminal domain for stabilisation. This domain then facilitates trimerisation and the 

form ation o f  h igher oligom ers through a three-stranded coiled coil structure. The 

transitions from dimer to trimer may cause conformational changes in VirB, which result 

in an em phasis on interactions through one m otif over another, as the LZ would  be 

expected to mediate dimerisation and the triple coiled coil trimerisation (Lupas et al., 

1996). H ow ever the mechanics of these interactions are not clear at present and will be 

the subject of further investigation. Thus, the ability of VirB to form  o ligom ers  is 

essentia l to the ability of the protein to activate structural gene expression. This 

oligomerisation is mediated by two inter-dependent domains within the protein, a central 

LZ motif and a C-terminal three-stranded coiled coil structure.

In addition to an LZ dimerisation motif, a putative H TH D N A  binding m otif  was 

observed in VirB during in silico  analysis. The HTH m otif in VirB is 80% hom ologous 

to that in ParB where it has been shown to be involved in the binding o f  ParB to the pa rS  

nucleation site (Lobocka and Yarmolinsky, 1996; Surtees and Funnell, 2001). The VirB 

protein, as a putative transcriptional activator was thought to bind to D N A  at target 

prom oters, although several attempts with crude cell extracts failed to show specific 

b inding of the protein to promoter DNA probes (Porter, 1998). Purification of VirB
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allowed a more direct assessment of the ability of VirB to bind to putative target 

promoters. In electrophoretic mobility shift assays, VirB was shown to bind to four 

putative target promoter sequences with 20-fold greater affinity than to control DNA 

(Fig. 5.3). The relevance of this binding in vivo was demonstrated using a chromatin 

iiT.munoprecipitation-based assay, which identified the binding of VirB to the icsB, ipgD, 

virA and spa promoters inside the bacterial cell (Fig. 5.7). The putative HTH motif was 

shown to be essential to the activity of the protein through site-directed mutagenesis 

(Section 3.2.5) of key residues predicted to interact with DNA. The effect of these 

mutations on the ability of VirB to bind to DNA was demonstrated both in vitro and in 

vivo. The K152E and K164E HTH mutants were incapable of binding to promoter or 

control DNA in vitro, and could not immunoprecipitate promoter DNA in vivo (Fig. 5.5, 

5.6). Thus the effect of the mutations in this region on the activity of the protein is due to 

an inability to bind to DNA. Interestingly, the N-terminus of VirB also appears to play a 

role in DNA binding. Deletion of the N-terminus of the protein results in an inability to 

activate structural gene expression, however this region does not contain any notable 

structural features (Fig. 4.4). It was found that N-terminal deletion mutants of VirB were 

incapable of immunoprecipitating promoter DNA in vivo, implying that the N-terminus is 

somehow involved in DNA-protein interactions in addition to the HTH (Fig. 5.8). This 

role may be in long-range DNA-protein interactions. The N-terminal portion of VirB 

contains a large number of positively charged residues, which in other proteins have 

shown been to stabilise DNA binding domains through long-range electrostatic 

interactions with the DNA backbone (Liley, 1995). These long-range interactions often 

depend on specific topological conformations of target DNA and therefore can contribute 

to the specificity of DNA-protein interactions (Liley, 1995). This region of VirB may 

also play a role in transcriptional activation, perhaps through transient interactions with 

other proteins. Thus, an essential biological function of VirB in the activation of 

structural gene expression is direct binding to putative target promoters in vivo,
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suggesting  that VirB activates transcription directly  and  does not act th rough an 

intermediate regulator. Binding to DNA is mediated by tw o domains in the protein, the 

N-terminus and a central HTH motif.

VirB showed an unusual pattern of binding to target prom oters  and control D N A  in in 

vitro  e lec trophoretic  m obility shift assays, apparently  b ind ing  as a large com plex  

resulting in a shift o f  D N A  to the wells (Fig. 5.3). A nalysis  o f  the D N A  binding 

properties of VirB mutants, which were comprom ised for oligom erisation, show ed the 

formation of a single DNA-protein complex prior to shift to a higher m olecular weight 

complex (Fig. 5.6). The simplest explanation for this is that VirB binds to a single site at 

these promoters and subsequently polymerises rapidly form ing a high m olecular weight 

DNA-protein complex. A similar situation exists in the binding of ParB to the p arS  site, 

where excess ParB leads to the extension of a ParB filament along DNA resulting in gene 

silencing in vivo (Rodionov et al., 1999). The relevance of this pattern of DNA binding to 

VirB activity in vivo, and thus to transcriptional activation, is unclear. Possibly VirB acts 

to relieve H-NS m ediated  repression (C. Beloin, m anuscr ip t  subm itted)  at these 

promoters by polymerisation along DNA and thus dislodging the repressor. However, in 

such circum stances it would be expected that these promoters would be constitutively 

active in a H-NS mutant even in that absence of VirB, and this is not seen (Porter, 1998). 

Thus VirB must directly activate transcription at these promoters, possibly through direct 

interaction with R N A  polymerase or by altering the conformation of DNA.

Thus from this analysis of structural features in VirB and their role in the activity o f  the 

protein a m odel o f  the organisation o f  structural dom ains  w ithin VirB has been 

constructed  (Fig. 6.1). The protein appears to divide into four m ajor dom ains all o f  

which are required for structural gene activation; (i) the N-terminal domain, which plays 

a role in the binding of VirB to target DNA and possibly in activation of transcription; (ii)
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Fig. 6.1 Model o f  structural domains and activity o f the VirB protein

The organisation of structural domains within the VirB protein is shown in schematic 

form in A. Structural features, their positions and their functions are highlighted on the 

diagram. A model for the activation of structural gene expression is shown in B. VirB 

binds directly at these prom oters to activate gene expression, probably acting as an 

antagonist to the H-NS repressor. The exact m echanism  of activation by VirB is 

unknown but is thought to involve an unidentified co-factor, factor X.
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the HTH m otif  which mediates the binding of VirB to target promoter DNA; (iii) the LZ 

m otif  which is involved in dim erisation/oligom erisation of the protein; (iv) the C- 

terminal domain, containing a three-stranded coiled coil required for oligomerisation of 

VirB. This organisation of structural domains shows some similarity to the homologous 

ParB protein (Fig. 1.8; Surtees and Funnell, 1999). Both proteins contain two D N A 

binding and two multimerisation domains. The HTH, which is shared by both proteins, 

mediates D N A  binding in both VirB and ParB (Surtees and Funnell, 2001). Despite 

sequence similarities in the HTH motifs, the target D N A appears to be different. While 

ParB binds to a specific heptameric repeat sequence through its HTH (Lobocka and 

Y arm olinsky, 1996; Surtees and Funnell, 2001), there is no evidence o f  a consensus 

sequence for the VirB binding sites and attempts to shift parS  D N A with the VirB protein 

failed (data  not shown). It is possible that VirB recognises a specific topological 

conformation o f  D N A rather than a specific sequence, which may account for the role of 

the N-term inus in DNA binding. The DRS domain in ParB is found within the main 

oligomerisation domain, although the two functions seem to be separable (Radnedge et 

al., 1996; Surtees and Funnell, 2001). No such region exists in VirB, but altering the 

o ligom erisation proficiency of VirB did reduce the ability of the region to bind D N A 

(Fig. 5.6, 5.8). Both ParB and VirB contain oligomerisation domains at their C-termini, 

although these dom ains are not homologous (Surtees and Funnell, 2001; Beloin et al., 

2002). It is interesting that despite sequence divergence in this region of the protein, 

VirB retains functional homology to ParB. How ever the additional presence of an LZ 

dimerisation m otif  between the C-terminus of VirB and the H TH motif, and the absence 

of an N-term inal oligomerisation domain (present in ParB), suggests differences in the 

way the tw o proteins oligomerise. Unlike ParB, VirB does not possess a region for 

in terac tion  with the ParA  A TPase  (Abeles et al., 1985), p robably  ref lec ting  the 

divergence of function in the two proteins. Indeed the N-terminus of VirB appears to be
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the region that is most different at a functional level from ParB, containing neither an 

interaction nor an oligomerisation domain.

One o f  the most striking similarities between ParB and VirB is the way in which both 

pro te ins are capable  of po lym eris ing  along D N A  (R odionov  et al., 1999). This 

phenom enon has only been observed in vivo  for ParB, and in vitro  for VirB, and the 

functional relevance of this ability is not clear for either protein. The VirB protein thus 

retains some of the structural domains observed in the ParB protein but has diverged in 

o ther regions, especially  the N-term inus, probably to accom m odate  the change in 

function from plasmid partition protein to transcriptional activator. VirB represents an 

interesting evolutionary branch from the family of ParB-like plasmid partition proteins.

Although the functional domains within VirB have been identified and defined in this 

study, the m echanism by which VirB activates transcription remains unclear. It appears 

that VirB-dependent activation of transcription requires direct binding to target structural 

gene promoters in a multimeric form. Thus, transcriptional activation is likely to occur 

directly and not through an intermediate transcription factor. W hether VirB forms the 

high m olecular weight DNA-protein complexes observed in vitro  is not known, but is 

probably unlikely as such complexes would be expected to repress gene activation as 

with ParB (Rodionov, 1999). In addition any direct interactions between VirB with other 

proteins on the promoter such as RNA polymerase are likely to be transient, as VirB did 

not crosslink to any other protein in vivo  (Fig. 3.6). Thus the exact events, which take 

place on prom oter D N A  and result in the activation of gene expression are not yet 

understood and require further investigation.

The inability of VirB to activate structural gene expression on a reporter plasmid in the 

absence of the LVP suggests that an additional co-factor is required for the activation of 

transcription (Porter, 1998; C. Beloin, unpublished). It is possible that VirB acts as an
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architectural protein to facilitate the binding of another transcriptional activator, however, 

transposon mutagenesis o f  the LV P identified no such regulator (W atanabe et al., 1990). 

Another possibility is that VirB requires direct interaction with an auxiliary factor that 

enables it to induce the activation of transcription. A similar situation is seen in the 

regulation of many genes in response to environmental signals, such as the CR P protein 

and L a d  (Kolb, 1996). The chemical nature of this co-factor is unclear, but it is unlikely 

to be proteinaceous in nature, as interactions would lead to the formation of intermediate

sized complexes in in vivo crosslinking. In addition this factor must be present at all times 

during cell growth as the structural gene expression appears to be dependent only on the 

presence of VirB and is independent of environmental signals (data not shown). The 

possibility of a co-factor was explored in the construction of a gene library of S. f lexneri  

but no activation of structural gene expression was observed in the presence of VirB and 

the library (Section 5.2.7). This may be due to the genetic nature of the co-factor, as it 

may be encoded by a bi-partite system and thus not identifiable through the gene library 

complementation assay. Alternatively the genes responsible for the production o f  the co 

factor may be subject to regulatory elements not present in the library screening system. 

The identification of this co-factor is under continuing investigation.

In sum m ary  the VirB protein of S. f le x n er i  represents an unusual candidate  for a 

transcription factor, bearing no hom ology to conventional transcrip tional activator 

proteins. Prior to this study little was known about the domain organisation of VirB or the 

way in which it acted to induce transcriptional activation from virulence genes. VirB has 

been shown to be a multimeric protein, which binds to DNA through a H TH motif, at the 

prom oters  o f  structural virulence genes in S. f lexner i  leading to the activation o f  

expression from those genes. The organisation of the functional domains, responsible for 

DNA binding and multimerisation, within the protein has been characterised in this study. 

In addition it has been observed that VirB acts directly at target promoters, although the
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exact mechanism of transcriptional activation remains to be elucidated. The dissection 

and understanding of this mechanism is a future goal in the investigation o f  the biology 

of the VirB protein.
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