
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Virulence gene regulation by nucleoid associated proteins 

in Salmonella typhimurium: A role for Fis in Salmonella 

pathogenicity island 2 gene regulation.

A dissertation presented for the degree o f Doctor o f Philosophy, in the Faculty o f

Science, Trinity College Dublin

by

Ronan Carroll

Department o f Microbiology 

Moyne Institute o f Preventive Medicine 

Trinity College Dublin

I



TRINITY COLLEGE^

2 / FEB 2004

^  LIBRARY DUBLIN ^



DECLARATIONS

I, Ronan Carroll, am the sole author o f this thesis. The work presented herein 

represents my own work, except where duly acknowledged in the text, and has not 

been previously presented for a higher degree at this or any other University.

Some parts o f this work have been included in the following paper:

Kelly, A.E., Goldberg, M .D., Carroll, R.K., Hinton, J.C., and Dorman, C.J.

The Fis regulon o f Salmonella enterica serovar Typhimurium: a role for Fis in the 

transcriptional control o f virulence and flagella genes.

1 agree that the Library o f Trinity College Dublin may lend or copy this thesis upon 

request.

Ronan Carroll

II



SUMMARY

Nucleoid associated proteins are involved in many diverse biological functions in S. 

typhimurium. In addition to their structural role within the genome they have been 

im plicated in transcriptional regulation o f a variety o f genes, including those 

involved in virulence. In this study the role o f nucleoid-associated proteins in S. 

typhimurium virulence gene regulation was investigated.

The role o f integration host factor (IHF) in regulating the Salmonella  plasm id 

virulence {spv) genes was investigated. Mutational analysis o f the IHF binding site 

revealed that a triplet o f residues are required for IHF-mediated activation o f the 

spvR promoter.

In this study, a role for the nucleoid-associated protein Fis (factor for inversion 

stim ulation) in Salmonella  pathogenicity island 2 (SPI 2) gene regulation was 

identified. Analysis o f SPI 2 promoter activity demonstrated that Fis is required for 

activation o f the SPI 2 genes during growth in LB broth, MM5.8 and during 

macrophage infection. The Fis protein can bind to the DNA throughout SPI 2 and 

Western analysis demonstrated that inside macrophages Fis is induced and its levels 

remain high throughout infection.

The effect o f various environm ental and physiological conditions on SPI 2 gene 

expression was also studied. Temperature, oxygen levels and supercoiling were 

demonstrated to influence expression from SPI 2 promoters. Furthermore, evidence 

suggests that the role o f Fis in SPI 2 gene regulation may be through an effect on 

supercoiling.

To examine further the role o f Fis in S. typhimurium gene regulation, microarray 

analysis was carried out. Following growth in a low-pH minimal medium that had 

previously been shown to induce SPI 2 genes, the genome expression profiles o f 

wild type and f is  mutant S. typhimurium were compared. The analysis confirmed 

that Fis is required for SPI 2 activation. Microarray analysis also identified a role 

for Fis in regulating expression o f genes from integrated bacteriophage. These
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bacteriophages carry virulence determinants and so this represents another link 

between Fis and virulence gene regulation.
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1.1 Salmonella infection

1.1.1 Salmonella

Salmonella  are Gram-negative facultative intracellular pathogens. The genus 

S a lm on ella  is divided into two species, Salmonella bongori and Salmonella  

enterica, which are then further divided into subspecies or serovars. Serovars o f S. 

enterica are associated with infection o f a wide variety o f animal hosts including 

poultry, cattle, pigs, mice and humans (Ohl and M iller, 2001). A cquired by 

ingestion o f contaminated food or water, the disease caused by Salmonella varies 

depending on host organism  and serovar o f  infecting bacteria (K ingsley and 

Baumler, 2000). Certain serovars have adapted to cause infection only in specific 

hosts, while others display a broader host range and can cause diseases o f different 

severity in different host organisms. In humans. Salmonella infection causes two 

types o f disease. Infection with S. enterica serovar Typhi {S. typhi) results in a 

systemic infection called typhoid fever, while S. enterica serovar Typhimurium {S. 

typhimurium) infection causes a limited gastroenteritis (Ohl and Miller, 2001). S. 

typhimurium is an example o f a Salmonella species that has a broad host range and 

as such it has become the best studied Salmonella species. It causes a systemic, 

typhoid fever-like disease in mice that serves as a good model for human typhoid 

fever as well as inflammatory diarrhoea in calves, which is studied as a model for 

human gastroenteritis. In this study strains o f S. typhimurium were used throughout.

1.1.2 Salmonella mieciion

As mentioned previously, all Salmonella infections occur following the ingestion o f 

contam inated food or water. The acidic environment o f the stomach is the first 

significant barrier to infection and only if  a high inoculum is taken will the bacteria 

go on to cause infection (Giannella et a l ,  1972). Once inside the small intestine the 

bacteria traverse the intestinal mucus layer and attach to intestinal epithelial cells. S. 

typhim urium  attaches to the intestinal epithelium  using surface expressed 

appendages called fimbriae (Baumler e /a /.,  1996). Shortly after adhering to the 

epithelium  S. typhimurium invades the cells by a process known as bacterial- 

m ediated endocytosis (Francis et al., 1992). Massive cytoskeletal rearrangements



occur in the host cell, disrupting the normal brush border epithelium, and producing 

m em brane ruffles that engulf the invading bacteria enclosing them in a large 

vacuole. As the name suggests, bacterial-mediated endocytosis is caused by the 

invading bacterium . Bacterial effector proteins that induce actin cytoskeleton 

rearrangements and membrane ruffling are injected into the host cell via a type III 

secretion system (Galan, 1996). These effectors are responsible for the uptake o f the 

bacteria by the normally non-phagocytic cells. In mice it has been reported that S. 

typh im urium  preferentially adheres to and invades through M cells, although 

invasion through non-phagocytic cells also occurs (Jones et a i ,  1994). M cells are 

specialised epithelial cells, found in the Peyer’s patches that sample intestinal 

antigens by pinocytosis and pass them on to the lymphatic system (Brandtzaeg, 

1989). While it is reported that S. typhimurium  preferentially binds to murine M 

cells, there is no evidence suggesting that they preferentially bind to bovine M cells, 

which raises questions about the relative role o f M cells in S. typhimurium  invasion 

(W atson et al., 1995). Recently it has also been suggested that S. typhimurium  can 

passively cross the intestinal barrier following phagocytosis by m igrating CD 18- 

positive phagocytes (Vazquez-Torres et al., 1999).

Following bacterial internalization, the epithelial brush border reforms while the S. 

typhim urium  bacteria reside within a vacuole where they survive and replicate. 

Strains o f Salm onella  that cause localised gastroenteritis can infect adjacent 

epithelial cells and secrete effector proteins into the host cell cytosol (Galyov et al., 

1997). These proteins cause cytokine release, inflammation and fluid secretion, 

which results in the gastroenteritis disease. Strains o f Salmonella  that cause 

systemic infection exit at the baso-lateral surface o f the epithelial cells where they 

encounter the submucosal macrophage. Bacteria enter the macrophage and reside 

within vacuoles where they survive and eventually replicate (Alpuche-Aranda et al., 

1994). The ability to do so is dependent on several virulence mechanisms that allow 

evasion o f the antimicrobial functions o f the macrophage (C irillo  et al., 1998; 

Hensel, 2000; Vazquez-Torres et al., 2000). Infected m acrophages m igrate 

throughout the body resulting in bacterial dissemination and colonization o f  organs 

such as the liver and spleen.
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1.2 Genetics of Salmonella virulence

1.2.1 Pathogenicity islands

It has been estim ated that 4% o f the S. typhimurium  genome, corresponding to 

approxim ately 200 genes, is required for lethal infection o f  mice (Bowe et at.,

1998). Bacterial survival inside the host and the ability to mount successful infection 

is dependent on the activities o f these genes and their products at the correct time 

and in the correct place. V irulence genes are distributed throughout the S. 

typh im urium  chromosome and are also located on the 90 kb Salmonella  large 

virulence plasm id (pSLV). Analysis o f the S. typhimurium  genome reveals that 

virulence genes are often found clustered together in groups. Small groups 

consisting o f  a few genes are called pathogenicity islets while large groups 

containing many genes organised into operons are called pathogenicity islands 

(Groisman and Ochman, 1996). Pathogenicity islands are usually associated with a 

particular virulence phenotype (e.g. invasion) and in many cases are sufficient to 

confer that phenotype on non-pathogenic bacteria (McDaniel et a l ,  1995).

There are several lines o f evidence that suggest that pathogenicity islands are 

acquired by horizontal gene transfer. Pathogenicity islands generally have a 

different G + C content from the rest o f the bacterial chromosome (Hensel et al.,

1999), they are often flanked by genes that are contiguous in closely related species 

that lack the island, and they are often inserted into tRNA genes or contain the 

remnants o f  bacteriophages or transposons at their borders, which indicate that they 

were acquired by horizontal transfer (Groisman and Ochman, 1996).

To date a total o f five pathogenicity islands have been characterised in S. 

typhimurium  (M arcus et a i ,  2000). M utations in any o f these islands result in 

attenuation o f virulence. Two o f these islands, SPI 1 and SPI 2, encode specialised 

devices for the delivery o f virulence proteins into the host cell. These devices are 

called type III secretion systems.
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1.2.2 Type III secretion systems

Type III secretion systems (TTSSs) are found in a variety o f animal and plant 

pathogens. They are specialised devices that allow bacteria to secrete proteins and 

inject them into the host cell cytoplasm (Fig. 1.1) (Hueck, 1998). This is a complex 

task in which the bacterial effector protein must traverse the bacterial inner and 

outer membranes as well as the host cell cytoplasmic membrane. The TTSS forms a 

channel in the bacterial inner and outer m em branes using proteins that are 

hom ologous to those involved in bacterial flagellar assembly. This channel is 

associated on the outside o f the cell with translocon proteins, which form a pore in 

the host cell membrane. This results in one continuous channel through which the 

bacterial effectors are inserted into the host cell (Hueck, 1998). M any effector 

proteins are associated with chaperones prior to secretion through the TTSS. These 

chaperones prevent incorrect folding and premature degradation o f the effectors. 

TTSSs represent a large metabolic load on the cell and therefore their expression is 

tightly regulated. Many TTSSs encode their own regulatory proteins and their 

expression is frequently influenced by bacterial global regulatory proteins such as 

nucleoid-associated proteins (Schechter et a i ,  2003). In this way the cell can sense 

environm ental conditions in which expression o f  the TTSS is favourable and 

activate expression o f the genes (Hueck, 1998).

While there is a great deal o f homology between TTSSs from different bacteria, the 

effector proteins o f each system are unique. These effectors are responsible for the 

virulence phenotype o f the TTSS. Genes encoding effector proteins can be found 

within the same pathogenicity island as the TTSS or they can be found elsewhere on 

the chromosome (Knodler et a i ,  2002). Recently it has been shown that many S. 

typhimurium  effector proteins, secreted through both TTSS, are encoded within 

integrated bacteriophages (Figueroa-Bossi and Bossi, 1999). This suggests that after 

the acquisition o f a TTSS, horizontal gene transfer continues to provide a repertoire 

o f virulence proteins which “fine tunes” the virulence phenotype o f that system 

(Figueroa-Bossi et a i ,  2001; Miao and Miller, 2000).
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Fig. 1.1. Type III secretion system needle complex.

The type III secretion system needle complex forms a continuous channel between the bacteria 

and host cell through which bacterial effector proteins travel. The needle complex traverses the 

bacterial inner and outer membranes and connects to translocon proteins which form a pore in 

the host cell cytoplasmic membrane. The effector proteins are associated with chaperones 

while inside the bacterial cell. When secreted they detach from the chaperones and enter the 

host cell.
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1.2.3 The PhoP/PhoQ two-component signal transduction system

The PhoP and PhoQ proteins form a two-component signal transduction system 

responsible for the regulation o f over 40 genes in S. typhimurium  (M iller et a l ,  

1989). Two-component signal transduction systems often consist o f a membrane 

bound sensor/kinase (in this case PhoQ) and a cytoplasmic transcriptional regulator 

(PhoP). Upon receiving specific environm ental signals the sensor/k inase 

phosphorylates the cytoplasmic regulator, activating it (Perraud e ta l.,  1999). The 

PhoP/PhoQ system is responsible for activating p a g  genes (PhoP-activated genes) 

and repressing prg  genes (PhoP-repressed genes) (M iller et al., 1989). Expression 

o f PhoP/PhoQ is induced inside macrophages and the environmental signal sensed 

by PhoQ is thought to be low Mg^^. PhoP-activated genes are switched on inside 

macrophages and many o f them are required for intracellular survival. Interestingly 

PhoP does not regulate SPI 2 genes (Miao et al., 2002). PhoP-repressed genes, 

including SPI 1, are switched o ff inside macrophages (Pegues et al., 1995). Both 

phoP  null and phoP  constitutive mutants are avirulent indicating that the timing o f 

PhoP activation and repression is crucial during infection (Miller et al., 1989; M iller 

and Mekalanos, 1990).

1.2.4 Salmonella pathogenicity island 1

Sa lm onella  pathogenicity island I (SPI I) is the best characterised o f  the five 

pathogenicity islands in Salmonella (M arcus et al., 2000). SPI 1 is approximately 

40 kb in size, is located at 63 centisomes on the S. typhimurium  chromosome, and 

has a G + C content significantly lower that that o f the chromosome (42% compared 

to 52%). There are at least 35 genes encoded within SPI 1 including genes coding 

for a type III secretion system, effector, chaperone and regulatory proteins (Fig. 1.2) 

(Collazo and Galan, 1997).

The virulence phenotype associated with SPI 1 is invasion o f epithelial cells. S. 

typhim urium  mutants deficient in SPI 1 are attenuated for virulence in the mouse 

when infected via the oral route but not by intraperitoneal injection (Galan and 

Curtiss, 1989). This indicates that SPI 1 is required to penetrate the epithelium but 

not required for later stages o f systemic infection. The ability o f S. typhimurium  to
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induce its own uptake by non-phagocytic cells is dependent on the activity o f the 

SPI 1-encoded type III secretion system  (W atson et a l ,  1995). Following 

attachm ent to the epithelium, the SPI I TTSS injects effector proteins into the host 

cell cytoplasm . These effectors are encoded both inside and outside o f SPI I 

(K nodler et al., 2002). Delivery o f the SPI I effectors enables S. typhimurium to 

traverse the intestinal epithelium by inducing cytoskeletal rearrangements, which 

result in membrane ruffling and uptake o f the bacteria into a vacuole (Francis et al., 

1993). Further secretion o f SPI 1 effectors results in inflammation, fluid secretion, 

and cytokine release (Galan, 1996; Watson et al., 1998).

The regulation o f  SPI 1 gene expression is complex and involves many factors 

(Eichelberg and Galan, 1999). Environmental and physiological conditions are 

known to influence expression o f SPI 1 genes with oxygen levels, osmolarity, 

growth phase o f  bacteria and pH all exerting an effect on gene activity (Bajaj et al., 

1996; Lucas and Lee, 2000). It is thought that environm ental conditions that 

activate SPI 1 gene expression are indicative o f those found in the lumen o f the 

small intestine, the location where SPI 1 activity is required. On a molecular level 

several SPI I encoded transcriptional activators are required for SPI I activity. 

Expression o f  these is influenced by a number o f global regulatory proteins (Lucas 

and Lee, 2000). The nucleoid-associated proteins Fis, H-NS and HU are involved in 

SPI I gene regulation (Schechter et al., 2003; Wilson et al., 2001) as are the global 

regulators CsrA  and SirA, and tw o-com ponent signal transduction system s 

OmpR/EnvZ and PhoP/PhoQ (Bajaj et al., 1996; Johnston et al., 1996; Lawhon et 

al., 2003; Lucas and Lee, 2000).

1.2.5 Salmonella  pathogenicity island 2

Salmonella  pathogenicity island 2 (SPI 2) is located at 31 centisomes on the S. 

typhimurium  chromosome. It encodes a type III secretion system along with 

effectors, chaperones, and regulatory proteins. SPI 2 is associated with survival and 

replication inside m acrophages and SPI 2 m utants are strongly attenuated for 

virulence w hen adm inistered by the oral, intraperitoneal or intravenous route 

(Hensel et al., 1995; Shea et al., 1996). An extensive review o f SPI 2 is provided 

later in this chapter (section 1.3).
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1.2.6 Salmonella  pathogenicity island 3

Sa lm o n ella  pathogenicity island 3 (SPI 3) consists o f a 17 kb insertion at the 

.ve/CtRNA locus located at 82 centisomes on the S. typhimurium  chromosome. SPI 

3 contains at least ten open reading frames (ORFs) two o f which, m gtCB, are 

required for survival inside macrophage and virulence in the mouse (Blanc-Potard 

and Groisman, 1997; Blanc-Potard et a l ,  1999). The m gtC B  genes encode a 

transport system that allows the uptake o f magnesium by S. typhimurium  under low 

Mg^^conditions and their expression is tightly regulated by the PhoP/PhoQ two- 

com ponent signal transduction system (Blanc-Potard and Groisman, 1997). The 

functions o f the remaining SPI 3 genes are unknown, however they are not required 

for virulence.

1.2.7 Salmonella  pathogenicity island 4

Very little is known about Salmonella pathogenicity island 4 (SPI 4). It consists o f a 

25 kb insertion at 92 centisomes on the S. typhimurium  chromosome. Like many 

other pathogenicity islands it has a lower G + C content than the chromosome and is 

flanked by putative tRNA-like genes (Wong et al., 1998). SPI 4 encodes 18 putative 

open reading frames (ORFs) some o f  which, based on sequence analysis, may 

encode a type I protein secretion system (Wong et al., 1998). The function o f SPI 4 

is unknown, how ever one SPI 4 locus, designated ims98, has been shown to be 

required for intramacrophage survival (Baumler et al., 1994).

1.2.8 Salmonella  pathogenicity island 5

Salm onella  pathogenicity island 5 (SPI 5) is located at 25 centisomes on the S. 

typhimurium  chromosome and contains five open reading frames (Hong and Miller, 

1998). The island is inserted at a tRNA gene and has a G + C content lower that that 

o f the chrom osom e. SPI 5 appears to be involved in infection o f the intestinal 

epithelium and not in systemic disease (Wood et al., 1998). Experiments suggest 

that SPI 5 encoded proteins are bacterial effectors, secreted through the SPI 1 type 

III secretion system, that are responsible for inducing fluid secretion from host 

epithelial cells (Galyov et al., 1997).

8



1.2.9 Salmonella plasmid virulence genes

All pathogenic serovars o f Salmonella  that cause systemic infection (including S. 

typhimurium)  harbour high molecular weight virulence plasm ids (Gulig, 1990). 

These virulence plasmids are essential for the bacteria to cause systemic disease. In 

the case o f S. typhimurium, the virulence plasmid contributes to systemic infection 

in the mouse by increasing the replication rate o f the bacteria inside host cells (Gulig 

and Doyle, 1993). The S. typhimurium  virulence plasmid is approximately 90 kb, 

although the size o f the virulence plasmid varies from 50 to 110 kb depending on the 

serovar (Chu et a l ,  1999). It has been shown that an 8 kb region o f the Salmonella 

virulence plasmid, conserved in all serovars, is sufficient to restore virulence to 

plasmid-cured strains (Gulig et a l ,  1993). Encoded in this segment are five genes 

designated spvRABCD  (for Salmonella  plasm id virulence). SpvR is transcribed 

from its own promoter (P.?pv/?) while the spvABCD  genes are transcribed as an operon 

from the spvA promoter (P.,pv )̂ (Fig. 1.3). SpvR is a member o f the LysR family o f 

transcription regulators and is an activator o f the ^spvR and ^spvA promoters. SpvB is 

a mono(ADP-ribosyl)transferase that ADP-ribosylates host cell actin, destabilising 

the cytoskeleton (Lesnick et al., 2001; Otto et al., 2000; Tezcan-M erdol et al., 

2001). The functions o f SpvA, SpvC and SpvD are unknown but recently it was 

shown that sp vC  along with spvB  were sufficient to restore partial virulence to 

plasm id-cured strains o f S. typhimurium (Matsui et al., 2001). This indicates that 

SpvC and SpvB are important virulence plasmid-encoded effector proteins.

In addition to SpvR, many other factors have been implicated in the regulation o f 

spv  gene expression. Like other virulence genes, environmental conditions play a 

part. Expression o f the spv  genes is induced during stationary phase and following 

uptake o f the bacteria by macrophages (M arshall et al., 2000). The induction 

observed in vitro, as the cells enter stationary phase, most likely occurs due to a 

dependence on RpoS, the stationary phase sigma factor (Chen et al., 1995). RpoS 

expression is also induced following S. typhimurium entry into epithelial cells and 

macrophages (Chen et al., 1996). Other known regulators o f the spv  system include 

H-NS, IHF, Lrp and CRP. H-NS and CRP both negatively regulate the spv  genes 

and w hile it is thought that CRP exerts its effect on spv  by influencing r p o S  

expression, H-NS repression o f spv is independent o f RpoS (O 'Byme and Dorman,
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1994a, b; Robbe-Saule et a l ,  1997). Lrp is also a repressor o f the sp v  genes, 

however only exerts an effect at the spvA promoter, while IHF is a positive regulator 

o f spvR  (Marshall et al., 1999). The role o f IHF in spvR gene expression is not fully 

understood, however, results indicate that it may be activating expression in a 

supercoiling-dependent manner (Marshall et a i ,  1999).

1.2.10 Integrated bacteriophages

Horizontal gene transfer is widely regarded as the predom inant force behind 

evolution o f pathogenicity in bacteria (Ochman et al., 2000). Pathogenicity islands 

are thought to have been acquired by horizontal transfer and recently it has emerged 

that lysogenic bacteriophages play an im portant role in d issem inating S. 

typhimurium  virulence determinants (Figueroa-Bossi et al., 1997; Figueroa-Bossi 

and Bossi, 1999). Studies in S. typhimuriiim  have identified several integrated 

bacteriophages that encode virulence genes (Figueroa-Bossi et al., 2001). Among 

the best studied o f these bacteriophages are the Gifsy and Fels phages. Studies have 

identified virulence genes encoded on the G ifsy-1 (Stanley et al., 2000), Gifsy-2 (Ho 

and Slauch, 2001; Ho et al., 2002), and Fels-1 (Figueroa-Bossi et al., 2001) 

bacteriophages. These phages are fully functional and can be excised and used to 

infect other strains o f Salm onella  (Figueroa-Bossi et al., 2001). The functions o f 

these phage-encoded proteins are not fully understood but in most cases they are 

thought to encode effector proteins secreted through the SPI 1 or SPI 2 type III 

secretion systems. The repertoire o f bacteriophages among closely related strains of 

Salmonella varies significantly with some bacteriophages unique to certain strains of 

the sam e serovar (F igueroa-B ossi e? a/., 2001). It is thought that these 

bacteriophages disseminate virulence genes, are a mechanism for “fine tuning” 

virulence, and perhaps play a part in adapting strains o f  Salm onella  to cause 

infection in specific hosts.
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1.3 Salmonella pathogenicity island 2 (SPI 2)

The first indication that S. typhimurium  contained a second type III secretion system 

came about during a study to identify bacterial virulence genes using signature- 

tagged m utagenesis (Hensel et a l,  1995). Four genes were identified that were 

required for virulence in mice and showed homology to genes encoding proteins o f 

type 111 secretion systems. Analysis o f the chromosomal location o f the transposon 

insertions led to the identification o f a 40 kb virulence gene cluster at 30 minutes on 

the S. typhimurium  chromosome (Shea et a i ,  1996). Simultaneously, another group 

identified the same pathogenicity island as being a chromosomal region unique to S. 

typhimurium  that is required for virulence in mice (Ochman et a i ,  1996).

The 40 kb SPI 2 insertion occurs at the tRNA''^' gene and is divided into 2 segments, 

each o f  which resulted from a distinct horizontal transfer event (Hensel et al., 1997a; 

Hensel et al., 1999). The smaller region is 15 kb in size and has a different codon 

frequency pattern and G + C content than the larger 25 kb region. In addition, the 

15 kb region is not required for systemic infection and intracellular accumulation, 

and is present in Salmonella enterica and Salmonella bongori species (Hensel et al., 

1999). Encoded on the 15 kb region are five ttr genes involved in tetrathionate 

reduction, and seven open reading frames (ORF’s) o f unknown function. It has been 

suggested that this arm o f SPI 2 was acquired first due to its presence in the 

phylogenetically older species S. bongori.

The larger, 25 kb section o f SPI 2 is required for virulence and is only present in 

Salmonella enterica species (Hensel et a l ,  1999). Within this region there are genes 

coding for a type III secretion system as well as regulatory, effector and chaperone 

genes (Cirillo et al., 1998; Hensel et al., 1998; Ochman et al., 1996; Shea et al., 

1996). SPI 2 genes are designated ssa (for type III secretion system apparatus), ssr 

(for secretion system regulators), ssc  (for secretion system chaperones) and sse (for 

secretion system effectors) (Hensel et al., 1997b). This nomenclature system was 

based on sequence hom ologies to known type III secretion system apparatus, 

effector and chaperone proteins. Subsequent analyses o f certain SPI 2 proteins have 

revealed that they were incorrectly named. For exam ple, the SseA protein is a 

chaperone not an effector while the SsaB protein is an effector and not part o f the



type III secretion system needle complex (Ruiz-Albert et a i ,  2003; Uchiya et al., 

1999). Alternative names have been given for some o f these (e.g. SpiC for SsaB) 

but for consistency throughout this work the ssr, ssa, sse, and ssc names have been 

used. The genetic organization o f SPI 2 places functionally related genes together 

into four clusters called the regulatory, structural I, effector/chaperone, and 

structural II regions (Fig 1.4) (Cirillo et a l ,  1998). It has been suggested that the 

transcriptional organization o f the genes into operons follows this pattern o f 

clustering with the ssrAB  genes in the regulatory region on one operon, and the 

structural 1, effector/chaperone and structural II genes all transcribed on distinct 

operons (Cirillo et al., 1998). There have been some conflicting reports as to the 

organization o f the transcription units in the structural II region. One report placed 

the location o f the promoter downstream of the ssaJ  gene and upstream o f the ssaK  

gene. Using RT-PCR they were unable to link these genes on the same mRNA 

strand using prim ers in ssa J  and s s a K  and therefore concluded that they are 

transcribed on separate transcripts (Hensel et a i ,  1997b). Another report placed the 

structural II promoter further upstream, between the sseG  and genes (Cirillo et 

al., 1998). This report however failed to take into account the ssaG  gene, which lies 

in this region. This omission makes it very difficult to identify the location o f the 

promoter. The results suggest that perhaps more than one promoter is involved in 

transcription o f the structural II region.

Shortly after the identification o f SPI 2, work began to determ ine its role in 

Salmonella  infection. Type III secretion systems form needle-like complexes that 

secrete or inject bacterial effector proteins into the host cell cytosol (Hueck, 1998). 

The apparatus spans the bacterial inner and outer m em branes and translocon 

proteins form a pore in the host cell membrane creating a channel through which the 

effector proteins gain entry to the host cell (Frankel et al., 1998). SPI 2 is the 

second such system encoded by S. typhimurium with the SPI I system involved in 

invasion o f gut epithelial cells.

An investigation to identify bacterial genes preferentially expressed inside host cells 

identified the ssaH  gene as being highly expressed inside macrophages (Valdivia 

and Falkow, 1997). This work led to an analysis that demonstrated that SPI 2 genes 

encoding structural, regulatory, effector and chaperone proteins are preferentially

12



25 kb

ssr

ssa
sse
ssc

Regulatory 

M----------

B A

Structural I Effector/Chaperone Structural II

B C D E
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expressed in the intracellular environment o f the macrophage (Cirillo et a l ,  1998). 

This work also demonstrated for the first time that the SsrA/SsrB system is required 

for expression o f the SPI 2 genes and that mutations in SPI 2 genes results in an 

inability o f the bacteria to replicate inside macrophages.

While the structure and function o f SPI 2 was beginning to be understood, very little 

was known about the regulation o f the genes within SPI 2. It was known that SPI 2 

is activated inside macrophages and that the two-component signal transduction 

system SsrA/SsrB is required for this activation, but the specific signals that activate 

SPI 2 were unknown (Cirillo et a i ,  1998). Conflicting reports have been published 

about what signals activate SPI 2 gene expression. Some groups have reported that 

low pH activates expression o f SPI 2 genes (Cirillo et al., 1998; Lee et al., 2000). 

Others say that it does not (Deiwick et al., 1999; Hensel, 2000). Low levels o f Mg^^ 

have been reported by some to be required for SPI 2 expression (Deiwick et al., 

1999) but others disagree (M iao et al., 2002). In the case o f pH, it has been shown 

that bacterial survival inside macrophages decreases when acidification o f  the 

vacuole is inhibited (Rathman et al., 1996). This means that low pH either activates 

SPI 2 gene expression or acts as a trigger for secretion o f SPI 2 effectors. The 

effector protein SseB has been shown to be secreted only under conditions o f  low 

pH (Beuzon et al., 1999). This result, along with the ambiguous reports concerning 

SPI 2 gene expression and low pH, suggests that acidic conditions do not influence 

gene expression, rather that they act as a trigger for the bacteria to release effector 

proteins. The situation regarding the role o f Mg^^ in SPI 2 gene expression is less 

clear, as is the role o f the PhoP/PhoQ two-component signal transduction system. 

The PhoP/PhoQ system is responsible for the regulation o f at least 40 virulence 

genes in Salmonella (M iller et al., 1989; M iller and Mekalanos, 1990). PhoQ is the 

sensor kinase o f the system and PhoP the response regulator. W hen phosphorylated 

by PhoQ, PhoP becomes activated, inducing expression o f  PhoP-activated genes 

ipags), and inhibiting the expression o f PhoP-repressed genes (prgs) (Behlau and 

M iller, 1993; Groism an e /a / . ,  1989; M iller e /a / . ,  1989; M iller and M ekalanos, 

1990). PhoP/PhoQ involvement in SPI 2 gene expression is a contentious issue. A 

num ber o f studies have reported that SPI 2 gene expression decreases in a p h o P  

m utant background (Deiwick et al., 1999; Lee et al., 2000; W orley et al., 2000), 

how ever recent reports have disagreed with this and the prevailing attitude at the
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mom ent is that SPI 2 expression is not regulated by PhoP/PhoQ (Beuzon et a l ,  

2001; Miao et al., 2002).

Besides SsrA/SsrB, the only other known regulator o f SPI 2 gene expression is the 

OmpR/EnvZ two-component signal transduction system (Feng et al., 2003; Lee et 

al., 2000). EnvZ, the sensor protein, detects changes in osmolarity, which it passes 

on to OmpR by phosphorelay (Forst and Roberts, 1994). OmpR, the response 

regulator, binds to promoter DNA and activates or represses gene expression. The 

OmpR/EnvZ system had previously been shown to be important for S. typhimurium  

virulence in mice (Dorman et al., 1989), and now its role was extended to the 

regulation o f SPI 2. OmpR was shown to bind to the ssrA promoter and be required 

^ox ssrAB  transcription (Lee et al., 2000). Recently another study identified five 

phospho-OmpR binding sites within the ssrA  promoter and identified a promoter 

upstream o f ssrB  that is also OmpR/EnvZ-regulated (Feng et al., 2003). It has been 

proposed that this promoter transcribes the ssrB  gene, suggesting that transcription 

o f the ssrA and ssrB  genes is not linked.

Through the use o f a variety o f SPI 2 knock-out mutants, as well as strains carrying 

mutations in certain effector genes, SPI 2 has been shown to play a part in various 

aspects o f Salm onella  intramacrophage survival, including inhibition o f  lysosomal 

fusion with S’fl/m ow eZ/a-containing vacuoles (SCV) (U chiya et al., 1999), 

m aintaining SCV m em brane integrity (Beuzon et al., 2000; Ruiz-A lbert et al., 

2002), avoiding NADPH oxidase-dependent killing (Vazquez-Torres et a l ,  2000), 

SPI 1 independent macrophage killing (van der V elden et al., 2000) and actin 

cytoskeleton  rearrangem ents (M eresse et al., 2001). The num ber o f  diverse 

activities implies that several different effector proteins are involved and in certain 

cases these have been identified. In some o f the above studies SPI 2 null mutants 

were used meaning that the effector proteins responsible are unknown (van der 

V elden et al., 2000; Vazquez-Torres et al., 2000). Effector proteins have been 

identified both within SPI 2 and also located elsewhere on the chromosome.

The SPI 2 encoded proteins SseB, SseC and SseD are secreted through the type III 

secretion system but are not in fact effector proteins. They are the SPI 2 

components that form the translocon pore in the host cell membrane. They are not

14



required for secretion o f effectors but are necessary for their translocation into the 

host cytosol (Klein and Jones, 2001; Nikolaus et a i ,  2001).

The SseF and SseG proteins are translocated SPI 2 effectors (Hansen-W ester et a l,  

2002). Their role inside the host cell is not fully understood, however, they have 

been shown to play a part in the formation o f Salmonella-'mducQd filaments (Sifs) 

(K uhle and Hensel, 2002). Sifs are filam entous tubules, rich in lysosom al 

glycoproteins, that form around and extend from the SCV (Garcia-del Portillo et al., 

1993).

Another effector protein encoded within SPI 2 is SsaB (also called SpiC). SsaB is a 

translocated effector protein (not part o f the type III secretion apparatus) whose 

functions are varied and disputed by different groups. SsaB was the first SPI 2 

effector identified and studies with ssaB  mutants showed that the protein was 

required to prevent fusion o f the SCV with endosomes and lysosomes (Uchiya et al.,

1999). Additional work on SsaB has raised questions about this finding and on the 

role o f  SsaB as an effector protein. It has recently been shown that SsaB is required 

for secretion o f the translocon proteins SseB, SseC and SseD (Freeman et al., 2002; 

Y u  et al., 2002), as well as the translocation o f  SPI 2 effectors into infected 

m acrophages (Freem an et al., 2002). These results suggest that an ssaB  mutant 

behaves much the same as a SPI 2 null mutant. This implies that the loss o f SsaB in 

an ssaB  mutant prevents effector translocation, which results in the ssaB  phenotype 

observed by Uchiya et al. (1999). The SsaB protein per se  does not prevent fusion 

o f lysosomes with the SCV.

As well as SPI 2 encoded effectors, several non-SPI 2 encoded effector proteins are 

secreted through the SPI 2 type III secretion system (W aterman and Holden, 2003). 

Among these are SifA, SifB, SspH l, SspH2, SlrP, Ssel and SseJ (Miao et al., 1999; 

Miao and Miller, 2000). Most o f these are regulated by the SsrA/SsrB system and 

contain a conserved signal sequence that targets them to the type III secretion 

system (Miao and Miller, 2000). The s sp H l, sspH 2  and sse l genes are all located 

within lysogenic bacteriophages (Figueroa-Bossi et al., 2001; Miao and M iller,

2000). These prophages are fully functional and most likely represent a mechanism 

o f dissem ination for effector protein genes throughout the Salm onellae  species
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(Figueroa-Bossi and Bossi, 1999; Figueroa-Bossi et a l ,  2001). Several other genes 

have been identified that are regulated by the SsrA/SsrB system (W orley et al.,

2000). The functions o f these genes are unknown and it has yet to be demonstrated 

that they are SPI 2 effectors. Interestingly, most o f these SsrA/SsrB-regulated genes 

are located in uncharacterised regions o f the chromosome that contain numerous 

bacteriophage-like genes. This supports the idea that integrating prophages are 

carriers o f  im portant Salm onella  virulence determ inants (F igueroa-B ossi et a l ,

2001).
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1.4 Nucleoid-associated proteins, supercoiling and Fis

1.4.1 Nucleoid-associated proteins

The S. typhimurium  genome consists o f a 4.8 million base pair, circular DNA 

molecule (McClelland et a i ,  2001). This molecule, if  linearized, would be over 1.5 

mm long. The average Salmonella  cell is a 1 |xm X 0.5 jim cylinder, o f which the 

nucleoid occupies approxim ately half (Azam et a l ,  1999). The bacteria must 

condense the DNA to fit into this volume but also maintain it in a conformation that 

allows routine DNA transactions, such as transcription, to occur. It does this using a 

group o f proteins that, due to functional similarity alone, have been named bacterial 

histone-like, nucleoid-associated proteins (hereafter called nucleoid-associated 

proteins) (Azam and Ishihama, 1999). The four major nucleoid-associated proteins 

in S. typhimurium  are Fis, (factor for inversion stimulation), H-NS, (histone-like 

nucleoid structuring protein), IHF (integration host factor) and HU (heat-unstable 

nucleoid protein). These proteins contribute to the condensation o f the genome by 

binding to the DNA and introducing bends or kinks in it. This helps compact the 

DNA allowing it to fit inside the cell and maintains it in a conformation that allows 

DNA transactions such as transcription to occur.

N ucleoid-associated  proteins have the ability to bind to non-specific DNA 

sequences, how ever some, such as Fis and IHF, have been shown to bind 

preferentially to specific sequences o f DNA (Finkel and Johnson, 1992; Goosen and 

van de Putte, 1995). The consensus IHF binding sequence is W ATCAANNNNTTR 

while the Fis consensus is a more degenerate KNNYRNNW NNYRNNM  (where 

W=A/T, R=A/G, Y=C/T, K=G/T, M=A/C, N=A/T/G/C). HU and H-NS do not bind 

to specific sequences o f DNA, however they are thought to bind preferentially to 

specific DNA structures. H-NS has a high affinity for intrinsically curved DNA 

while HU is thought to bind preferentially to recombination and repair intermediates 

such as gapped or kinked DNA (Azam and Ishihama, 1999).

In addition to having a role in condensing the bacterial genome, the ability o f 

nucleoid-associated proteins to bind to and influence the structure o f DNA means 

that they are involved in a variety o f other biological processes in the cell including
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inversion, recombination and replication (Finkel and Johnson, 1992; O 'Gara and 

Dorman, 2000; Schneider et a l ,  2001).

Another critical biological process that nucleoid-associated proteins are involved in 

is transcription. All o f the major nucleoid-associated proteins have been shown to 

be involved in the regulation o f expression o f a wide variety o f genes (Dorman and 

D eighan, 2003; Schechter et al., 2003; W illiam s and R im sky, 1997). The 

mechanisms with which nucleoid-associated proteins influence gene expression are 

w ide-ranging and varied. They can bind to the promoter DNA and compete with 

RNA polymerase or other regulatory proteins for binding, they can interact directly 

with RNA polymerase, they can alter DNA structure at a promoter influencing RNA 

polym erase binding, or, as is the case in many genes regulated by nucleoid- 

associated proteins, they can affect transcription by unknown mechanisms (Dorman 

and Deighan, 2003).

An im portant feature and characteristic o f nucleoid-associated proteins is their 

expression profile in vitro. In E. coli, the major nucleoid-associated proteins have 

very d istinct expression profiles when grow ing in batch culture (Azam  and 

Ishihama, 1999). Fis levels are highest during early exponential phase growth and 

then decline as the cells divide. In contrast, IHF levels are highest in stationary 

phase while H-NS levels remain relatively constant throughout. The situation with 

HU is different again due to its ability to form both hetro- and homo-dimers o f the 

two subunits HupA and HupB. Expression o f each varies during growth so that at 

various stages A-A homodimers, B-B homodimers and A-B hererodim ers (the 

activities and functions o f which vary) can exist within the cell, with overall HU 

levels declining in stationary phase (Balandina e /a / . ,  2001). Thus the protein 

composition o f the bacterial nucleoid varies according to growth phase, which has 

important implications for the functions o f nucleoid-associated proteins in regulating 

gene expression.

1.4.2 Supercoiling

Underwinding o f the DNA double helix introduces negative supercoils, another 

important contributor to the compaction o f DNA within the cell. The presence o f
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negative supercoils imparts free energy to the DNA helix, which is required for the 

DNA to unwind for processes such as transcription (Drlica, 1992). In fact, the 

transcription process itself alters local supercoiling levels, with positive supercoils 

introduced in front of RNA polymerase and negative supercoils introduced behind it 

(Liu and Wang, 1987).

Levels of supercoiling within the cell are controlled by the opposing actions of 

topoisomerase enzymes (Drlica, 1990). DNA gyrase, a heterodimer consisting of 

the products of the gyrA  and gyrB  genes, introduces negative supercoils into the 

DNA. Expression of the gyrA and gyrB genes is activated by relaxation of the DNA 

(Drlica, 1992). DNA topoisomerase 1, encoded by the topA gene, removes negative 

supercoils and relaxes the DNA. Highly negatively supercoiled DNA induces 

expression o f the top A gene (Tse-Dinh, 1985). The ability to increase supercoiling 

levels by gyrase in response to relaxed DNA, coupled to the ability to remove 

supercoils by topoisomerase I in response to highly negatively supercoiled DNA, 

represents a homeostatic feed-back loop that maintains the DNA at the optimal 

superhelical density.

Certain environmental conditions can induce changes in the superhelical density of 

the DNA. Following nutrient up-shift there is a rapid increase in supercoiling levels, 

followed by a gradual relaxation (Balke and Gralla, 1987). Conversely, entry into 

macrophages results in widespread relaxation of the DNA (Marshall et a l, 2000). 

As previously mentioned transcription of certain promoters is strongly influenced by 

the superhelical density of the DNA. Relaxed DNA activates the gyrA and gyrB  

genes, while highly supercoiled DNA activates topA gene expression (Drlica, 1992; 

Tse-Dinh, 1985). Other genes are known to be affected by supercoiling levels 

including the fis  gene as well as several stable RNA genes (Schneider et al., 1997, 

2000). This connection between transcription and DNA superhelical density means 

that in response to a new environment, changes in supercoiling levels can act as a 

trigger to activate expression of genes that are required for growth or survival in that 

environment. In this way critical genes can be rapidly activated in response to 

environmental stimuli.

19



1.4.3 Fis

Fis is the factor for inversion stimulation and was originally identified as a protein 

that stim ulated inversion o f the hin invertible DNA elem ent in S. typhimurium  

(Heichman and Johnson, 1990). Fis is a 98-amino acid, 11.2 kDa protein that binds 

to D NA  as a hom odim er. It b inds to  the co n sen su s  sequence  

KNNYRNNW NNYRNNM  (where W =A/T, R=A/G, Y=C/T, K=G/T, M =A/C, 

N=A/T/G/C) and has a preference for binding sites located within regions o f curved 

DNA. Upon binding Fis introduces a bend o f between 40°-90° in the DNA. The 

DNA binding and bending abilities o f Fis are achieved through a C-terminal helix- 

turn-helix (HTH) domain (O suna et a i ,  1991). In this HTH the two helices are 

separated by 25 A instead o f the usual 32-34 A. This distance is too short to allow 

insertion into adjacent major grooves o f the DNA therefore binding models show 

Fis bound to bent DNA in order to bring the m ajor grooves closer together 

(Kostrewa et a i ,  1991). The N-terminal portion o f Fis is associated with its ability 

to stimulate Hin-mediated site-specific DNA inversion (Koch et al., 1991; Osuna et 

al., 1991). In the hin system, Fis binds to two sites and organises the DNA in such a 

way as to facilitate the formation o f the invertasome, a nucleoprotein complex that 

includes Fis and the recom binase enzym e, located at the recom binase sites 

(Meichman and Johnson, 1990). Mutations in the N-terminal region o f Fis disrupt 

form ation o f the invertasome indicating that this region is directly involved in 

inversion (Koch et al., 1991; Osuna e? a/., 1991).

Fis performs a similar function at other genetic switches (e.g. cin and gin), however 

its role extends beyond DNA inversion to incorporate a whole host o f  cellular 

functions (Finkel and Johnson, 1992). Fis is involved in bacteriophage X site- 

specific recombination (Thompson et al., 1987), DNA replication (Filutowicz et al., 

1992; Gille et al., 1991) and transcriptional regulation o f a wide variety o f genes. 

Genes whose expression is influenced by Fis include those coding for stable RNA 

species (tRNA and rRNA) (Auner et al., 2003), determinants o f cellular supercoiling 

levels {gyrA and gyrB)  (Keane and Dorman, 2003), nucleoid-associated proteins 

{hns  and the f i s  gene itself) (Falconi et al., 1993; N innem ann et a l ,  1992) and 

virulence genes (Goldberg et a i ,  2001; Wilson et al., 2001). Fis has the ability to 

act both as an activator and repressor o f gene expression and does so via several
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different mechanisms (Dorman and Deighan, 2003; Xu and Johnson, 1995). At 

certain promoters Fis activates expression by relieving H-NS mediated repression 

(Falconi et a l ,  1993; Falconi et a l ,  2001), while at others it represses by binding 

within the promoter. The best-studied examples o f Fis regulated genes are the stable 

RNA genes. Here, multiple Fis binding sites are located in an upstream activating 

sequence (UAS), located between 60 to 150 bp upstream o f the transcription start 

site. Binding o f Fis to the primary site (usually located at position -7 1 ) results in 

activation  o f transcription due to direct interactions w ith RNA polym erase 

(A pplem an et al., 1998). In addition to direct interaction with RNA polymerase it 

has been shown that Fis regulation o f stable RNA promoters is also supercoiling 

dependent (Schneider et a l ,  1997). It is thought that Fis maintains the upstream 

DNA in a structure or conformation that stimulates transcription.

Most o f the biological processes that Fis is involved in are sensitive to changes in 

DNA supercoiling (Finkel and Johnson, 1992; Travers a/., 2001). The Fis 

protein itself plays an important role in controlling supercoiling levels within the 

cell. It does this by two m echanism s, firstly by binding to the DNA and 

constraining local supercoils, and secondly due to its involvement in the regulation 

o f genes coding for DNA topoisomerases. Fis represses the gyrase genes, gyrA and 

gyrB ,  and activates the topoisom erase I gene top A (Keane and Dorman, 2003; 

W einstein-Fischer et al., 2000). The overall effect o f this is to reduce the level o f 

negative supercoiling within the cell or relax the DNA. Transcription o f the f i s  gene 

is itse lf influenced by supercoiling, transcription levels being optim al under 

conditions o f highly negatively supercoiled DNA (Schneider et al., 2000). As 

previously mentioned environmental conditions can influence supercoiling levels 

within the cell. Following nutrient up-shift there is a rapid increase in supercoiling 

followed by a gradual decrease (Balke and Gralla, 1987). This peak in supercoiling 

levels coincides with a burst in f i s  expression, which then helps restore normal 

supercoiling levels to the cell (Schneider et al., 1997; Schneider et al., 1999). The 

burst in /z5 expression also coincides with activation o f the stable RNA genes, which 

are in addition activated by negative supercoiling. In this way cellular supercoiling 

levels, Fis protein levels and transcription o f stable RN A ’s are all interconnected 

and tightly regulated.
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Recently it has emerged that Fis plays an important role in regulating expression o f 

virulence genes in many different strains o f enteric pathogens. Virulence genes in 

pathogenic strains o f E. coli (Goldberg et at., 2001; Sheikh et al., 2001) and Shigella 

(Falconi et a l ,  2001), as well as SPI 1 from S. typhimurium  (W ilson et al., 2001), 

have all been shown to be regulated by Fis. In this study the role o f Fis is extended 

to include the regulation o f SPI 2 and certain phage-encoded virulence genes.
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Chapter 2

Materials and methods
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2.1 Chemicals and growth media

2.1.1 Chemicals, reagents and radionucleotides

The supplier for each chem ical or reagent used in this study is indicated in 

parenthesis after the product. DNA restriction and m odifying enzym es were 

ob ta ined  from  New England Biolabs or Roche M olecular B iochem icals. 

R adionucleotides were supplied by Am ersham  Pharm acia Biotech. Custom  

autom ated sequencing was performed by MWG Biotech. In addition, several 

molecular biology kits were used during this study. The basic principle o f each kit 

is briefly described in the appropriate sections below, without giving an exhaustive 

protocol.

2.1.2 Growth media

Ingredients for preparing growth media were obtained from Difco or Oxoid. All 

media were sterilized by autoclaving at 120°C for 20 min prior to use, or storage at 

room temperature. Additional solutions not suitable for autoclaving, e.g. antibiotic 

solutions, were sterilized by filtration through sterile 0.2 jim Acrodisc Filters 

(PALL). All quantities listed below are for the preparation o f 1 litre o f medium in 

distilled, deionised water (ddH20). 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 o f strains, and selection o f  transform ants and 

transductants. 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 NaCI.

LB agar: 10 g Oxoid tryptone, 5 g yeast extract, 5 g NaCI, 15 g agar.
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M inim al m edium  5.8:

M inim al m edium  5.8 (M M  5.8) is a low  pH, m inim al m edium  previously described  

by K ox et al. (2000). It is used to sim ulate conditions inside a m acrophage and has 

been show n to activate transcription o f  SPI 2.

MM 5.8: 1 g Casam ino acids, 12.285 g bis tris, 11.2 m l g lycero l, 50 ml 1 M

tris-HCl pH 5.8.

After autoclaving 10 [il o f  1 M M gC h w as added.

SOC medium:

SO C  m edium  w as u sed  fo llo w in g  transform ation  or e lec trop oration  o f  S. 

typhimurium  or E. coli  strains to increase the efficien cy  o f  transformation.

SOC medium: 20 g tryptone, 5 g yeast extract, 0.5 g NaCl.

After autoclaving 0.95 g M gC h, 1.2 g M gS0 4  and 1.8 g g lucose w as added.

Green aaar:

Green agar p lates w ere routinely used fo llo w in g  bacteriophage P 22-m ed iated  

generalized  transduction to obtain isolates o f  S. typh im urium  free o f  phages. On 

these plates phage-free co lon ies appear light green w hereas p seudo-lysogens appear 

dark green. The dark green colour results from a low ered pH caused by bacterial 

lysis.

Green agar: 8 g tryptone, 1 g yeast extract, 5 g N aC l, 15 g agar.

After autoclaving 21 ml 40%  glucose, 25 ml 2.5%  (w /v ) A lizarin y e llo w  (freshly  

prepared) and 3.3 ml o f  2% (w /v) A niline blue were added.

2.1.3 Antibiotics, X-Gal and MUG

A ll stock antibiotic solutions were stored in aliquots at -2 0 °C  and those prepared in 

water w ere sterilized  by filtration through 0 .2  |am A cro d isc  F ilters (P A L L ). 

C arbenicillin , kanam ycin  and streptom ycin  w ere prepared as 50 m g/m l stock  

solutions in ddH 20 and used  in m edia at a concentration o f  50 |xg/ml. Tetracycline
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was prepared as a 12.5 mg/ml stock solution in 100% ethanol and used at a final 

concentration o f 12.5 |j,g/ml. Chloramphenicol was prepared as a 25 mg/ml stock 

solution in 100% ethanol, and used at a final concentration o f 25 ^ig/ml. Novobiocin 

was prepared at a stock concentration o f  50 mg/ml in ddHaO and used at the 

concentrations indicated.

X-Gal (5-bromo-4-chloro-3-indoyl-(3-D-galactoside), a chromogenic substrate for (3- 

galactosidase, was prepared as a 20 mg/ml stock solution in N, 7V-dimethyl 

formamide and stored in the dark at -20°C . X-Gal was used in agar plates at a final 

concentration o f 20 |ag/ml.

MUG (4-m ethylum bellifery l-(3-D -galactopyranoside) w as p rep a red  at a 

concentration o f 4 mg/ml in DMSO (dimethylsulfoxide) and stored in the dark at 

-20°C .

2.2 Bacterial strains and culture conditions 

2.2.1 Bacterial strains

All bacterial strains used in this study were derivatives o f Salmonella enterica 

serovar typhim urium  strains SL1344 and LT2, and Escherichia coli K12 and are 

listed in Table 2.1. Bacterial strains were maintained as permanent stocks in 15% 

(v/v) glycerol in LB broth and stored at -70°C.

2.2.2 Bacterial culture conditions

Bacterial cultures were routinely grown aerobically in liquid medium at 37°C with 

shaking, except where otherwise stated. Cultures were grown by inoculating single 

colonies into 3 ml of LB broth in sterile test-tubes and incubating at the required 

tem perature overnight. A lternatively, or when larger volumes were required, 

cultures were grown by inoculating fresh media at a dilution of 1:100 from 3 ml 

overnight cultures.
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Table 2.1. S. typhimurium and E. coli strains used in this study.

Strain

Salmonella typhimurium

LT2 

SL1344 

SL1344//5 

SLI344 ih f 

SL1344 hns 

SL1344 stpA 

TH2285

Escherichia coli

XL-1

Relevant Genotype

Wild type 

Virulent wild type 

SL1344 fis::cat 

SL1344 ihfBwcat 

SLl 344 Imswkan 

SL1344 stpAwkan 

UY2 fisv.cat

Routine cloning strain

Reference/ Source

This lab

Hoiseth and Stocker, (1981) 

Keane and Dorman, (2003) 

Marshall et a i, (1999)

J. Hinton 

J. Hinton 

K. T. Hughes

Stratagene



W hen anaerobic and microaerophilic conditions were required (Chapter 5), cultures 

w ere  incubated in 2.5 1 gas jars  along with the appropria te  A naeroG en  Gas 

generating kit (Oxoid).

2.3 Eukaryotic cell line and growth conditions

2.3.1 Eukaryotic cell line

The m urine, macrophage-like cell line J774A.1 was used throughout this study. 

J774A.1 cells were obtained from the American Type Culture Collection (ATCC) 

and perm anent stocks were maintained in 5 % (v/v) DM SO  in TC M  and stored in 

liquid nitrogen.

2.3.2 Eukaryotic cell growth conditions

J774A .I  m acrophage-like cells were grown in T issue  Culture M edium  (TCM ), 

com prising D ulbecco’s Modified Eagles M edium  (DM EM ; Sigma) supplem ented 

with 10% (v/v) heat inactivated fetal bovine serum (Sigma). W hen required 100 U 

penicillin and 100 jig/ml streptomycin (Sigma) were added to the growth medium. 

Cells were routinely grown in 75 cm^ tissue culture flasks at 37°C  in a 5%  COj 

incubator.

2.4 Plasmids, bacteriophages and oligonucleotides 

2,4.1 Plasmids

The plasmids used in this study are listed in Table 2.2 together with relevant details 

and source. Any necessary details o f  plasmid construction will be described in the 

appropriate results chapters.
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Plasmid

pQFSO

pQFssrA

pQFssaB

pQFsseA

pQFssaG

pQFssaH

pQFssaGH

pQFssaK

pQF[R:100J

pQFLR:101J

pQF[R;103]

Table 2.2. Plasmids used throughout this study.

Relevant characteristics Source/Reference

lacZ  promoterless trap vector. Amp

645 base pair ssrA promoter sequence 

upstream of promoterless lacZ  in pQF50 

690 base pair ssaB promoter sequence 

upstream of promoterless lacZ  in pQF50 

530 base pair sseA promoter sequence 

upstream of promoterless lacZ  in pQF50 

580 base pair ssciG promoter sequence 

upstream of promoterless lacZ  in pQF50 

250 base pair ssaH  promoter sequence 

upstream of promoterless lacZ  in pQF50 

810 base pair ssaGH  sequence upstream of 

promoterless lacZ  in pQF50 

360 base pair ssaK  promoter sequence 

upstream of promoterless lacZ  in pQF50 

327 base pair spvR promoter sequence 

upstream of promoterless lacZ  in pQF50 

pQF[R: 100] with disrupted IHF binding 

site

pQF[R: 100] with consensus IHF binding 

site

Farinha and Kropinski, 

(1990)

This study

This study

This study

This study

This study

This study

This study

Marshall et al., (1999) 

This study 

This study

Amp'^ =Ampicillin resistant.



2.4.2 Bacteriophage

The bacteriophage used in this study was bacteriophage P22H T 105/1 int-2Q\,  

lysates o f which were routinely stored at 4°C in the dark in 5 ml volumes over 

chloroform.

2.4.3 Oligonucleotides

The sequences and nomenclature o f all oligonucleotides used in this study are listed 

in Table 2.3. Oligonucleotides were purchased from MWG-Biotech, Germany.

2.5 Transduction with bacteriophage P22

Bacteriophage P22 specifically recognises and binds to the 0-antigen on the outer 

membrane o f Salmonella typhimurium. After binding, double stranded linear DNA 

is injected into the host. The DNA circularises and is replicated first by O 

replication and then by rolling circle replication which generates long concatemers 

o f double-stranded P22 DNA. These concatemers are resolved by cleavage by a 

phage-encoded nuclease, which cuts the DNA at specific sequences, 44 kb apart, 

called Pac sites. This DNA is packaged into new phage particles, which are released 

from the host by lysis after 50-100 o f these particles have been produced.

In this study the P22 derivative used for generalized transduction in Salmonella  

typhimurium  was P22 HT105/1 m?-201. The high transducing frequency o f this 

phage results from its nuclease having a lower specificity for the Pac sequence. This 

results in a high proportion o f the phage heads carrying chrom osom al DNA. 

Approximately 50% of the P22 HT (high transducing) phage heads carry random 

transducing fragments o f host DNA. The int mutation prevents the formation o f 

stable lysogens.
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Table 2.3. Oligonucleotide primers used throughout this study.
Primer Name Sequence^

ssrA_F'’

ssrA_R‘̂

ssaK_F‘’

ssaK_R'’

ssaB_F‘’

ssaB_R‘̂

sseA_F‘*

sseA_R‘̂

ssaG_F'’

ssaGR'^

ssaH_F’’

ssaH_R‘=

spvRl 1

spvR14

gyrA_F

gyrA_R

ssaK_F2

ssaK_R2

IHFkoF

lHF_koR

IHFconFl

IHFconRl

IHF_conF2

IHF conR2

5'-ATA CGG ATC CGA ATT CGT CGA CGG CAA GAG AAG GCT TAG 

GTA AGC-3'

5'-ATT AGG TAC CGG ATC CGC CTG ATT ACT AAA GAT GTT TGC-3’ 

5’-CGC GGA TCC CTT CTC CGA GCT CAG TTG CC-3’

5’-CGC GGA TCC CGA TTA AGA ATG GCG GTA CCG ATC-3’

5’-CGC GGA TCC CGT TCA GCT TCT TCA AAC-3’

5’-CGG GGT ACC CCT GAT ATC CTG AAT TAA TGG-3'

5’-CAT GCC ATG GCC CGG TTA GAA GAT TTG CTG C-3'

5’-CGG GGT AGC CGA TAT TCA CTA AAC GCA GCC-3’

5’-CGC GGA TCC GGA TTG GCC TTG CTA TTG C-3’

5’-CGG GGT ACC GGG TTG AGC AAA TCA TTA CC-3’

5’-CGC GGA TCC GGT AAT GAT TTG CTC AAC GC-3'

5’-CGG GGT ACC CGT TAG CGC TGG TAA CAT CG-3’

5'-CCA AGC TTC AGT ACT GAT CTT GCG ATA CTG-3’

5’-CCC AAG CTT CAG GTC ACC GCC ATC CTG TTT TTG C-3’

5'-CGC GGA TCC GCC GCT TTC CAG TGC GTG CAG-3’

5’-CGG GGT ACC CTA ACC GCT ATC CCT CTA G-3’

5’-GCT ATT TTT GCC TGA GAC G-3’

5’-CCA CTG TAG AAG CAA TTG C-3'

5'-C CAG CTA TAC ATC ATA ACA GGA ATA TTA AAT CCA CTC AG-3' 

5’-CT GAG TGG ATT TAA TAT TCC TGT TAT GAT GTA TAG CTG G-3' 

5’-C CAG CTA TAC ATC ATA ACA TAT CAA TTA AAT CCA CTC AG-3’ 

5’- CT GAG TGG ATT TAA TTG ATA TGT TAT GAT GTA TAG CTG G -3' 

5'- C CAG CTA TAC ATC ATA ACA TAT CAA TTA AAT CCA CTC AG -3’ 

5'- CT GAG TGG ATT TAA TTG ATA TGT TAT GAT GTA TAG CTG G -3’

a. Restriction enzyme cleavage sites are underlined.

b. Primer tailed with restriction site for BamWl.

c. Primer tailed with restriction site for Kpnl.

d. Primer tailed with restriction site for Ncol



2.5.1 Preparation of a P22 lysate

P22 lysates were routinely prepared as follows. The donor strain was grown 

overnight in 2 ml o f LB broth at 37°C, with antibiotic selection as appropriate. This 

culture was used to inoculate 5 ml o f fresh broth at a 1:200 dilution. This culture 

was incubated at 37°C with shaking until the ODeoonm reached approximately 0.15. 

At this point 10 jil o f P22 phage stock (titre o f approxim ately 10'° pfu/ml) was 

added and incubation continued for a further 4 hours. At this point 500 fxl o f 

chloroform was added, the culture mixed by vortexing and stored for 1 hour at 4°C. 

Cellular debris was removed by centrifugation in a bench-top centrifuge at 3,800 g 

for 20 min. The supernatant, containing the lysate was transferred to a clean tube 

and stored over chloroform.

2.5.2 P22 transduction

Genetic markers were mobilised using the general transducing properties o f P22 

lysates as follows. The recipient strain was grown overnight at 37°C in 2 ml o f LB 

broth. 100 [il o f the recipient culture was rem oved to a sterile 1.5 ml tube 

containing 100 |al o f the donor P22 lysate. The mixture was incubated at 30°C 

without shaking for 30 min. 800 |j,l o f LB broth was then added and the culture was 

incubated at 37°C with shaking for a further 30 min. The transduced cells were then 

harvested by centrifugation in a microfuge for 4 min at 20,800 g. 900 |xl o f the 

supernatant was then removed and the pellet resuspended in the remaining broth. 

Transduced cells were selected for by plating on agar plates with the appropriate 

antibiotic. The plates were incubated at 37°C overnight. True lysogens were then 

distinguished from pseudo-lysogens by 3 repeated single colony purifications on 

Green agar plates. On these plates true lysogens appear light green while pseudo- 

lysogens appear dark green. At this point transductants were deemed suitable for 

further experimentation.
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2.6 Transformation with plasmid DNA

Plasm id DNA was transform ed by two different m ethods. Either recipient cells were 

m ade com petent by treatm ent w ith calcium  chloride coupled w ith a heat-shock  

up take  o f  p lasm id  D N A , or transfo rm ation  by elec troporation , a h igh -vo ltage  

electroshock  treatm ent. G reater transform ation efficiencies can be achieved w ith 

e lectroporation than can be achieved with the CaC h  m ethod. The CaC l2 m ethod is 

m ore cost effective and was routinely used for the transform ation o f  plasm id DNA 

or ligation m ixes. E lectroporation was only som etim es used for transform ation  o f  

precipitated ligation m ixes where greater efficiency was required.

2.6.1 Transformation via calcium chloride method

An overnight culture o f  the strain to be m ade com petent for transform ation was used 

to inoculate 250 ml o f  LB broth and was grown to an ODeoonm o f  approxim ately 0.4. 

The cells w ere incubated on ice for 30 m in and then pelleted  by centrifugation at 

5,800 g for 10 min, and the bacterial pellet resuspended in 100 ml o f  ice-cold C aC ^ 

solution (60 mM C aC b, 15% glycerol, 10 mM  PIPES). The cells w ere spun again 

for 10 m in at 5,800 g, the supernatant rem oved and resuspended in 100 ml o f  ice- 

cold C aC b solution. A fter incubation on ice for 30 min cells w ere again harvested 

as described above, and resuspended in 10 ml ice-cold CaC l2 solution. A t this stage 

cells w ere distributed into 500 jil aliquots and used directly, or stored at -70°C .

DNA (0 .1-1  |i,g) in a volum e not exceeding 10 ^il, was added to 100 fxl o f  com petent 

cells and left on ice for 10 m in, thus allow ing the D N A to contact the bacterial 

surface. The tubes w ere then placed in a 42°C w ater bath for 2 m in. This heat- 

shock trea tm ent allow s uptake o f  the p lasm id DN A through the C aC Ii induced 

com peten t bacteria l m em brane by an unknow n m echanism  (M andel and H iga, 

1970). 1 ml o f  SOC broth was added to the culture, w hich w as then incubated at 

37°C fo r 1 hour to allow  phenotypic expression o f  the p lasm id-borne antib iotic 

resistant m arker. Subsequently, 10 x̂l and 100 jxl sam ples o f  the transform ation m ix 

were p lated  onto appropriate  selection plates. Cells to w hich no D N A  had been 

added w ere treated in the sam e way and thus served as a control for contam ination.
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Following overnight incubation at 37°C, single colony transformants were purified 

on fresh selective agar plates.

2.6.2 Transformation via electroporation method

Typically 250 pil o f an overnight culture o f the strain to be made electrocompetent 

for transform ation was used to inoculate 250 ml o f LB broth and grown to an 

OD6oonm of 0.6. Cclls Were incubated on ice for 30 min and then pelleted by 

centrifugation at 5,800 g for 10 min and the bacterial pellet resuspended in 100 ml 

o f sterile, ice-cold ddH20. The cells were again pelleted by centrifugation at 5,800 

g for 10 min and resuspended in 100 ml cold ddH20. Follow ing another 

centrifugation step, cells were resuspended in 500 p,l o f ice-cold 10% (v/v) glycerol. 

120 jal aliquots were used directly or stored at -70°C.

The DNA to be electroporated (50-200 ng in 5 jxl sterile water) was added to a 40 jxl 

aliquot o f electrocompetent cells and incubated on ice for 1 min. The mixture was 

then transferred to a pre-chilled electroporation cuvette (EquiBio, 0.2 cm gap 

width). The cuvette was placed in the Gene Pulser chamber (Bio-Rad) and an 

electroshock delivered. To the cuvette I ml o f pre-warmed SOC broth was added 

and the contents transferred to a sterile tube and incubated at 37°C with aeration for 

1 hour. This incubation allows phenotypic expression o f the antibiotic resistance 

marker. Subsequently 100 jal o f the transformation mix was 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.
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2.7 Assays based on spectrophotometry

2.7.1 M onitoring bacterial growth

The growth of bacterial cultures was monitored by measuring the optical density of 

the culture at a wavelength of 600nm (ODeoonm). For routine measurement of 

ODfioonm, including estimation of cell quantity for (3-galactosidase assays (section 

2.7.2), 0.2-1 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 ODeoonm value 

was measured in a spectrophotometer against a cuvette containing only LB broth as 

a blank. This value was linear in the range 0.1-0.8 and was multiplied by the 

dilution factor if necessary.

2.7.2 Assay of p-galactosidase activity

Transcriptional levels were routinely quantified by the |3-galactosidase assay in 

which the lac genes are placed under the regulatory control of the promoter of a 

target gene. The transcription levels of the promoter are reflected in levels o f the 

stable (3-galactosidase enzyme, the product of the lacZ  gene (Miller, 1992). In 

bacterial cells |3-galactosidase cleaves the |3-galactoside linkage of lactose, resulting 

in the formation of galactose and glucose. These then enter the glycolytic pathway. 

Several synthetic substrates such as ONPG (o-nitrophenyl-P-D-galactopyranoside), 

X-Gal, and MUG contain the (3-galactoside linkage and thus can be hydrolysed by 

P-galactosidase. In the case of ONPG, which is colourless, cleavage results in the 

production of galactose, and o-nitrophenol, which is intensely yellow. Therefore, 

assaying the concentration of o-nitrophenol reports on the cellular level o f (3- 

galactosidase, which is determined by the activity of the target promoter.

The |3-galactosidase assay used in this study has been previously described by Miller 

(1992). The bacterial culture to be assayed (50 jj,l) was transferred in duplicate into 

tubes containing 950 jxl Z-buffer, 50 |i,l CHCI3 and 25 fxl of 0.1% SDS. Tubes were 

vortexed briefly to enhance permeabilization, and then incubated for 10 min at 28°C 

before addition of 200 |i,l of ONPG (4 mg/ml in ddH20). Incubation was continued

32



until a straw y e llo w  colour w as obtained (typ ically  corresponding to an O D 420nm 

reading o f  0 .1 -0 .6 ). The reaction w as stopped with the addition o f  500  |xl o f  1 M  

N a 2C 0 3  and the tubes w ere centrifuged at 20 ,8 0 0  g for 10 m in to pellet cellu lar  

debris. 1 ml o f  the supernatant was transferred into a plastic cuvette and the O D 420nm 

determ ined. The amount o f  (3-galactosidase activity w as expressed  in M iller units 

and calculated as follow s:

1000 X O D 420nm 
A c tiv ity  =  _____________
(Miller units) t x V x OD̂ oonn,

t =  Reaction tim e in min (from addition o f  ONPG to addition o f  N a2C 0 3 )

V = V olum e o f  cells added in ml.

Each assay w as performed in duplicate, and the mean values w ere determ ined from  

at least 3 independent experim ents.

Z buffer: 60  mM  N a 2H P0 4 , 40  mM N aH 2P0 4 , 50  mM  |3-mercaptoethanol,

lOmM KCl, 1 mM M gS 0 4

2.7.3 Determination of nucleic acid concentration

T h e c o n c e n tr a t io n  o f  D N A  and R N A  s a m p le s  w a s  d e te r m in e d  

spectrophotom etrica lly  by m easuring the absorbance at 260nm . Sam ples w ere  

diluted (typically  1:500) in ddH20 before reading the O D 260nm- The concentration o f  

nucleic acid w as then determined according to the fo llow ing formulae:

O D 260nm value o f  1 corresponds to - 50 [xg/ml o f  double-stranded D N A

40 ^.g/ml o f  single-stranded D N A  or R N A

The purity o f  D N A  or R N A  was assessed  by m easuring the A 280nm- For pure D N A , 

uncontam inated by proteins or residual phenol the ratio o f  A 260nm to A 280nm is 1.8 

w h ile for RN A  uncontam inated by proteins or residual phenol, the ratio o f  A 260nm to 

A 280nm is 2 (Sam brook et  a l ,  1989).
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2.7.4 Determination of protein concentration by the Bradford assay

Protein concentration was determined using a Bio-Rad Protein Assay, w hich  is 

based on the m ethod o f  Bradford (1976), and m easures the differential colour 

change (shift in absorbance from 465 to 595 nm) o f  Coomassie Brilliant Blue G-250 

w hen  protein b inding occurs. The concentration o f  protein was determ ined by 

m easu r ing  several serial dilutions. The resulting ODsgsnm m easurem ents  were 

c o m p a re d  to a s tandard  curve  d e te rm in ed  by m ea su r in g  severa l  k n o w n  

concentrations o f  lysozyme.

2.8 Purification of RNA, plasmid DNA and chromosomal DNA  

2.8.1 Small-scale isolation of plasmid DNA

The W izard Plus 5”F M in ip rep  Kit (Promega) was routinely used to extract plasmid 

DNA from 5 ml cultures according to the guidelines provided. The procedure is 

based on a modified alkaline lysis method where bacteria are lysed and proteins 

denatured (SDS) in the presence o f  protease inhibitors. RN A  is then degraded 

(RNase), and chromosomal and plasmid DNA denatured (NaOH). The lysis mixture 

is then neutralized with salts, causing protein and chromosomal D N A precipitation. 

P lasm id DNA rapidly re-anneals and debris is pelleted by centrifugation. The 

superna tan t contain ing plasm id DNA is washed  and desalted  through a m in i­

column, and eluted in 100 \x\ ddH 2 0 .

2.8.2 Large-scale preparation of high purity plasmid DNA

The Q IA G EN  midi-plasmid purification kit was used to extract plasmid D N A from 

100 ml overn igh t cultures o f  E. co li, accord ing  to the guidelines  provided. 

Purification is based on a modified alkaline lysis procedure similar to that described 

in section 2.8.1, followed by binding o f  plasmid D N A to a colum n-based anion- 

exchange resin under low salt and pH conditions. A m edium  salt w ash rem oves 

RNA, proteins, and other impurities, and the plasmid DNA is eluted with a high-salt
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buffer. The DNA is then precipitated with isopropanol, desalted, and resuspended in 

150 jj,l ddH20.

2.8.3 Purification of chromosomal DNA

Purification o f  chromosomal DNA for use in PCR was performed using the AGTC 

Bacterial Genomic DNA Purification Kit (Edge Biosystems). A 5 ml sample o f an 

overnight culture was used for DNA extraction according to the guidelines provided. 

Briefly, the procedure involves conversion o f bacteria to sphaeroplasts (spherical 

cells from which most o f the cell wall has been removed) by incubation in a Tris- 

buffered solution containing lysozyme (cleaves peptidoglycan), sucrose (osmotic 

stress), and EDTA (chelates divalent metal ions, which are necessary cofactors for 

protease and DNase activity). Efficient lysis is then achieved by heating to 65°C in 

the presence o f SDS (protein denaturant), NaCl (osmotic shock) supplemented with 

RNase. Latex beads are added that bind and clump denatured proteins and cellular 

debris. The mixture is centrifuged (debris pellets) and chrom osom al DNA is 

extracted from the supernatant by precipitation with isopropanol. Chromosomal 

DNA is desalted, dried and uniformly resuspended in a final volume o f  100 |j,l 

ddH20.

2.8.4 Isolation of RNA

RNA is a chem ically unstable molecule and prone to digestion by ubiquitous 

RNases which require no cofactors to function, and can maintain activity even after 

autoclaving or boiling (S am brook  e? a/., 1989). For these reasons certain 

precautions were used when isolating or handling RNA. These included wearing 

gloves, and using separate designated tips, tubes and electrophoresis tanks. All 

solutions were prepared with DEPC-treated ddH20, which inactivates RNases by 

covalent modification (1 ml DEPC/L ddH20, mixed overnight then autoclaved) or 

RNAse free water (Sigma). In addition, where possible, all steps in the isolation o f 

bacterial RNA were performed quickly, and on ice.
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Two methods o f RNA purification were used in this study. RNA for use in prim er 

extension analysis was prepared using the hot phenol method (below), while RNA 

for use in m icroarray analysis was prepared using the Promega SV Total RNA 

isolation kit (see section 2.19.1).

Total RNA was extracted from 7 ml samples of exponential phase cultures (OD̂ oonm 

of 0.6) by the hot-phenol method similar to that described previously (Kreig, 1996). 

Cells were harvested by centrifugation and resuspended in 0.5 ml of boiling lysis 

buffer (2% SDS, 10 mM EDTA, 50 mM sodium acetate (pH 5.3)). Hot phenol (0.5 

ml, pH 5.3) was added, and the samples vortexed vigorously before incubation at 

90°C for 5 min. After a 10 min incubation on ice, the aqueous layer was extracted 

tw ice with 1:1 phenol:chloroform  and once with chloroform , and the RNA 

precipitated with ethanol at -70°C . Following resuspension, RNA concentration 

and purity was assessed by Ajgonm Ajgonm measurements as described in section 

2.7.3.

2.9 Manipulation of DNA in vitro 

2.9.1 Restriction endonuclease cleavage of DNA

Typically 0 .5-2.0 |ig o f plasmid DNA or purified PCR product were cut with 10 U 

o f restriction enzyme in a 50 ^̂1 volume containing the reaction buffer supplied with 

the enzyme. For double digests involving simultaneous cleavage o f DNA by two 

endonucleases, a suitable buffer was chosen in which both enzym es had >75% 

activity. A lternatively, double digests were perform ed sequentially in suitable 

buffers with ethanol precipitation o f the DNA between digestions. Reactions were 

incubated at 37°C for 1-2 hours unless otherwise recommended.

2.9.2 Purification of linear DNA

Linear DNA fragments (PCR products or cleaved DNA) were purified for cloning, 

or for the preparation o f labelled probes, using the W izard PCR Prep DNA
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purification system (Promega). The linear DNA fragments were purified directly, or 

from an agarose gel slice. For this, the DNA was electrophoresed through a I x 

TAE agarose gel containing 1 ng/m l o f 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 a silica-based resin. The resin is then trapped in a m ini­

colum n and m acrom olecules, prim ers, salts and other im purities rem oved by 

syringing through 80% isopropanol. The resin is dried and DNA is eluted in ddH20.

2.9.3 Ligation of DNA molecules

T4 DNA ligase catalyses the ATP-dependent formation o f  phosphodiester bonds 

between adjacent 5'-phosphoryl and 3'-hydroxyl ends in double stranded DNA 

(W eiss et a i ,  1968). Bacteriophage T4 DNA ligase supplied with the Rapid DNA 

ligation Kit (Roche Molecular Biochemicals) was routinely used to clone digested 

insert DNA into appropriately digested vectors according to the m anufacturer’s 

directions. Reactions were performed by incubating an estimated m olar ratio o f 

purified vectoriinsert DNA o f 1:5 in a 20 îl volume with 1 îl o f 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 20 min and typically a 10 [0,1 sample was directly transformed 

into appropriate calcium chloride-competent cells.

2.9.4 Phenol extraction and ethanol precipitation of DNA/RNA

Contam inating proteinaceous debris was removed from DNA/RNA solutions by 

phenol/chloroform  extractions, and then concentrated by ethanol precipitation as 

detailed in Ausubel et al. (1990). For nucleic acid extractions, an equal volume o f 

phenol/chloroform (50% (v/v) sodium acetate buffered phenol (pH 5.2), 50%> (v/v) 

chloroform ) was mixed with the DNA or RNA sample (adjusted to a minimum 

volume o f 400 |j.l if necessary), vortexed, and centrifuged for 4 min at 20,800 g. 

The aqueous (top) layer was carefully removed and an equal volume o f chloroform
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was added to remove traces o f  phenol. The contents were mixed and then separated 

by centrifuging at 20,800 g for 4 min. The DN A or RNA was concentrated by 

ethanol precipitation. 0.1 volumes o f 3.5 M sodium acetate (pH 5.2) and 2 volumes 

o f  100% ice-cold ethanol were added to the nucleic acid suspension. The contents 

were m ixed, and incubated at -20°C  for 15 min, before centrifugation at 20,800 g 

for 10 min. The pellet was washed in 500 |j,l o f  70% ethanol, air-dried and 

resuspended in a suitable volume o f  ddH2 0 .

2.10 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was used for the amplification o f D N A  for 

preparation/confirmation o f fragments during cloning strategies, and for generating 

probes for electrophoretic mobility shift assays. The PCR method is based on the 

ability o f  a therm ostable D N A  polym erase to am plify D N A , 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 hybridize to complementary sequences on opposite 

strands o f the DNA, flanking the sequence to be amplified. The annealed primers 

are orientated with their 3' ends facing each other, such that D N A polymerase in the 

presence o f  dNTPs and Mg""̂  will extend across the region o f the original D N A  

template between the primers. Each synthesized strand is complementary to one o f  

the primers, and can serve as template in further cycles o f annealing and extension. 

The denaturation, annealing and extension steps are repeated for 2 5 -3 5  cycles  

resulting in exponential amplification of the DNA region o f interest.

2.10.1 Amplification of DNA

Two different thermostable polym erases were used in this study. Taq D N A  

polymerase (Roche M olecular Biochem icals) is a highly processive 5' to 3'-DNA  

polymerase purified in recombinant form, free o f  endo- or exo-nucleases (Sambrook 

and R ussell, 2001). Taq polymerase lacks a 3 - 5 '  exonuclease activity (proof­

reading) and was routinely used for PCR when it was unimportant if  the product
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contained mutations, for example when checking plasmids for cloned inserts. Pfx 

polymerase (Gibco BRL) is also a highly processive 5' to 3'-DNA polymerase, free 

o f  endo- or exo-nucleases. Pfx harbours a 3' to 5' proof-reading exonuclease activity 

resulting in a reduced error rate o f  nucleotide misincorporation. Pfx polymerase was 

used for the amplification o f  probes for electrophoretic mobility shift assays, and for 

amplification o f  DN A fragments for cloning purposes.

PCR reactions were carried out by m ixing 5 |j.l 10 x Pfx  buffer, 0.2 mM o f  each 

dNTP, 100 pmol o f  each oligonucleotide, 1 U o f  Pfx polymerase, 1-3 mM M gS0 4 , 

10-100 ng template DNA and ddH20 to a final volume o f  50 [il in a 500 ^1 thin- 

walled PCR tube (Stratagene). PCR reactions using Taq D N A polymerase were 

performed as above, with the exception that 5 |j.l 10 x Taq buffer (includes 1.5 mM 

M gCb) and 1 U Taq polymerase were used. Reactions were set-up on ice and 

im m ediately placed into the Peltier Thermal Cycler. One tube contained no 

template DNA and served as a negative control. Routinely the reaction cycles were 

as follows:

1. 94°C, 2 min [denaturation]

2. oligo annealing temperature, 30 sec

3. 72°C, 1 min [extension]

4. 94°C, 30 sec [denaturation]

5. steps 2-4 above repeated, 30 cycles

6. 72°C, 10 min [final extension and renaturation]

The annealing temperature was typically set at 1°C below the theoretical melting 

temperature (Tm) o f  the oligonucleotides being used. The Tm was calculated using 

the formula Tm = 2 x (A+T) + 4 x (G+C) -2, where A, T, G and C refer to the base 

com position o f  the oligonucleotide (Sambrook and Russell, 2001). Extension time 

depended on expected length o f  PCR product (~1 min per kilobase).

DNA sequences were amplified from purified chromosomal or plasmid DNA. PCR 

amplification was also carried out using template DNA from a cell lysate. Here, a

39



single colony was scraped from the agar plate with a plastic tip and resuspended in 

20 111 ddHiO, boiled for 3 min and 2 fxl used for each PCR reaction.

2.11 Gel electrophoresis 

2.11.1 Agarose gel electrophoresis

Analysis of DNA and RNA samples was performed on 1% (w/v) agarose gels. 

Agarose gels were prepared as follows: Ig agarose was added to 100 ml TAE (40 

niM Tris, 1 mM EDTA, 0.114% (v/v) glacial acetic acid) and heated to 100°C. 

Ethidium bromide was added, giving a final concentration in the gel of 1 ^ig/ml. 

Samples were prepared by adding Ijxl of 10 X loading buffer (50 mM Tris pH 7.6, 

60% (v/v) glycerol, 0.25% (w/v) bromophenol blue) to 9 fxl sample and were 

electrophoresed through the gel at 80 V in TAE buffer for the required time. 

Separated samples were visualized under UV light.

2.11.2 SDS-PAGE

Proteins were separated by discontinuous polyacrylamide gel electrophoresis as 

described in Sambrook et al. (1989). The discontinuous buffer system uses buffers 

of 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 

and the proteins become concentrated into a narrow band. However, migration 

through the narrow pores of separating gel (8%-16% 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 similar charge densities for denatured proteins, 

and allows proteins to migrate according to size, not charge.

Separating gels (8%, 12% or 16%) were prepared according to Sambrook et al. 

(1989). The separating gel was then overlaid with 200 jil ethanol (excludes oxygen) 

and allowed to polymerize for 30 min. The 5% stacking gel was made by the 

mixing of 0.833 ml Protogel (National Diagnostics), 1.25 ml 0.5 M Tris-HCl (pH
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6.8), 50 |il 10% SDS and 2.87 ml o f ddH20. The gel was electrophoresed in 1 x 

Tris-glycine running buffer (25 mM Tris-HCl, 250 mM glycine (pH 8.3), 0.1% 

(w/v) SDS). Prior to loading, protein samples were denatured at 90°C for 10 min, 

centrifuged at 20,800 g for 1 min. Electrophoresis was performed at 150 V for 

60-90 min.

2.11.3 Staining of proteins

Gels were washed in ddH20 prior to overnight staining with Coomassie Brilliant 

Blue R-250 solution (0.25% (w/v) Coomassie Brilliant Blue R-250, 45% (v/v) 

methanol, 10% (v/v) acetic acid). Gels were then destained in coomassie destain 

solution (45% (v/v) methanol, 10% (v/v) acetic acid). W hen destained, protein 

bands appear blue against a clear background.

2.12 Fis antiserum

Immunising a New Zealand White rabbit with His-tagged purified Fis (a gift from 

O. K eane) generated antibodies specifically reactive against Fis. The initial 

injection was with 300 ĵ,g o f Fis solubilized in Freund’s complete adjuvant. Two 

further boosts were adm inistered at two-weekly intervals each with 300 [ig o f 

protein in Freund’s incomplete adjuvant. The generation o f anti-Fis 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 an S. typhimurium fis ' lysate. The lysate was prepared by 

harvesting 100 ml o f culture at ODeoo = 1- This pellet was resuspended in 1 ml o f 

sonication buffer (10% sucrose, 50-mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM 

EDTA, 5 mM dithiothreitol) and lysis achieved by 3 cycles o f  freeze-thaw , 

sonication, and finally boiling for 10 min. O f this lysate 500 (il was absorbed 

overnight at 4°C against an equal volume o f serum. Insoluble material was removed 

by centrifugation at 20,800 g for 30 min. The supernatant was retained and stored in 

aliquots at -20°C  and used at an appropriate dilution in W estern im m unoblot 

analysis.
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2.13 Western immunoblot analysis

W estern immunoblottng is a sensitive technique whereby proteins (antigens) are (i) 

solubilized with SDS and (3-mercaptoethanol (section 2.13.1) and separated by SDS- 

PAGE (section 2.11.2), (ii) irreversibly transferred to nitrocellulose membrane 

(section 2.13.2), (iii) the membrane is incubated with primary antibody and the 

antigen-antibody complexes detected with a secondary antibody and revealed by a 

chemiluminescent assay (section 2.13.3).

2.13.1 Preparation of total cellular extracts

Crude protein extracts from in vitro grown bacteria for W estern im m unoblot 

analysis were prepared as described below. The OD6oonm o f each culture was 

measured. A volume o f cells, which corresponded to 2 ml o f culture per 1 ODeoonm 

unit, was taken for each culture. Bacteria were pelleted and washed in PBS. The 

pellets were then resuspended in 100 j.il sonication buffer and 100 ^il 2 x SDS 

loading buffer (150 mM Tris-HCl (pH 6.8), 1.2% (w/v) SDS, 30% (v/v) glycerol, 

15% (v/v) (3-mercaptoethanol), and boiled for 10 min. Typically 10 ,̂1 o f this crude 

extract was used for immuno-detection in Western immunoblot analyses.

2.13.2 Transfer of proteins to nitrocellulose membrane

Follow ing SDS-PAGE (section 2.11.2), gels were electroblotted  to 0.2 ^im 

PROTAN 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, 0.02% (w/v) SDS, 20% (v/v) methanol), at 80 V for 2 hours at 4°C. 

Protein equal loading and consistent transfer to the nitrocellulose membrane was 

confirm ed by staining the membrane with Ponceau S solution (2% Ponceau S 

(Sigma), 3% trichloroacetic acid) for 5 min followed by extensive washing with 

ddHzO.
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2.13.3 Detection of bound antigens

Nitrocellulose membranes were blocked for 1 hour in blocking buffer (5% (w/v) 

nonfat dry milk, in phosphate-buffered saline (PBS)). A ntisera were diluted 

appropriately in blocking buffer (1:1000 for the Fis antisera) and incubated with the 

membrane overnight at 4°C. The membrane was washed 3 x 10 min with PBS+1% 

milk and incubated in blocking buffer containing HRP-linked anti-rabbit IgG for 1 

hour. The blot was w ashed as before, and in the presence o f a suitable 

chem ilum inescent substrate (Pierce SuperSignal), the horseradish-peroxidase- 

m ediated enzym ic reaction results in a lum inescent signal that visualizes the 

antigen-antibody complex, which can by detected by autoradiography (section 2.14). 

Typical exposures were from 5 min to 1 hour.

2.14 Autoradiography

In this study autoradiography was used to visualize and quantitate on X-ray film; (i) 

radio-em issions from m olecules that incorporated [a-^^S]dATP or [y-^^PJdATP 

(sequencing reactions, primer extension products and gel mobility shift assays); (ii) 

non-radioactive chemiluminescent emissions derived from horseradish peroxidase 

cleavage o f chromogenic reagents (Western blots). In each case X-OMAT UV film 

(KODAK) was used. When photon emissions (chem ilum inescent or radiation) 

strike a silver halide crystal (X-Ray film is coated with silver halides suspended in 

gelatin), the crystal adsorbs energy and releases an electron. This electron is 

attracted to a positively charged silver ion forming an atom o f metallic silver. After 

an appropriate time the film was placed into a tray containing diluted Kodak LX-24 

X -Ray developer for 3 min, a chemical solution which am plifies 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 a large volum e o f  water. For 

quantitative analysis o f signal intensity several exposures o f varying times were 

taken.
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2.15 DNA mobility shift assay

The association of purified Fis protein with the SPI 2 promoter regions was analysed 

by gel mobility shift assay. DNA probes were amplified by PCR with Pfx 

polymerase (Gibco-BRL), using S. typhimurium SL1344 chromosomal DNA as 

template. Amplified probes were purified as detailed in section 2.9.2, and labelled 

as described in section 2.16.1. Approximately 5 ng of probe was incubated with 

increasing concentrations of purified His-tagged Fis (O. Keane) from 0-60 ng for 15 

min at room temperature in a 20 \i\ reaction containing 20 mM Tris-HCl (pH 7.5), 

80 mM NaCl, 1 mM EDTA, 100 ng BSA, 25 ^g/ml poly-[d(I-C).(dI-dC)], 10% 

glycerol and 1 mM DTT. Protein-DNA complexes were resolved by electrophoresis 

through a 7% polyacrylamide gel, for 5 hours at room temperature. The gel was 

dried and examined by autoradiography.

2.16 Primer extension

Primer extension analysis was used to map the S. typhimurium ssrA transcription 

start site. The principle of primer extension is that a ^^P-labelled primer hybridizes 

with its complementary RNA transcript. The addition of reverse transcriptase and 

dNTPs directs the synthesis of a DNA strand that is complementary to the RNA 

template. Extension stops when the 5' end of the mRNA template is encountered 

resulting in a single-stranded cDNA molecule of defined origin, whose length is 

determined by the transcription start site of the RNA molecule. The start site is then 

identified by electrophoresis of the synthesized cDNA alongside a DNA sequencing 

reaction that was generated using the same primer.

2.16.1 5'-end labelling of DNA using y^V-ATP

Primers were labelled with [y-^^P]dATP using Bacteriophage T4 polynucleotide 

kinase (T4 PNK; New England BioLabs), which catalyses the transfer and exchange 

of a phosphate group from the y-position of ATP to the 5'-hydroxyl terminus of the
32primer. 10 pmoles of primer (5 pmol/jil) was mixed with 50 |j,Ci of [y P]dATP (10 

mCi/ml, 5,000 Ci/mmol), 1 jal 10 x kinase buffer (supplied with enzyme) and 15 U
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T4 PNK in a 1.5 ml screw-cap Eppendorf tube. The reaction was incubated for 30 

min at 37°C. The labelled oligonucleotide was then precipitated with 3 x̂l sodium 

acetate (3.5 M pH5.2) and 90 |xl 100% ethanol at -20°C  for 10 min. Following 

centrifugation, the pellet was washed with 70% ethanol, dried, and resuspended in 

20 jil DEPC-treated ddH20 (approximately 1 pmol/^1).

2.16.2 Primer-RNA annealing and cDNA synthesis

The AMV Reverse Transcriptase Primer Extension System (Promega) was used as 

per the m anufacturer’s instructions and is outlined below. Total cellular RNA was 

isolated from m id-exponential phase cultures as described in section 2.8.4. 

Approximately 10 |xg o f each RNA sample was mixed with 2 pmol o f  ^^P-labelled 

oligonucleotide and 5 |xl o f 2 X Primer extension buffer. RNA was denatured by 

incubating at 58°C for 20 min. The template and primer were annealed by cooling 

to 20°C for 10 min. Synthesis o f cDNA was performed with the addition o f the 

following to the template-prim er reactions: 1.6 |xl o f ddH20, 5 |il o f 2 X prim er 

extension buffer, 1.4 jil o f 40 mM sodium pyrophosphate and 1 U o f  AMV reverse 

transcriptase. Reactions were incubated at 42°C for 30 min. 20 (il o f loading dye 

was added to the reaction mix and the samples heated to 90°C for 10 min. 20 ^1 o f 

each extension product was analysed by denaturing PAGE alongside the DNA 

sequencing reactions.

2.17 DNA sequencing

The nucleotide sequences o f DNA fragments o f interest were determined using the 

dideoxy chain term ination method developed by Sanger et al. (1977). The chain 

termination method utilizes DNA polymerase to synthesize a complementary copy 

o f a s ing le -stranded  DNA tem plate, p rim ed from  a specific  annealed  

oligonucleotide. W hen the polym erase selects a deoxynucleotide analogue, 

dideoxynucleotide (ddNTP), for incorporation by base-pair matching to the template 

DNA, chain elongation is terminated. Chain growth depends on the formation o f a 

phosphodiester bond between the 3 '-0H  group at the end o f the growing primer and
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the 5'-phosphate group o f the incoming deoxynucleotide (dNTP). ddNTPs are 

efficiently  recognized by DNA polym erase, however they lack a 3 '-0 H , and 

consequently prevent further chain elongation. This m ethod o f  sequencing is 

designed such that in doing 4 separate reactions, a ddNTP (G, A, C or T) is 

introduced at every position o f the com plementary DNA corresponding to the 

tem plate. Incorporation o f [a-^^S] dATP in the reaction mixtures allows newly 

synthesized DNA to be labelled. Reactions are then electrophoresed side-by-side on 

a high-resolution denaturing polyacrylamide gel allowing the sequence to be read 

following autoradiography.

Plasmid denaturation, primer annealing, labelling and terminations reactions were 

carried out using the T7 Sequencing Kit (Pharmacia Biotech) according to the 

guidelines supplied.

2.17.1 Denaturing polyacrylam ide gel electrophoresis

The products from sequencing and prim er extension 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). To this 300 |j,l o f 10% 

(w/v) ammonium persulphate and 50 îl o f N, N, N', A^-tetramethylethylene diamine 

(TEM ED ) were also added. TEMED serves to enhance the form ation o f free 

radicals from am monium persulphate. These free radicals in turn catalyse the 

polymerization o f acrylamide, and formation of bisacrylamide crossbridges between 

polyacrylamide chains. The polymerized gel was pre-run in 1 x TBE at 70 W until 

the temperature o f the gel had reached at least 50°C. Heating to this temperature 

and the presence o f urea in the gel help maintain the sequencing reactions and 

prim er extension products in a denatured state. Prior to loading, the 5 |j,l samples 

were heated to 90°C for 5 min. The gel was then run at 70 W for 90-120 min, dried 

under vacuum and exposed to X-ray film.
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2.18 Infection of macrophage cell line

J774A.1 m acrophages w ere infected with Salm onella  bacteria and at various tim e  

points p ost-in fection  intracellular bacteria w ere harvested, enum erated and used  

subsequently for either gene expression assays or for W estern im m unoblots.

T ypically , cells were seeded 72 hours prior to infection in 12 w ell plates, at a density  

o f  2.5 X 10  ̂ cells per w ell in TCM . Overnight broth cultures o f  the bacterial strains 

for infection  were diluted 1:50 into LB broth and grow n with shaking at 37°C  until 

the ODfioonm reached 1.0. B acterial ce lls  w ere harvested  and resuspended  in 

antibiotic free TCM . The TCM  w as rem oved from the m acrophage m onolayers and 

they w ere w ashed with antibiotic free TCM. TCM  containing S. typhimurium  w as 

added to the m onolayers at a m ultiplicity o f  infection  o f  100. Infected m onolayers 

w ere incubated at 37°C  in 5% CO2 for 45 m in to a llow  p h a gocytosis  o f  the 

S a lm o n e l la  to occur. Infected  m onolayers w ere w ashed  tw ice  w ith  TCM  and 

incubated in fresh m edia containing 100 ^.g/ml gentam icin  to kill any rem aining  

extracellular bacteria. This was denoted tim e zero (T =0). 30 m inutes post-infection  

the first tim e point w as harvested by w ashing the m onolayers tw ice with antibiotic- 

free TCM  and then lysin g  them  w ith 0.5%  Triton X -1 0 0  in P B S. The TCM  

containing 100 |i,g/ml gentam icin w as rem oved from the rem aining m onolayers and 

replaced  w ith TCM  con tain ing  20  p,g/ml gentam icin . T he m on olayers w ere  

incubated in this m edium  for the remainder o f  the experim ent. A t 1-hour intervals 

post-in fection  the m onolayers were harvested by w ashing tw ice w ith antibiotic-free  

TCM  and then ly sin g  them  w ith  0.5%  Triton X -1 0 0  in PB S. T o determ ine the 

numbers o f  intracellular bacteria recovered, serial dilutions o f  the lysates w ere made 

and plated on agar plates w ith appropriate selection . The remainder o f  the lysates 

were spun down to rem ove PBS and stored at -20°C  until assayed.

2.18.1 P-galactosidase assays

P-galactosidase activity from intracellular bacteria w as assayed using the M U G  (4- 

m ethylum belliferyl-(3-D -galactopyranoside) assay (M iller, 1992). S am ples w ere  

m ixed w ith  0.5 ml A B  (100  mM  N aC l, 60 m M  K2HPO4, 40  mM  KH2PO4) and
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incubated  at 37°C for 15 min. 50 jxl o f  4 mg/m l 4-methylumbelliferyl-(3-D- 

galactopyranoside (M UG) was added and the reaction incubated in the dark at room 

tem perature  for 60 min. 0.5 ml o f  0.4 M N a 2C 0 3  was then added to stop the 

reaction. Serial dilutions o f  the samples were then made in A B N  (50% AB + 50% 

0 .4  M N a 2C 0 3 ) and  p lac e d  in 9 6 -w e ll  p la tes .  T he  q u a n t i ty  o f  4- 

m ethylum belliferone  (4-M U) produced was determ ined by reading lum inesence 

with an excitation wavelength o f  365 nm and emission wavelength o f  455 nm in an 

LS 50B luminesencent spectrophotometer (Perkin-Elmer).

2.18.2 Western immunoblot analysis of bacteria recovered from intracellular 

environment

W estern immunoblots were performed on bacteria recovered from the intracellular 

e nv ironm en t (Chapter 4). Certain m odifications o f  the W estern  im m unoblo t  

technique (section 2.13) were employed to optimize detection. In vivo  samples were 

resuspended in sonication buffer to give equal concentrations o f  bacteria based on 

viable counts. 30 |u.l of  each sample, which corresponded to between 5 x 1 0 *  and 1 x 

10’ bacteria, was loaded on a 16% polyacrylam ide gel. Follow ing SD S-PA G E, 

e lec tro transfer  to n itrocellu lose was perform ed at 20 V for 16 hours at 4°C. 

Blocking of the m em brane and all further washes took place in 10% (w/v) nonfat 

dry milk, in phosphate-buffered saline (PBS). Primary detection with Fis antisera at 

a 1:100 dilution was overnight at 4°C. Secondary detection with the HRP-linked 

anti-rabbit IgG took place for 3 hours.

2.19 Microarray analysis

M icroarray analysis was carried out to determine the Fis regulon during growth in 

M inimal M edium 5.8 (MM5.8). A PCR product S. typhim urium  genome array was 

used courtesy o f  J. Hinton. The procedure involved is based on that outlined in 

E rik sson  et al. (2003) and involves isolation o f  RNA, reverse transcrip tion to 

produce cDNA, labeling o f  cDNA with Cy5 dye, hybridization o f  the cD N A  (and 

Cy-3 labeled genom ic DN A ) to the array, and finally detection in a GenePix
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scanner. Results were normalized and imported into the GeneSpring software 

program for analysis. Arrays were hybridized in quadruplicate.

2.19.1 RNA isolation

RNA for use in microarray analysis was isolated from a volume of culture 

corresponding to 2 ODeoo units (i.e. 2 ml of ODgoo = 1 or 4 ml of ODeoo = 0.5). The 

appropriate volume of culture was transferred to a tube containing 0.2 volumes of 

phenol/ethanol mix (95% (v/v) ethanol, 5% (v/v) phenol). Tubes were left on ice for 

30 min. The phenol/ethanol helps to stabilize RNA and prevent degradation. After 

30 mins samples were pelleted by centrifugation at 20,800 g. RNA was isolated 

from these pellets using the Promega SV Total RNA isolation kit according to the 

manufacturer’s instructions. After elution the RNA was quantified, precipitated and 

resuspended at a concentration of 3 jig/^il in RNAse-free water (Sigma).

2.19.2 cDNA synthesis

5 [ig o f RNA was incubated with 5 ^g of random hexamer primers. To facilitate 

annealing of the primers to the RNA the mixture was heated to 70°C for 10 min and 

then cooled on ice after which the following were added: 2.5 |j.l 10 X Reverse 

Transcriptase buffer, 1.6 x̂l 25 mM dNTP’s, 0.3 |j,l 1 M DTT, 200 U Stratascript 

Reverse Transcriptase. Samples were incubated at 37°C overnight.

Following overnight incubation, 1.5 pil of 0.5 M EDTA and 15 jil of 0.1 M NaOH 

were added to each tube and samples heated to 70°C for 15 min. 15 x̂l 0.1 M HCl 

was added to neutralize the samples and the resulting cDNA purified using the 

Wizard PCR Prep DNA purification system (section 2.9.2).

2.19.3 Cy-dye labeling of DNA

The method of microarray analysis employed in this study uses genomic DNA as an 

internal positive control and reference. Genomic DNA is labeled green with Cy3- 

dCTP while cDNA derived from RNA is labeled red with Cy5-dATP. Both Cy-
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labeled  products are included in the array hybrid izations. T he b inding o f  the 

gen om ic D N A  (green) to each corresponding spot on the array acts as a base line or 

reference to which binding o f  the cD N A  (red) is com pared. The B ioPrim e D N A  

L abelling  Kit (G ibco/B R L ) was used for the labeling o f  both gen om ic D N A  and 

cD N A  and is outlined below .

2 iig  o f  genom ic D N A  (to be labeled with C y3) or the entire volum e o f  eluted cD N A  

(to be labeled with C y5) w as ethanol precipitated and resuspended in 22 |xl R N A se  

free water (Sigm a). To this 20 jil o f  2.5 X  Random primer/reaction buffer m ix from  

G ibco Kit was added and the sam ples heated to 100°C for 5 min then placed on ice  

for a further 5 min. A t this point the genom ic D N A  w as vortexed vigorously  to aid 

fragm entation. To each sam ple the fo llow in g  w as then added: 5 [xl o f  10 X  dNTP  

m ix (1 .2m M  each dATP, dGTP, dTTP; 0 .6  mM  dCTP), 3 îl o f  C y5-dC T P for 

cD N A  or Cy3-dCTP for genom ic (Im M  stock, Am ersham ) and 1 |xl o f  K lenow  from  

the kit. Sam ples were then incubated overnight at 37°C . Reactions were stopped by 

the addition o f  5 ^1 o f  0.5 M E D T A , purified using the W izard PCR Prep D N A  

purification system  and eluted in 100 [.il nuclease-free H2O.

2.19.4 DCE blocking of microarray slides

D N A  m icroarrays are printed on Corning C M T-G A PS coated g lass slides. Each  

slide contains 2 X  arrays. Each array consists o f  16 b locks o f  printed PCR products. 

The outline o f  each array w as marked w ith a diam ond pen cil before b lock ing. 

Microarray slides w ere blocked with 1,2-dichloroethane (D C E) as fo llow s.

S lid es w ere incubated at 80°C  for 2 hours to im m ob ilize  the D N A . B lo ck in g  

so lu tion  w as m ade up contain ing 1.5 g succin ic anhydride d isso lv ed  in 300  m l 

anhydrous 1,2-dichloroethane, to w hich  3 .75 ml N -m eth y lim id azo le  w as added. 

Slides w ere incubated, w ith gentle agitation, in b locking solution for 1 hour. A fter  

blocking, slides w ere w ashed for 3 min in 300 ml fresh 1,2-dichloroethane and then  

transferred to boiling water for 2 min to denature the D N A . O nce denatured, slides  

were p laced in ethanol for 1 min and then centrifuged at 290  g to dry.
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2.19.5 Hybridizations

Hybridization mix was set up as follows. 50 |j,l o f eluted genomic DNA was added 

to the 100 |il o f eluted cDNA, ethanol-precipitated and resuspended in 9.38 ^1 

ddH20. To this the following were added: 1.5 fxl o f 50 X D enhardt’s solution, 2.25 

ul o f 20 X SSC, 1.125 ^1 o f yeast tRNA, 0.375 [il o f IM  HEPES pH7 and 0.37 |al o f 

10% (w/v) SDS. Samples were incubated at 100°C for 2 min then cooled to 20°C 

for 5 min. To set up the hybridizations, array slides were placed into the 

hybridization chambers (Die-Tech). The hybridization solution (15 |il) was applied 

towards one edge o f the array. The edge o f a 22 mm X 22 mm glass cover-slip was 

placed in the hybridization solution and the cover-slip gently lowered to cover the 

array taking care to exclude air bubbles and ensuring even distribution o f  the 

solution across the array. 3 X 10 [il drops o f 3 X SSC were placed on the glass slide 

adjacent to the array to maintain hum idity inside the hybridization cham ber. 

Hybridization chamber lids were fastened securely and the chambers placed at 63°C 

overnight. The following day hybridization chambers were opened and the arrays 

washed as follows. Arrays were washed twice in wash solution (2 X SSC, 0.1% 

(w/v) SDS) at 63°C for 5 min with gentle agitation to remove cover-slips. Slides 

were then washed twice in 1 X SSC at 20 °C for 5 min, and twice in 0.2 X SSC at 

20°C for 5 min. Slides were dried by centrifugation at 290 g for 5 min.

2.19.6 Scanning of microarray slides and data handling

After hybridization, microarray slides were scanned using a GenePix 4000 A 

scanner (Axon Instruments). Fluorescent spot intensities and local background data 

were quantified using the GenePix 3.0 software package. Data were then passed 

through quality control procedures outlined in Eriksson et al. (2003). Data that 

passed the quality controls were saved in .gpr file format which were then converted 

to .txt text files. The .txt files were imported into M icrosoft Excel and using a 

custom designed macro program (S. Luccini), the cDNA data were norm alized 

against the genomic DNA data. The resulting Excel file was converted into a .txt 

text docum ent which was im ported into the m icroarray analysis program m e 

G eneSpring 6.0 (Silicon Genetics). All array analysis was carried out using
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GeneSpring 6.0 and graphs o f relevant data produced within the programm e (see 

chapter 6).

2.20 Site-directed mutagenesis

Site-directed mutagenesis o f the spvR  IHF binding site (Chapter 3) was carried out 

using the QuikChange site directed mutagenesis kit (Stratagene) according to the 

m anufacturer’s instructions. Two oligonucleotide primers (each complementary to 

opposite strands o f the dsDNA template) containing the desired mutation are used to 

generate a mutant plasmid containing staggered nicks by temperature cycling using 

the PfuTurho  enzyme. The original template DNA is digested using D pnl, which 

leaves the non-methylated mutant DNA intact. The nicked vector DNA containing 

the desired m utation is then transform ed into XL-1 supercom petent cells and 

selected for with appropriate antibiotics. All mutations were confirm ed by DNA 

sequencing (MWG-Biotech).
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Chapter 3

The role of nucleoid-associated proteins in Salmonella typhimurium

virulence gene regulation
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3.1 Introduction

3.1.1 Nucleoid-associated proteins and virulence gene regulation

The genomic DNA of S. typhimurium  is associated with several DNA binding, 

nucleoid-associated proteins (Azam and Ishihama, 1999). The exact composition 

and relative abundance o f  these proteins varies widely depending on many factors 

including growth phase and environmental conditions (Azam et a i ,  1999). Bacterial 

nucleoid-associated proteins serve the same function as eukaryotic histones, 

condensing the DNA by binding to it, introducing bends or coils, and packaging it in 

such a way that it fits inside the cell. The major DNA binding proteins in S. 

typhimurium  include Fis, H-NS, IHF and HU. In addition to their structural role, 

many nucleoid-associated proteins act as transcriptional regulators (Dorman and 

Deighan, 2003). Previous studies have shown that nucleoid-associated proteins are 

often involved in virulence gene regulation. Fis regulates virulence genes of several 

pathogenic E. coli species, including EPEC and EAEC (Goldberg et a i ,  2001; 

S h e i k h  et a i ,  2001), and along with HU and H-NS, regulates Salmonella  

pathogenicity island 1 (Schechter et a l ,  2003; Wilson et a i ,  2001). H-NS and IHF 

are involved in regulating Shige lla  virulence genes and the spv  system in S. 

typhimurium  (Marshall et al., 1999; Porter and Dorman, 1997). There are various 

mechanisms by which nucleoid-associated proteins are involved in virulence gene 

regulation. They can influence local supercoiling levels, interact with RNA 

polymerase or compete for binding with transcriptional regulators, any of which can 

alter virulence gene expression (Dorman and Deighan, 2003).

3.1.2 In vivo expressed genes

Experimental techniques such as differential fluorescence induction (DFI) and in 

vivo  expression technology (IVET) have recently been used to identify S. 

typh im urium  genes that are highly expressed and required for survival inside 

macrophages (Heithoff et a i ,  1997; Valdivia and Falkow, 1997). The Salmonella  

plasmid virulence genes {spv) and Salmonella  pathogenicity island 2 (SPI 2) are 

examples o f  such genes, their expression being strongly activated upon entry into 

macrophages (Cirillo et al., 1998; Marshall et al., 2000; Valdivia and Falkow,
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1997). Expression o f  the spv  system is known to be coordinated by several 

nucleoid-associated proteins (M arshall et a l ,  1999; O'Byrne and Dorman, 1994a), 

however little is known about the regulation o f SPI 2. The aim o f this study was to 

investigate these in vivo activated genes to determine the role o f nucleoid-associated 

proteins in their global regulation.

3.1.3 The Salmonella plasmid virulence genes {spv)

Many serovariants o f Salmonella enterica, including Typhimurium, harbour large 

plasm ids, which encode virulence determinants required for system ic infection 

(Gulig, 1990). Removal o f these “virulence plasmids” abrogates bacterial growth in 

vivo and results in a decrease in virulence. The size o f the virulence plasmid ranges 

from 50 to 110 kb in different strains, but an 8 kb region has been shown to be 

highly conserved among pathogenic species (Gulig et a i ,  1993). Encoded on this 

region are the Salmonella  plasmid virulence genes {spv genes). The sp v  operon 

consists o f 5 genes term ed spvRABCD  (Fig. 3.1 A). SpvR is a LysR-like 

transcriptional regulatory protein that activates transcription from both its own 

promoter {spvR promoter) and the spvA promoter, which transcribes the spvABCD  

genes. The functions o f SpvA, SpvC and SpvD are still unknown but the SpvB 

protein has been shown to be an ADP-ribosylase that ADP-ribosylates host cell actin 

and prevents actin polymerisation (Lesnick et al., 2001; Otto et al., 2000; Tezcan- 

Merdol et al., 2001).

The regulation o f the spv  genes is well studied and in addition to SpvR, several other 

factors have been shown to be involved in spv  gene expression. In particular, 

several nucleoid-associated proteins have been shown to be involved in both spvR  

and spv A expression. To date, the nucleoid-associated proteins H-NS (O'Byrne and 

Dorman, 1994a), IHF, and Lrp (M arshall et al., 1999) have been shown to be 

involved in spv  gene expression as well as CRP (cyclic AMP receptor protein) and 

the stationary phase sigma factor RpoS (O'Byme and Dorman, 1994b; Robbe-Saule 

et al., 1997). RpoS activates transcription o f the spv genes and in this way links the 

expression o f the spv  genes to the physiological state o f the cell, transcription being 

activated in stationary phase cultures, and as the bacteria enter macrophages (Chen 

et al., 1995) (Chen et al., 1996). The nucleoid-associated proteins H-NS and Lrp, in
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F  TATCAATTAATTG improved 577V/? IHF site

Fig. 3.1. The Salmonella plasmid virulence genes {spv) and the spvR IHF binding site.

A. Genetic structure and transcriptional organisation of the spv genes.

B. Locaton of the spvR IHF binding site 150bp upstream of the spvR transcription start site.

C. Sequence of the IHF consensus binding site. (W = A/T; R=A/G; N=A/T/C/G)

D. The spvR IHF binding site.

E. The spvR IHF binding site disrupted by removal of the critical CAA residues.

F. The "improved" spvR IHF binding site, mutated to match perfectly the consensus sequence.



addition to CRP, all exert a negative effect on sp v  gene expression. H-NS 

repression o f the spv  genes is independent o f its effect on rpoS, whereas CRP- 

mediated repression is likely to be exerted via its effect on rpoS  expression (O'Byrne 

and Dorman, 1994b; Robbe-Saule e /a / . ,  1997). Lrp mediated repression occurs 

directly at the spvA promoter (Marshall et a i ,  1999). In contrast to the repression by 

H-NS, CRP and Lrp, expression o f the spv  genes is activated by IHF (M arshall et 

a i ,  1999). Gene expression assays demonstrated that IHF is required for optimal 

expression from the spvR  and spvA  promoters in stationary phase cultures. DNA 

m obility shift assays and DNAse I footprinting identified an IHF binding site 

located 150 bp upstream of the spvR  transcription start site. Despite this evidence 

the mechanism o f action o f IHF at the spvR  promoter is still unknown. IHF is a 

heterodimeric protein that binds to and induces an approx 140° bend in the DNA 

(Goosen and van de Putte, 1995). It has the ability to constrain local supercoils and 

acts as both an activator and repressor o f gene expression by directly interacting 

with RNA polymerase. Gene expression assays in an IHF deficient strain in the 

presence o f the DNA gyrase inhibitor novobiocin demonstrated an increase in spv 

gene expression as the DNA becomes more relaxed and IHF is not present (Marshall 

et a i ,  1999). This result suggests a role for supercoiling in IHF mediated activation 

o f the spv  genes however it does not discount the possibility that IHF is interacting 

directly with RNA polymerase or competing with a repressor o f the spv  system. An 

investigation o f the IHF binding site was carried out in an attem pt to further 

elucidate the role o f IHF in the regulation o f the spv genes.

3.1.4 Salmonella pathogenicity island 2 (SPI 2)

The Salmonella chromosome contains groups o f functionally related virulence genes 

term ed pathogenicity  islands (G roism an and O chm an, 1996). Salmonella 

pathogenicity island 1 (SPI 1) is the best characterised o f  these. It contains the 

genes associated with entry into epithelial cells as well as chaperone and regulatory 

proteins (M arcus et al., 2000). Salmonella pathogenicity island 2 (SPI 2) has been 

discovered more recently and encodes genes associated with survival and replication 

inside macrophages (Hensel et al., 1995; Ochman et al., 1996). Like SPI 1, it codes 

for a type III secretion system, effector, chaperone and regulatory proteins (Cirillo et 

al., 1998; Hensel et al., 1997b; Shea et al., 1996). Unlike SPI 1, little is known
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about the genetic regulation o f SPI 2. The SPI 2 encoded two-component signal 

transduction system, SsrA/B, activates transcription o f the SPI 2 genes but at the 

commencement o f this study no other regulatory proteins were known that activate 

or repress ssrA  or any o f the other SPI 2 prom oters (Cirillo et a l ,  1998). 

Subsequently the two-component signal transduction system OmpR/EnvZ has been 

shown to be involved in ssrA activation (Feng et al., 2003; Lee et a i ,  2000). A link 

between nucleoid-associated proteins and Salmonella  virulence gene regulation is 

long established so an investigation was carried out to determine what role, if any, 

nucleoid-associated proteins play in SPI 2 gene regulation.
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3.2 Results

3.2.1 Site-directed mutagenesis of the spvR  IHF binding site

A previous study had demonstrated a role for IHF in spv gene expression (Marshall 

et a i ,  1999). In an /A /background transcription from the spvR  promoter was 

reduced by 50%. The spvA promoter, which is dependent on SpvR, also showed a 

50% decrease in activity in the //?/background most likely due to the reduction in 

SpvR. In addition, mobility shift assay and DNAse I footprinting showed IHF 

binding to the spvR  promoter DNA 150 bp upstream of the transcription start site. 

This IHF binding site closely matches the consensus IHF binding site (Fig. 3.1 B,C 

and D). These results indicate that IHF activates transcription from the spvR 

promoter, however the mechanism of  action o f  IHF in activating transcription is not 

clear. [3-galactosidase expression assays using novobiocin to relax the DNA 

demonstrated that supercoiling plays a role in IHF mediated, spvR  activation 

(Marshall et a l ,  1999). To further elucidate the role of IHF in spvR  activation, site- 

directed mutagenesis was performed on the spvR  IHF binding site. Site directed 

mutagenesis was carried out using the QuikChange™ site directed mutagenesis kit 

in plasmid pQF[R: 100] (Marshall e? a/., 1999). This plasmid contains a 327 bp 

promoter fragment upstream of the promoterless lacZ  gene in plasmid pQF50. The 

IHF binding site was mutated in two ways. Plasmid pQF[R:101] contains a 

disrupted IHF binding site created by substitution o f  the critical CAA triplet using 

primer pair IHF_koF and IHF_koR in the mutagenesis reaction. The resulting 

region no longer matches the consensus IHF binding sequence (Fig. 3.1 E). 

Conversely, plasmid pQF[R;103] (constructed following two rounds o f  site directed 

mutagenesis using prim er pairs IH F_conF l,  IH F_conR l and IHF_conF2, 

IHF_conR2) contains an IHF binding site that has been altered to more closely 

match the consensus sequence for IHF binding (Fig. 3.1 F). It was hoped that 

through “improving” the binding site that the protein would have a higher affinity 

for the DNA and bind it more tightly. This could help in determining to what extent 

binding o f  IHF to the DNA and constraining supercoils, is involved in spvR 

regulation.
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3,2.2 Effect o f IHF binding site mutations on spvR  promoter activity

Both m utations were carried out on a plasm id containing the sp v R  prom oter 

upstream of a promoterless lacZ  gene, therefore activity o f  the mutated and wild 

type prom oters was assayed by (3-galactosidase assay. The results o f  the (3- 

galactosidase assays are shown in Fig 3.2. A two fold reduction in spvR  expression 

is observed in plasmid pQF[R;101], where the IHF binding site has been disrupted. 

The mutation in plasmid pQF[R:103], designed to improve the binding site, had no 

effect on spvR  expression. (3-galactosidase activity from the spvR  promoter in this 

construct is the same as in the wild type pQF[R:100], These results indicate that 

removal o f the CAA residues from the IHF binding site causes spvR  transcription to 

drop to a level comparable to that observed from the wild-type promoter in an ih f  

mutant. This is consistent with a role for IHF in activating transcription from the 

spvR  promoter by binding to the DNA upstream o f the transcription start site. The 

finding that “ im provem ent” o f the binding site sequence had no effect on 

transcription indicates that while not a perfect match for the consensus IHF binding 

site, the spvR  IHF binding site may already be optimised for IHF binding and 

activation o f transcription.

3.2.3 Construction of SPI 2 reporter gene fusion

The spv  genes are an example o f in v/vo-expressed genes that are activated for 

expression inside macrophages and required for full virulence. The virulence genes 

on Salmonella pathogenicity island 2 (SPI 2) are another example o f these kind o f in 

v/vo-induced genes (Valdivia and Falkow, 1997). As nucleoid-associated proteins 

are known to play a critical role in regulating the spv  system, an investigation was 

carried out to ascertain whether they are also involved in SPI 2 gene regulation. To 

this end, a SPI 2 prom oter gene fusion was constructed. The SsrA/B two- 

component signal transduction system is required for expression o f the SPI 2 genes 

(C irillo et a l ,  1998). SsrA and SsrB are transcribed on an operon from the ssrA  

prom oter, w hitch itse lf is positively autoregulated by SsrA/B. Consequently, 

expression from this promoter can be looked upon as a good indication o f SPI 2 

expression in general. A 645 bp fragment o f DNA corresponding to the region
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upstream of ssrA  was amplified by PCR using oligonucleotides ssrA_F and ssrA_R 

(Table 2.3), and cloned into plasmid pQF50 to generate plasmid pQFssrA (Table 

2.2, Fig 3.3). The cloned sequence contained the 5' region o f the ssrA gene, the 

intergenic region between the divergently transcribed ssrA and ssaB  genes, and part 

o f the 5' sequence o f ssaB  (Fig. 3.3). The exact transcription start site for ssrA was 

unknown but was thought to lie in this region (Cirillo et a i ,  1998). The amplified 

ssrA  promoter fragment was flanked with BamWl and Kpn\ restriction sites at the 5' 

and 3' ends respectively. After digestion with Bam \{\ and Kpn\, the fragment was 

cloned into Bam H llKpnl cut pQF50. The order o f these restriction sites in pQF50 

ensured the promoter DNA was cloned into the vector in the correct orientation. 

Ligated plasm ids were transform ed into E. coli XL-1, and selected for on agar 

containing ampicillin. To confirm correct insertion o f the fragment into the vector, 

plasmid DNA was isolated from recovered colonies and sequenced.

3.2.4 Identiflcation of the ssrA transcription start site by primer extension

The region o f ssrA  promoter DNA amplified and cloned into pQF50 contained the 

intergenic region between the divergently transcribed ssrA and ssaB  genes as well as 

some coding sequence from each. As these genes are divergently transcribed it was 

thought likely that the ssrA  transcription start site would be located in this region 

although the exact location o f the start site had not been reported at the time. To 

confirm that the ssrA transcription start site was located in this section o f  DNA and 

to identify the exact nucleotide where the ssrA  transcript originates, prim er 

extension analysis was carried out. RNA was isolated from S. typhim urium  

containing the pQFssrA plasmid. Using this as a template, a single stranded cDNA 

molecule was formed by extending a radiolabelled oligonucleotide using reverse 

transcriptase. This product was run on an acrylamide gel along with the products o f 

a DNA sequencing reaction carried out using the same oligonucleotide. In this way 

the size o f the primer extension product could be matched with the sequence and the 

transcription start site identified. In this case the transcription start site was 

identified as a T residue located 170 nucleotides upstream  o f the translation 

initiation codon (Fig. 3.4). This confirms that the DNA fragm ent cloned into 

pQ FssrA  contains the ssrA  transcription start site as well as approxim ately 400 

nucleotides o f promoter sequence upstream o f it.
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Fig. 3.3. Cloning of the ssr A promoter into plasmid pQF50.

A 645 bp section of DNA, encorporating the 5' region of ssrA, the ssrA-ssaB intergenic region and part 

of the divergently transcribed ssaB gene, was amplified by PCR and ligated into the multiple cloning site 

of plasmid pQF50 upstream of the promoterless lacZ gene. The resulting plasmid was named pQFssrA.



Fig. 3.4. Primer extension analysis o f ssrA transcription start site.

A. Primer extension. The four lanes corresponding to the four sequencing reactions are 

labelled G, A, T and C respectively. The primer extension product is run in the lane to the right 

of the sequencing reactions. The ssrA transcription start site is highlighted by an arrow. The 

transcription start site as reported by Feng e/ al. (2003) is marked with an asterisk (*).

B. ssrA promoter sequence. The ssrA coding DNA sequence is in CAPITALS and upstream 

promoter DNA is in lowercase letters. Transcription start site marked as in A above.
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3.2.5 Effect o f nucleoid-associated proteins on ssrA gene expression

The only know n regulators o f SPI 2 gene expression are the SsrA/B and 

O m pR/EnvZ tw o-com ponent signal transduction systems (L ee  et a l ,  2000). 

Frequently, studies have highlighted the association between nucleoid-associated 

proteins and virulence gene regulation, the spv system in S. typhimurium  being one 

example. Therefore an investigation was conducted to ascertain what role, if  any, 

nucleoid-associated proteins play in ssrA and SPI 2 gene regulation. The pQFssrA 

plasmid, which harbours an ssrA-lacZ  transcriptional reporter fusion, was used for 

this analysis. The plasmid was transformed into the wild type S. typhimurium  strain 

SL1344 and isogenic strains harbouring mutations in various nucleoid-associated 

proteins. The mutants used were deficient in H-NS, IHF, Fis, or StpA. In addition 

to these strains an S. typhimurium ompR  mutant was used as a positive control, as 

disruption o f OmpR/EnvZ results in a decrease in ssrA transcription (Lee et al., 

2000). (3-galactosidase assays were preformed on all strains following overnight 

growth in 3 ml o f LB broth. Results (shown in Fig 3.5) confirm  the role for 

O m pR/EnvZ in the regulation o f SPI 2. A 6-fold decrease in P-galactosidase 

activity is observed in the ompR  mutant. No effect on transcription is observed in 

either the ih f  ox stpA  mutants. A 50% reduction in expression was observed in the 

f i s  mutant indicating a possible role for Fis in regulating this system. A 9-fold 

reduction in |3-galactosidase activity was initially observed in the hns mutant strain. 

This result was extremely surprising. Norm ally H-NS acts as a repressor o f 

transcription but here it appeared to be involved in activating transcription. 

However, previous studies have highlighted that for certain plasmids, plasmid copy 

number decreases in hns mutants (D eighan et al., 2000). To investigate to what 

extent the reduced (3-galactosidase levels in the hns mutant are as a result o f plasmid 

copy number, plasmids were harvested from the wild type SL1344 and the SL1344 

hns mutant. Following linearization with B a m \{ \, plasmids were analysed by 

agarose gel electrophoresis. Densitometry on the bands revealed a 10-fold reduction 

in plasmid copy number in the hns mutant (data not shown). Compensating for this 

reduction in copy number shows that (3-galactosidase levels in the hns mutant are 

sim ilar to those in the wild-type. No reduction in plasm id copy num ber was 

observed for any o f the other mutant strains used in this study (data not shown).
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Fig. 3.5. Effect o f nucleoid-associated proteins on ssrA transcription.

The plasmid pQFssrA, which contains an ssrA-lacZ  fusion, was transformed into SL1344 and 

SL1344 strains with mutations in genes coding for the nucleoid associated proteins H-NS, IHF, 

Fis and StpA. An SL1344 ompR mutant was used as a control. P-galactosidase assays were 

then performed. A 5-fold reduction in ssrA transcription was observed in the ompR strain. 

Transcription levels in the ih f  and stpA mutants were similar to the wild type. A 50% reduction 

in activity was observed in the //5 mutant. An approx 9-fold reduction in activity was observed 

in the hns mutant. Further investigation revealed the copy number o f the plasmid in the hns 

mutant had decreased 10 fold. Compensating for this results in wild type levels o f ssrA 

expression (*). |3-galactosidase assays using the template plasmid pQF50 produced 2 to 4 Miller 

units o f activity (data not shown).



3.3 Discussion

A role for nucleoid-associated proteins in virulence gene regulation is long 

established in many different organisms and with many different sets o f  virulence 

genes (Dorman and Deighan, 2003). S. typhimurium is no exception with both SPI 1 

and the spv  genes previously shown to be regulated by one or more nucleoid- 

associated protein (Marshall et a i ,  1999; O'Byrne and Dorman, 1994a; Schechter et 

a l ,  2003). Regulation o f virulence genes by nucleoid-associated proteins is one 

m echanism by which an organism can coordinate expression according to growth 

phase or environm ental conditions (Robbe-Saule e /a / . ,  1997). Many nucleoid- 

associated proteins display distinct expression profiles with levels changing 

depending on the physiology o f the cell or certain environmental conditions (Azam 

et al., 1999). As virulence gene expression can be a heavy metabolic load on the 

cell, it is paramount that they are only expressed under conditions favourable for 

infection. The onset o f these conditions is often accompanied by a change in the 

physiology o f the cell or environmental changes (Marshall et a i ,  2000). This in turn 

can lead to an alteration in the levels o f nucleoid-associated proteins which can then 

influence virulence gene expression (Schneider et al., 1997). The aim o f this study 

was to exam ine in more detail the role o f nucleoid-associated proteins in S. 

typhimurium  virulence gene regulation, in particular the role o f IHF in spv  gene 

expression, and to investigate what role, if  any, nucleoid-associated proteins play in 

the regulation o f the recently characterised SPI 2.

Previous studies had identified a role for IHF in spvR gene expression (Marshall el 

al., 1999). An IHF binding site was located 150 bp upstream  o f the s p v R  

transcription start site. |3-galactosidase assays using a spvR-lacZ  reporter fusion in 

both the wild type and ih f  mutant background demonstrated a 2-fold reduction in 

expression in the ih f  mutant. Further studies using novobiocin to relax the DNA 

indicated that the role o f IHF in this system may be due to an effect on local 

supercoiling levels (Marshall et al., 1999). To investigate this further site directed 

m utagenesis was carried out on the spvR  IHF binding site in two ways (Fig. 3.1). 

Mutations were introduced that disrupted the CAA triplet, which is critical for IHF 

binding. The site was also mutated in such a way as to make it more closely match 

the consensus IHF binding site sequence. It was hoped that these mutations would
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alter the affinity of IHF for the binding site. Where the site is disrupted IHF binding 

would be impaired or abolished and where the site is improved IHF would bind with 

a higher affinity. (3-galactosidase assays using the spvR-lacZ  reporter fusion 

demonstrated a 2-fold decrease in expression from the spvR promoter when using 

the disrupted site. This decrease is similar to that observed when using the unaltered 

promoter in an ih f  mutant. This indicates that disruption of the IHF site results in a 

decrease in spvR  expression due to a lack of upstream IHF binding. In contrast 

improving the IHF binding site had no effect on spvR expression. This result 

suggests that either the affinity of IHF for this binding site was not altered or that 

even with increased affinity tighter binding has no effect on promoter activity. The 

results indicate that binding of IHF upstream of the spvR  promoter activates 

transcription and that the wild type IHF binding site may already be optimised for 

IHF binding.

Salmonella  pathogenicity island 2 (SPI 2) has recently been identified as an 

important virulence determinant in S. typhimurium (Ochman et a i,  1996). Like the 

spv  system, the SPI 2 genes are highly expressed inside macrophage and are 

required for virulence (Ochman et a l ,  1996; Valdivia and Falkow, 1997). The only 

known regulators of the island are the two-component signal transduction systems 

OmpR/EnvZ and the SPI 2 encoded SsrA/B (Lee et al., 2000). Nucleoid-associated 

proteins play an important role in S. typhimurium virulence gene regulation, e.g. spv 

and SPI 1, so a survey was carried out to determine if they are involved in regulation 

of SPI 2.

The SsrA/B two-component signal transduction system is required for expression of 

the SPI 2 genes (Cirillo et al., 1998). The ssrAB genes are transcribed on an operon 

from the ssrA promoter. Activity from this promoter is a good indication of activity 

from SPI 2, therefore this promoter was cloned into a promoter trap vector, pQF50, 

upstream of the promoterless lacZ. To ensure the cloned fragment contained the 

ssrA transcription start site primer extension was carried out. The start site was 

identified as a T residue located at a position -170 bp from the translation start site. 

Recently, the ssrA transcription start site has been reported elsewhere by Feng et al. 

(2003). After primer extension analysis they report the transcription start site to be a 

C residue at position -167. While the two results place the start site in close

63



proximity to each other there is clearly some discrepancy. In Fig. 3.4 the primer 

extension product is a small concise band easily correlated to the T residue at -170 

bp. In Feng et al. (2003) their primer extension product is diffuse and difficult to 

accurately attribute to one specific residue. The result clearly places the location of 

the transcription start site in this region of DNA and allows this construct to be used 

as a SPI 2 reporter fusion.

An investigation into the role of nucleoid-associated proteins in SPI 2 gene 

expression was carried out using the ssrA-lacZ  reporter fusion. The plasmid 

containing the fusion, pQFssrA, was transformed into S. typhimurium strain SL1344 

and isogenic strains carrying mutations in the following nucleoid-associated 

proteins, H-NS, IHF, Fis and StpA. As the ssrA promoter is known to be regulated 

by OmpR/EnvZ, an om pR  mutant was included as a positive control. (3- 

galactosidase assays showed no effect of the i h f  ov stpA  mutations on ssrA 

expression. A 9-fold reduction in (3-galactosidase activity was initially observed in 

the hns mutant but was later shown to be an artifact due to an effect o f the hns 

mutant on plasmid copy number. Compensating the reduced |3-galactosidase assay 

results for this decrease in copy number gives expression levels similar to those in 

the wild type bacteria. A 6-fold reduction in ssrA expression was observed in the 

ompR mutant, and a 2-fold reduction in expression was observed in the f is  mutant. 

The role of OmpR in ssrA regulation was already known (Lee et a l ,  2000), however 

Fis had not been previously implicated in SPI 2 gene regulation. This result 

indicated that in addition to its role in SPI 1 gene regulation, the Fis protein is 

involved in SPI 2 gene expression. It was decided to further investigate this 

potential role of Fis in SPI 2 gene regulation.
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Chapter 4

The role of the nucleoid-associated protein Fis in Salmonella 
pathogenicity island 2 (SPI 2) gene regulation
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4.1 Introduction

4.1.1 The Fis protein

Fis, the factor for inversion stimulation, is a 98-amino acid, 11.2-kDa nucleoid- 

associated protein. It was originally identified as a protein that was involved in 

inversion o f the hin  invertible DNA element in S. typhimurium  (H eichm an and 

Johnson, 1990). Since then Fis has been shown to have many different biological 

functions. In addition to its role in various genetic switches, Fis is involved in 

integration and excision o f bacteriophages, DNA replication and also acts as a 

transcriptional regulator for many genes including those coding for stable RNA 

(rRNA and tRNA) (Finkel and Johnson, 1992; Wagner, 2000). Fis is also involved 

in modulating the superhelical density o f the DNA within the cell (Travers et a l ,  

2001). It does this both directly, by binding to the DNA and influencing local 

supercoiling levels, and indirectly, by regulating the expression o f the genes coding 

for DNA gyrase and DNA topoisomerase I.

Recently, a role has been identified for Fis in virulence gene regulation. Virulence 

genes in enteropathogenic E. coli, enteroaggregative E. coli, Shigella jlexneri and S. 

typhim urium , have all been shown to be regulated by Fis (Falconi et al., 2001; 

G oldberg  et al., 2001; Sheikh et al., 2001; W ilson et al., 2001). In this study, 

p relim inary  experim ents indicated that Fis is also involved in Salmonella 

pathogenicity island 2 (SPI 2) gene regulation.

4.1.2 Salmonella pathogenicity island 2

Salm onella  pathogenicity island 2 (SPI 2) was originally identified as a virulence 

locus in S. typhim urium , encoding a second type III secretion system , that is 

required for virulence in a mouse following intraperitoneal injection (Hensel et al., 

1995; Ochman et al., 1996; Shea et al., 1996). SPI 2 is located at 30 centisomes on 

the S. typhimurium  chromosome and in addition to genes encoding a type III 

secretion system {ssa genes), it contains genes that code for effector (^^e), chaperone 

{ssc) and regulatory proteins {ssr) (Fig 1.4). Functionally related genes in SPI 2 are 

clustered together into four groups, regulatory, structural I, effector/chaperone, and
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structural II (C irillo et a i ,  1998). Reports outlining the organisation o f  the 

transcriptional units within SPI 2 are confusing and often contradictory. The 

regulatory genes ssrAB  are transcribed on an operon from the ssrA prom oter (this 

work and Feng et al. 2003). Recent reports suggest that in addition to being co­

transcribed with ssrA, ssrB may have its own promoter (Feng et al., 2003). Previous 

work on SPI 2 organization identified putative locations for three other promoters 

within SPI 2 (Cirillo et al., 1998). Results indicated that promoters were located 

upstream  o f the ssa B , sseA ,  and s sa H  genes, and that these prom oters were 

responsible for transcription o f the structural I, effector/chaperone and structural II 

regions respectively. Surprisingly, this study did not take into account the ssaG  

gene located upstream o f ssaH. It was reported that the structural II promoter was 

located upstream o f ssaH  and downstream of sseG. The ssaG  gene is located in this 

region but its presence was not acknowledged. In addition to this omission, this 

work disagreed with work carried out by Hensel et al. (1997b) which suggested that 

the structural II genes were transcribed from a promoter upstream of the ssaK  gene 

and downstream of ssaJ. In this case the structural II genes upstream of ssaK  would 

have to be transcribed from another promoter. Therefore, while it seems likely that 

the regulatory, structural I and effector/chaperone regions are transcribed from the 

ssrA, ssaB  and sseA  promoters, the organization o f  the transcriptional units in the 

structural II region is not fully understood.
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4.2 Results

4.2.1 Cloning of SPI 2 promoters

Preliminary experiments using the ssrA-lacZ  promoter fusion in gene expression 

assays indicated a potential role for Fis in SPI 2 regulation. To investigate this 

further, and to expand the investigation to encompass the entire pathogenicity island, 

several additional lacZ  promoter fusions were constructed. Using the previous 

reports o f Crillo et al. (1998) and Hensel et al. (1997) as a guide, regions o f SPI 2 

thought likely to contain promoters were amplified by PCR and ligated into plasmid 

pQF50 upstream of the promoterless lacZ  gene. The regions included were those 

upstream  of the following genes: ssaB , sseA , ssaG , ssaH , s sa K  and a region 

containing the DNA upstream of ssaG, the entire ssaG  gene, and the DNA upstream 

o i  ssaH  (termed the ssaGH  promoter fusion, see Fig 4.1). The DNA upstream o f the 

s s a B  and sseA  genes was considered likely to contain the prom oters for the 

structural I and effector/chaperone regions. The location o f  the structural II 

promoter or promoters was less clear. For this reason several constructs were made, 

containing different regions o f DNA that potentially contained structural II 

promoters. These were the ssaG, ssaH, ssaK  and ssaG H  regions. Details o f  the 

primers used to amplify each promoter region are listed in Table 4.1. Cloning o f 

these fragments into pQF50 generated the plasmids pQFssaB, pQFsseA, pQFssaG, 

pQFssaH, pQFssaK, and pQFssaGH (Fig 4.1). Using these plasmids, along with the 

pQFssrA plasmid, SPI 2 activity can be assayed in order to better understand the 

location o f promoters within SPI 2 and to ascertain to what extent Fis is involved in 

SPI 2 gene regulation.

4.2.2 Analysis of expression levels from SPI 2 promoter fusions in LB broth

Each o f the seven SPI 2 promoter fusion plasmids (Table 4.1) was transformed into 

S. typhimurium  strain SL1344 and an SL1344 f i s  mutant. |3-galactosidase assays 

were then performed on all strains to determine to what extent Fis is involved in 

regulation o f each o f the promoters within the pathogenicity island. It was also 

hoped that an insight could be gained into the location o f the structural II prom oter 

by analysis, in the wild-type strain, o f the constructs containing the ssaG, ssaH ,
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Fig. 4.1. Construction of SPI 2 promoter fusion plasmids.

Regions of DNA thought to contain SPI 2 promoters were amplified by PCR and ligated into 

plasmid pQF50 upstream of the promoterless lacZ gene. Six plasmids were constructed. For 

each plasmid, the area of DNA cloned is highlighted along with the restriction enzyme sites 

that were used for the cloning. All clonings were directional with the exception of the 

pQFssaK plasmid (F). In this case BamHl was used for the cloning. Correct insertion of the 

promoter DNA into each construct was confirmed by DNA sequencing.
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Table 4.1 Oligonucleotide primers used in the construction of the SPI 2
promoter fusion plasmids.

Plasmid Promoter insert Forward primer Reverse primer Size o f insert

pQFssrA ssrA ssrA_F ssrA_R 645 bp

pQFssaB ssaB ssaB_F ssa B R 690 bp

pQFsseA sseA sseA_F sseA_R 530 bp

pQFssaG ssaG ssaG_F s sa G R 580 bp

pQFssaH ssaH ssaH F s sa H R 250 bp

pQFssaGH ssaGH ssaG_F ssaF IR 810 bp

pQFssaK ssaK ssaK_F ssaK_R 360 bp



ssaK  and ssaG H  regions. Results o f (3-galactosidase assays perform ed following 

overnight growth in 3 ml o f LB broth, are shown in Fig 4.2. Decreased levels o f |3- 

galactosidase activity are observed from the ssrA , ssaB, sseA, ssaG  and ssa G H  

prom oter fusions in the f i s  mutant strains. No reduction in (3-galactosidase levels 

was observed for the s s a H  or s sa K  prom oter fusions. The fold reduction in 

expression in the f i s  mutants varies significantly between constructs. The smallest 

decrease was 2-fold for ssrA-lacZ  and the largest, 73-fold for ssaG-lacZ. Analysis 

o f  (3-galactosidase activity from the four constructs potentially containing the 

structural II promoter {ssaG, ssaH, ssaGH, and ssaK) in the wild type background, 

reveals high expression from both constructs containing the ssaG  prom oter region 

i.e. pQFssaG and pQFssaGH. Lower levels o f expression were obtained from the 

ssaH  and ssaK  constructs, neither o f which was affected in the f i s  mutant.

4.2.3 Analysis of expression levels from SPI 2 promoter fusions inside  

macrophages

SPI 2 is associated w ith survival and proliferation o f  the bacteria inside 

m acrophages (O chm an  et a i ,  1996). Consequently, SPI 2 genes are strongly 

expressed in vivo, within macrophages (Cirillo et a l ,  1998). In order to determine 

whether the observed effect o f Fis on SPI 2 promoter function in vitro is pertinent in 

an in vivo setting, cultured J774A.1 macrophages were infected with S. typhimurium 

SL1344 and SL1344/;.9 containing the SPI 2 promoter fusion plasmids. At various 

tim e-points post infection macrophages were lysed and the intracellular bacteria 

harvested. After enumeration o f the recovered bacteria, |3-galactosidase assays were 

performed, using MUG as a substrate, to determine levels o f SPI 2 promoter activity 

during macrophage infection. |3-galactosidase activity from the SPI 2 promoters in 

the wild type and fis~ backgrounds, expressed in arbitrary units, could then be 

com pared to ascertain to what degree Fis is involved in SPI 2 gene expression 

during macrophage infection. Results from the macrophage infections are shown in 

Fig 4.3. Infections were carried out using the pQFssrA, pQFssaB, pQFsseA, 

pQFssaG, pQFssaK and pQFssaH plasmids. Plasmid pQFssaGH was not included. 

In addition to the samples recovered from inside macrophages, (3-galactosidase 

assays were performed on a sample of the inoculum used to infect the macrophage.
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Fig. 4.2. Activity from SPI 2 promoter fusions in SL1344 and SL1344 /z  ̂ growing in LB 

broth.

p-galactosidase assays were performed using the seven SPI2 promoter fusions in S. 

typhimurium strain SL1344 and an SL1344yz^ mutant.

A. Activity from SPI 2 promoter fusions in SL1344 CD and Shl34Afis iZ l . Reduced 

expression levels are observed in the fis  mutants compared to the wild-type for constructs 

pQFssrA, pQFssaB, pQFsseA, pQFssaG and pQFssaGH. Fold reductions in fis  mutant are 

indicated below each data set.

B. Activity from the pQFssaB, pQFssaH and pQFssaK constructs shown scaled up.
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Fig 4.3. Activity from SPI 2 promoter fusions in SL1344 and SL1344 /?5, inside macrophages. 

J774A.1 murine macrophage-like cells were infected with S. typhimurium  strain SL1344 and an 

SL1344 /Z .V  mutant harbouring the SPI 2 promoter fusion plasmids pQFssrA (A), pQFssaB (B), 

pQFsseA (C), pQFssaG (D), pQFssaK (E) and pQFssaH (F). At various time-points post 

infection (30 min, 1 h, 2 h, 3 h, 4 h and 5 h) macrophages were lysed and the intracellular 

bacteria harvested, enumerated and used in gene expression assays. A sample o f the inoculum 

used to infect the macrophages was also included (time-point 0). Results were graphed showing 

activity in the wild type strain versus activity in the //5 mutant (A to F). A strong induction in 

expression is observed from all promoters in the wild type strain, with the exception o f ssaH. In 

most cases induction is also observed in the fis  mutant but to a lesser degree. The reduced 

inducton in the /w mutant results in a decrease in promoter activity in the / «  mutants compared 

to the wild type at all time-points inside macrophages (with the exception o f ssaH). Fold 

decrease varies but is within the range 2- to 5-fold at most time-points.
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For the plasmids containing the ssrA, ssaB, sseA, ssaG  and ssaK  promoter regions, 

in the wild type SL1344, a strong induction o f  expression was observed as the 

bacteria enter the macrophage (Fig 4.3 A to E). Induction is also observed in the 

corresponding f i s  mutants but this induction is poor and always to a lesser degree 

than that observed in the wild type. The overall result o f this poor induction in the 

fis mutants is that inside macrophages there is a 2- to 5-fold reduction in prom oter 

activity in the f i s  mutants. For each promoter the exact fold decrease varies at 

different time-points but is within the range o f 2- to 5-fold. The plasmid containing 

the ssaH  promoter region displayed poor induction in both the wild type and f i s  

mutant strains. It displayed little or no decrease in promoter activity in the f i s  

mutant.

4,2.4 Interaction of Fis with SPI 2 promoters

Gene expression assays using the SPI 2 promoter fusion plasmids had indicated a 

role for Fis in the regulation o f SPI 2 gene expression. Fis is a nucleoid-associated 

protein and a pleitropic regulator o f gene expression. Therefore in order to establish 

if the observed effect o f Fis on SPI 2 was as a direct result o f Fis binding to the SPI 

2 promoters and influencing promoter activity, DNA mobility shift assays were 

performed. Purified Fis protein containing an N-term inal six-histidine tag was 

provided as a gift by O. Keane. DNA fragments corresponding to the prom oter 

regions o f ssrA, ssaB, sseA, ssaG, ssaK, and ssaH  were used. In addition, the E. coli 

g yrB  and S. typhimurium spvR  prom oters were used as positive and negative 

controls respectively. DNA fragments were radiolabelled with [y-^^P]dATP and 

incubated with increasing concentrations o f Fis protein. Samples w ere then 

analysed on a non-denaturing polyacrylamide gel. Binding o f the protein to the 

DNA forms a complex that runs more slowly through the gel resulting in a “shift” in 

the mobility o f the DNA band visualised by autoradiography. Results o f  the DNA 

mobility shift assays using the Fis protein and SPI 2 promoters are shown in Fig 4.4. 

All o f the SPI 2 promoter fragments used (ssrA/ssaB, sseA, ssaG, ssaH, ssrA  and 

ssaK) bind the Fis protein. In addition, Fis binds to multiple sites at each promoter. 

For the ssaK, 190 bp ssrA (Fig 4.4 A), sseA, ssaG, and ssaH  (Fig 4.4 B) promoters, 

three distinct complexes can be seen. This indicates that Fis is binding to three 

distinct binding sites at these promoters. For the ssrA/ssaB  fragment, which spans
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Fig 4.4. Interaction o f Fis protein with SPI 2 promoter sequences by DNA mobility shift assay. 

DNA fragments corresponding to promoter regions o f SPI 2 were amplified by PCR and

radiolabelled with [y--^^P]dATP. Radiolabelled fragments were incubated with 0 ng (lanes 1, 5,

9, 13), 4 ng (lanes 2, 6, 10, 14), 20 ng (lanes 3 ,7, 11, 15) or 60 ng (lanes 4 ,8, 12 ,16) purified Fis 

protein and separated on polyacrylamide gels. Mobility o f the resulting bands was analysed by

autoradiography. The E. coli gyrB  and S. typhimurium spvR  promoters were also used, as

positive and negative controls respectively.

A. Results o f DNA mobility shift assay using the S. typhimurium spvR  (lanes 1-4) and E. coli 

gyrB  (lanes 13-16) controls, along with a 360-base pair fragment of the ssaK  promoter (lanes 5-8) 

and a 192-base pair fragment of the ssrA promoter (lanes 9-12). The ssrA, ssaK  and gyrA

promoter fragments each formed three distinct complexes indicating the presence of three Fis 

binding sites (lanes 5-16). For the spvR promoter (lanes 1-4) a shift was only observed at the 

highest concentrations of Fis (lane 4). In this case (and also in lanes 8 and 16) the high 

concentration of Fis resulted in non-specific association of the protein to the DNA .

B. Results o f DNA mobility shift assay for the ssrA/ssaB  (lanes 1-4), sseA (lanes 5-8), ssaG

(lanes 9-12) and ssaH  (lanes 13-16) promoter fragments. A 690-base pair DNA fragment 

spanning the ssrA/ssaB  intergenic region, a 530-bp sseA promoter fragment, a 580-bp ssaG  

promoter fragment, and a 250-bp ssaH  promoter fragment were used. For each, the formation o f  

at least three distinct complexes can be seen.
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the entire ssrA-ssaB  intergenic region (and encompasses the 190 bp ssrA  fragment 

used in Fig 4.4 [A]) and contains two divergently transcribed promoters, at least five 

complexes are formed, again indicating that Fis binds to multiple sites at each 

promoter. Fis was also dem onstrated to bind to the E. coli gyrB  prom oter at 

multiple sites but not to the S. typhimurium spvR  promoter. In certain cases, non­

specific association o f the protein and the DNA was observed (Fig 4.4 A, lanes 4,8 

and 16). This was likely to have arisen as a result o f the previously described ability 

o f high concentrations o f Fis to form non-specific complexes with DNA (Schneider 

et a i ,  1997). The results show that Fis has the potential to affect the SPI 2 

promoters directly by binding to them.

4.2.5 Fis antiserum

The Fis protein has a very characteristic expression profile in vitro in E. coli (Azam 

et ciL, 1999). Induction o f Fis occurs following nutrient up-shift and approxim ately 

60,000 dimers o f Fis are found within the cell during early exponential growth. 

After this Fis levels decrease so that by the onset o f stationary phase, it is almost 

undetectable (Ball et al., 1992; Ninnemann et a i ,  1992). A previous investigation 

into the expression profile o f nucleoid-associated proteins during m acrophage 

infection reported an induction o f the hns and ih f  promoters inside m acrophage 

(Marshall et al., 2000). No report had been made in relation to Fis levels. To find 

out if the S. typhimurium  Fis expression profile matches that o f  E. coli and to 

attempt to determine Fis levels during macrophage infection, antibodies were raised 

against the purified his-tagged Fis protein (O. Keane). Three injections, each 

containing 300 jig Fis protein in either Freund’s complete or incomplete adjuvant, 

were administered to a New Zealand White rabbit at two-weekly intervals. Serum 

from a test bleed was assayed by Western immunoblot, and found to contain anti-Fis 

antibodies at a dilution o f 1:5000. The rabbit was exsanguinated and serum stored at 

4°C. Prior to use in W estern blots, serum was adsorbed against a lysate o f 

SL1344/?^.
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4.2.6 Analysis of Fis protein levels in vitro

To find out if  the expression profile o f Fis in Salmonella is similar to that o f^ . coli. 

W estern immunoblots were performed. S. typhimurium  SL1344 was grown in LB 

broth and at various tim e-points throughout the growth cycle the ODeoonm was 

m easured and a volum e o f cells which corresponded to 2 ml o f culture per 1 

ODeoonm unit was taken and used to prepare crude protein extracts. Equal volumes 

o f each extract was loaded on an SDS-PAGE gel and analysed by W estern blot 

using the Fis-antiserum. Results demonstrated that Fis has a similar expression 

profile in S. typhimurium  as in E. coli (Fig 4.5) (Azam et a i ,  1999). Fis levels are 

highest in early exponential phase and steadily decline thereafter so that by 

stationary phase, it is barely detectible.

4.2.7 Analysis of Fis protein levels during macrophage infection

Results so far have indicated that Fis is required for full activation o f the promoters 

in SPl 2. The expression profile o f Fis in S. typhimurium  demonstrates that it is 

abundant in early exponential phase after which levels drop, however, nothing is 

known about Fis levels during macrophage infection. In an attempt to establish Fis 

protein levels during macrophage infection. W estern blots were perform ed on 

bacteria recovered from the intracellular environment. At various time-points post 

infection m acrophages were lysed and in tracellu lar bacteria recovered and 

enum erated by viable counts. The remaining bacteria were pelleted and stored at 

-20°C . Each bacterial pellet was resuspended in an appropriate volume o f lysis 

buffer to give a lysate corresponding to between 1x10^  and 3 x 1 0 ^  bacteria per |j,l. 

Equal volumes o f these lysates were loaded on SDS-PAGE gels and used for 

W estern blot analysis. A sample o f the inoculum used to infect the macrophages 

was also included. For consistency this sample was also enumerated by viable count 

and treated in the same way as the recovered in vivo samples. Western analysis o f 

intracellular Fis levels was preformed at least 4 times and a representative blot is 

shown in Fig 4.6. Results indicate that Fis is induced following uptake o f  the 

bacteria into the macrophage and that once induced Fis levels remain high. Inside 

m acrophage Fis protein levels remained relatively constant however occasional 

fluctuations were observed. This in vivo expression profile is in stark contrast to the
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OD600

Fig. 4.5. Western immunoblot analysis o f Fis protein levels in vitro during growth in LB 

broth.

Samples o f .S', typhimnrium  strain SL1344 growing in LB broth were harvested at various 

times during the growth cycle (OD^qq values for each sample are given above). Equal

quantities o f  each lysate were loaded on an SDS-PAGE gel and analysed by Western blot. 

Results demonstrated a similar expression profile to that o f E. coli. Fis levels are highest 

during early exponential phase and decrease steadily thereafter.



inoculum  30 m ins Ih  2h 3h

(0 0 5 0 0 = 1)

Fi{». 4.6. W estern im m unoblot analysis o f  Fis protein levels during m acrophage infection. 

J774A.1 m acrophages were infected with SL1344 bacteria and at various tim e-points post 

infection m acrophages were lysed, bacteria recovered, enum erated, and used in W estern 

blots analysis with the anti-Fis antiserum . A sample o f  the inoculum  bacteria used (in 

which the O D ^qo “  was also included. Fis levels increased 4-fold follow ing entry into

m acrophages and rem ained high thereafter.



expression pattern seen in both S. typhimurium  and E. coli cells growing in LB 

broth, indicating a novel regulatory mechanism and role for Fis during macrophage 

infection.

4.2.8 Analysis of promoter DNA sequence

Using the results generated here, along with the information on the ssrA  OmpR 

binding sites (Feng et a l ,  2003; Lee et a l ,  2000), a map o f the intergenic region 

between ssrA  and ssaB  was constructed (Fig 4.7). The locations o f the ssrA  and 

ssaB  translation initiation codons are indicated, along with the ssrA  transcription 

start site (this work) and the location o f the OmpR and phospho-OmpR binding sites 

(Feng et al., 2003; Lee et al., 2000). An analysis o f the DNA in this region, using 

the “Mac Target Search” DNA analysis software, identified a potential location for 

the -1 0  and -35  regions o f the ssrA promoter.

Using the “Mac Target Search” DNA analysis software, an analysis o f the ssrA-ssaB  

DNA was carried out looking for potential Fis binding sites. The consensus Fis 

binding site is degenerate with very few absolutely conserved residues (Finkel and 

Johnson, 1992). As a result this consensus site is easily matched to any target DNA 

sequence making accurate determinations o f Fis binding sites, based on alignments 

with this consensus site, very dift'icult. To aid in the search for Fis sites a search file 

was created based on 37 known Fis binding sites (Finkel and Johnson, 1992). 

Residues at each position in the binding site were given a weighting depending on 

the frequency with which they appear at that position in all 37 sites. Highly 

conserved residues were given heavy weighting while lowly conserved residues 

were lightly weighted. An analysis o f  the target DNA sequence using the Fis 

binding site program identifies potential matches based on total scores obtained for 

each residue in the 15 bp site. It was hoped that in this way regions o f DNA 

showing homology with conserved residues o f Fis binding could be accurately 

identified as potential Fis binding sites. Using this program with the ssrA -ssaB  

DNA region, several potential Fis binding sites were identified (Fig 4.7). None of 

the binding sites identified is a perfect match for the consensus Fis site, however as 

this consensus is so degenerate this was not surprising. While this sequence analysis 

gives a good indication as to the location o f Fis binding sites, further biochemical
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Fig. 4.7. Analysis o f the ssrA-ssaB  DNA sequence.

5' regions o f the ssrA (blue) and ssaB  (red) coding DNA sequences (CDS), and the 

ssrA-ssaB  intergenic region (black) is shown. The ssrA transcription start site is 

indicated with an arrow along with the putative -10 and -35 regions. The OmpR 

binding site A l, identified by Lee et al. (2000) is shown (blue box) and the five 

phospho-OmpR binding sites B1 to B5, identified by Feng et a l  (2003) are also shown 

(red boxes). Potential Fis binding sites identified by sequence analysis are indicated 

(green and underlined). The location o f one potential Fis binding site places it between 

the -10 and -35 o f the ssrA promoter.
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evidence, e.g. DNAse I footprinting is required to identify the exact location(s) o f 

Fis binding. One o f the potential Fis binding sites identified here is located between 

the -1 0  and -3 5  regions o f the ssrA  promoter. Another is located approx 20 bp 

upstream o f the -35 . The proximity o f these sites to the ssrA promoter indicates that 

they are good candidates for Fis to bind to this prom oter and influence gene 

expression.

The “Mac Target Search” Fis binding site search file was also used to identify Fis 

binding sites at the sseA, ssaG, and ssaK  promoters. Potential Fis binding sites were 

located at each promoter but in the absence o f further biochemical evidence and 

identification o f the transcription start sites o f each o f these promoters it is difficult 

to accurately locate binding sites in these areas.
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4.3 Discussion

Nucleoid-associated proteins are increasingly being associated with regulation o f 

virulence genes in pathogenic bacteria. A prime example o f this is the Fis protein, 

which has been shown to be involved in the regulation o f virulence genes in many 

different enteric pathogens, including S. typhimurium (W ilson et a l ,  2001). Fis is 

required for full activation o f the hilA and invF  regulatory genes o f SPI 1. \xidifis 

mutant, expression o f the SPI 1 type III secretion system genes is reduced and the 

mutant is attenuated for virulence in orally infected mice. Now, for the first time, a 

role for Fis in SPI 2 gene regulation has been shown. Specifically, Fis has been 

shown to be required for full expression o f SPI 2 promoters both in vitro and during 

macrophage infection.

Following a preliminary result with an ssrA-lacZ  promoter fusion that indicated a 

role for Fis in regulation o f the ssrA promoter (chapter 3), a series o f lacZ  promoter 

fusion plasmids were made which contained regions o f SPI 2 DNA thought likely to 

contain promoters. These included the ssaB  (structural I) promoter and the sseA 

(effector/chaperone) promoter. The exact location o f certain SPI 2 promoters is in 

doubt (i.e. the structural II promoter[s]) so several constructs were made to cover all 

potential scenarios (the ssaG, ssaH, ssaK  and ssaG H  promoters). These promoter 

fusions were then used in gene expression assays in the wild type and f i s  mutant 

bacteria. Results from cultures grown overnight in LB broth (Fig 4.2), demonstrated 

that Fis is required for full expression from the ssaB, sseA, ssaG  anA s sa G H  

promoters, in addition to the ssrA promoter. No effect o f Fis was observed at the 

ssaH  or ssaK  promoters although both these promoters did demonstrate significant 

transcriptional activity. An analysis o f the four promoters in the structural II region 

showed considerably higher expression from the ssaG  and ssaG H  promoters than 

from the s sa H  or s sa K  promoters. This result indicates that there is a strong 

prom oter located upstream o f ssaG, transcription o f which continues through the 

ssaG  gene and into ssaH. This result implies that the ssaG  promoter transcribes a 

polycistronic transcript containing several o f the structural II genes. It is unknown 

how long this transcript is as there does appear to be functionally active promoters 

located upstream  o f the s sa K  and s sa H  genes. Interestingly, neither o f these 

promoters is responsive to Fis in LB broth. Previous work (Hensel et al., 1997b),
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claimed that ssaJ  and ssaK  were not co-transcribed. Taking this into account along 

with the promoter data shown here, it seems that there are at least two promoters 

responsible for the transcription o f the structural II region, i.e. the ssaG  and ssaK  

promoters. The ssaH  promoter may still be significant under certain circumstances. 

Its failure to respond to Fis may mean that this promoter is only active under certain 

specific conditions to which other promoters in the island do not respond. An 

understanding o f how each component o f the type III secretion system contributes to 

its function will be important in determining this. This may also help explain the 

difference in strength between the ssaG  and ssaK  promoters. Greater quantities o f 

certain components o f the type III secretion system may be required for assembly so 

these may be transcribed from stronger or multiple promoters.

SPI 2 genes are associated with survival and proliferation o f the bacteria inside 

macrophages and are highly expressed in the intracellular environm ent (Cirillo et 

al., 1998). To determine if  the observed in vitro effect o f Fis on SPI 2 gene 

expression also applied during macrophage infection, gene expression assays were 

perform ed on bacteria containing the SPI 2 - la c Z  reporter fusions, following 

infection o f cultured J774A.1 macrophages. Results (Fig 4.3) show that in the wild 

type bacteria, the ssrA  prom oter is rapidly activated following entry into the 

macrophage. Levels o f expression from this prom oter remain consistently high 

thereafter. The ssaB, sseA, ssaG  and ssaK  promoters demonstrate a more gradual 

induction over the five-hour time-course o f this experiment. This result is consistent 

with the ascribed role for SsrA/B as a two-component signal transduction system 

that is required for transcription o f the SPI 2 genes (Cirillo et al., 1998). Rapid 

activation o f the ssrA promoter results in high levels o f SsrA and SsrB, which in 

response to signals from the macrophage activate transcription from the rest o f the 

SPI 2 promoters. This accounts for the delayed induction seen in these promoters. 

The s sa H  prom oter responded poorly to the intracellular environment. Highest 

expression levels inside macrophages were just over 2-fold higher than the LB 

grown inoculum. This result indicates that this region does not contain a promoter 

that responds to the intracellular environment in the same way as the rest o f the SPI 

2 promoters.
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(3-galactosidase activity from the SPI 2 promoter fusions was also determined in f i s  

mutant bacteria during growth inside macrophages. W hereas in the wild type 

bacteria a strong induction was observed from the ssrA, ssaB, sseA, ssaG  and ssaK  

promoters, in the corresponding/^^ mutants a very weak induction was observed. At 

all tim e-points inside macrophages, levels o f transcription were lower in the f i s  

mutants than in the wild-type bacteria. The ssa H  prom oter was an exception 

displaying little or no decrease in transcription in the f i s  mutant. For promoters 

responsive to the presence o f Fis, the fold decrease in expression varied but was 

usually within the range 2- to 5-fold. In certain cases this agreed well with the LB 

in vitro data (e.g. ssrA), however for some (e.g. ssaG) the fold difference is much 

smaller than that observed in vitro. There are several possibilities as to why this is 

the case. In vitro |3-galactosidase assays were performed using stationary phase 

cultures grown in a nutrient-rich medium. Physiologically, these cells are very 

different from cells surviving inside a macrophage. Levels o f global regulatory 

proteins e.g. nucleoid-associated proteins as well as supercoiling levels will be very 

different, which can have unpredictable consequences on gene expression profiles 

(Azam et a i ,  1999; Marshall et a i ,  2000). This makes it difficult to draw accurate 

com parisons between them. The effect o f Fis is clear, and it appears that under 

conditions where SPI 2 is required, i.e. inside a macrophage, removal o f Fis results 

in a 2- to 5-fold decrease in transcription.

One other factor must be taken into account when analysing SPI 2 promoter activity 

in the //i' mutant bacteria. The SsrA/B two-component signal transduction system is 

required for activation o f the SPI 2 genes (Cirillo et a i ,  1998). In a f i s  mutant 

expression from the ssrA  promoter decreases resulting in decreased production o f 

SsrA and SsrB, which in turn will result in decreased transcription from the 

downstream SPI 2 promoters (i.e. ssaB, sseA, ssaG  and ssaK). This means that the 

observed decrease in activity from these promoters may be as a result o f an indirect 

effect and is passed on through SsrA/B. Alternatively, Fis may be affecting each 

prom oter individually, meaning that the observed effect is a com bination o f both 

direct and indirect (through SsrA/B) effects. To investigate this further, DNA 

mobility shift assays were performed. Direct interaction o f Fis with SPI 2 promoter 

DNA would indicate that Fis has a direct effect at that promoter. The results clearly
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indicated that Fis does bind to the DNA at each o f the SPI 2 promoters (Fig 4.4), 

including the ssaH  promoter. This resuU suggests that Fis exerts a direct effect at 

each promoter and that the observed decrease in transcription in the downstream SPI 

2 prom oters is a resuh o f both direct local effects o f Fis and indirect effects, 

channelled through SsrA/B. Surprisingly, the ssaH  promoter DNA also bound the 

Fis protein. Expression from this promoter was unaltered in a f i s  background both 

in LB and inside macrophages therefore it is difficult to explain why Fis would bind 

there. One possible explanation for this concerns the mechanism o f action o f Fis in 

this system. Fis acts as a conventional transcription activator but can also affect 

transcription levels due to its role in supercoiling (Travers et a i ,  2001). Binding to 

the DNA and influencing local supercoiling levels is one mechanism o f action o f Fis 

in m odulating gene expression. If  this is the mechanism em ployed by Fis in 

regulation o f SPI 2, binding o f Fis throughout the island would be expected as in 

this way it could constrain local supercoils and exert a positive effect on gene 

expression. Evidence that supports this argument and shows SPI 2 promoters are 

sensitive to supercoiling levels will be presented in chapter 5.

Most nucleoid-associated proteins display characteristic expression profiles during 

in vitro batch culture, and Fis is no exception. By generating antibodies against 

purified Fis protein, and using them in Western immunoblot analyses it was shown 

that Fis has a similar expression profile in S. typhimurium  as it has in E. coli (Azam 

et al., 1999). Fis levels are highest immediately following sub-culture into fresh 

m edium  after which they decline. In addition to establishing Fis levels in S. 

typhim urium  growing in vitro, for the first time, Fis levels were determ ined for 

bacteria in the intracellular environment. Western blots were performed on bacteria 

recovered from the intracellular environment and they showed that Fis is induced 

upon entry into the macrophage and that its levels remain high in the cell thereafter. 

This expression profile is in contrast to the expression profile o f Fis in vitro 

indicating a novel mechanism o f regulation and function for Fis during macrophage 

infection. The finding that Fis is required for activation o f  the SPI 2 genes 

combined with the novel expression pattern o f Fis in vivo, and the evidence o f Fis 

binding to the SPI 2 promoters clearly demonstrates that Fis regulates the genes on 

SPI 2. This raises the interesting possibility that the nucleoid-associated protein Fis
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co-ordinately regulates expression o f  two different pathogenicity islands in S. 

typhirnurium.
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Chapter 5

Environmental and physiological factors affecting SPI 2 gene

expression
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5.1 Tntroduction

5.1.1 Two-component signal transduction systems

Two o f the known regulators o f Salmonella  pathogenicity island 2 (SPI 2) are two- 

com ponent signal transduction systems, namely the SsrA/SsrB and OmpRVEnvZ 

systems (Cirillo et al., 1998; Lee et a l ,  2000). Two-component signal transduction 

systems consist o f a sensor kinase (usually membrane bound) and a cytoplasmic 

response regulator protein (Perraud et al., 1999). In the membrane, the sensor 

kinase is activated by specific external signals, e.g. environmental conditions, and 

phosphorylates the response regulator. Following phosphorylation the response 

regulator binds to the DNA and exerts an effect on gene expression. OmpRVEnvZ is 

the best studied two-component signal transduction system with EnvZ being the 

m em brane bound sensor kinase and OmpR the cytoplasm ic response regulator 

(Forst and Roberts, 1994). The external stimulus sensed by EnvZ is osmolarity. 

Genes regulated by OmpR/EnvZ are therefore influenced by the osmolarity o f the 

environm ent outside the cell. The predicted amino acid sequences for SsrA and 

SsrB indicate that they form another two-component signal transduction system 

homologous to OmpR/EnvZ (Ochman et a i ,  1996; Shea et al., 1996). SsrA shows 

homology to EnvZ and is therefore likely to be the membrane bound sensor while 

SsrB shows homology to OmpR and is likely the response regulator. Both SsrA 

and SsrB are encoded within SPI 2 and are required for activation o f the SPI 2 genes 

(Cirillo et al., 1998) as well as other effectors encoded outside o f SPI 2 (W orley et 

al., 2000). Very little is known about the mechanism by which SsrA/SsrB activates 

gene expression and the environmental signal sensed by SsrA is unknown.

5.1.2 Environmental conditions affect SPI 2 gene expression

SPI 2 genes are specifically induced upon bacterial entry into macrophages and are 

required  for in tracellu lar survival and proliferation (O chm an et al., 1996). 

A ctivation of the SPI 2 genes involves the two-com ponent signal transduction 

systems SsrA/SsrB and OmpR/EnvZ (Cirillo et al., 1998; Lee et al., 2000). Both 

these systems activate gene expression in response to environmental stimuli. In the 

case of O m pR/EnvZ the signal is osm olarity (Forst and Roberts, 1994). For
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SsrA/SsrB the signal is unknown. Whatever the signal for SsrA/SsrB, it is clear that 

expression of the SPI 2 genes is influenced by certain environm ental conditions 

(D eiw ick et al., 1999). Identifying environmental conditions that influence SPI 2 

expression has become a contentious topic of investigation and has lead to some 

interesting and often contradictory reports. Deiwick et al. (1999) studied SPI 2 gene 

expression levels and SsaP and SscA protein levels under various conditions and in 

various media and concluded that Mg '̂" deprivation and phosphate starvation are 

required for SPI 2 gene expression. Miao et al. (2002) refute this in their study 

saying that M g”'" deprivation and phosphate starvation are not required for SPI 2 

activation. Lee et al. (2000) conclude that low pH activates SPI 2 expression while 

both Deiwick et al. and Miao et al. disagree. SPI 2 genes are activated inside 

macrophages and are regulated by at least 2 two-component signal transduction 

systems. It is evident that SPI 2 genes are activated by certain m acrophage- 

associated environm ental signals but the precise nature of these signals remains 

unclear. Using the SPI 2 promoter fusions created in this study, an investigation 

was carried out to determine what macrophage-associated conditions influence SPI 

2 gene expression.

5.1.3 Environmental and physiological conditions inside macrophages

As part o f its infectious cycle, S. typhimurium  has the ability to survive and replicate 

inside host cells, including epithelial cells and macrophages (Alpuche-Aranda et al., 

1994). M acrophage cells express numerous antimicrobial factors such as reactive 

oxygen species, reactive nitrogen species and antimicrobial peptides, yet in spite o f 

these Salmonella still has the ability to proliferate inside these cells (Vazquez-Torres 

and Fang, 2001). Upon entry into the macrophage the bacteria rapidly form a 

m odified  phagolysosom e term ed the Salm onella-contdim m g  vacuole (SCV) 

(A lpuche-Aranda et al., 1994). The bacteria reside within the SCV, which displays 

reduced antim icrobial activity and is less acidic than the classic phagolysosome. 

The reduced antimicrobial activity observed within the SCV is m ediated by the 

bacteria, and in particular by the SPI 2 system (Fang and Vazquez-Torres, 2002). 

The type III secretion system coded for by SPI 2 forms a translocon that injects 

bacterial effector proteins into the host cell cytoplasm. These effector proteins
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interfere with trafficking o f the SCV in relation to the endocytotic pathway resulting 

in the reduced antimicrobial environment within the SCV, which facilitates bacterial 

survival and replication. As shown in chapter 4 there is a rapid induction o f the SPI 

2 prom oters inside m acrophages in response to the environm ental signals 

encountered inside the early SCV.

In association with the environmental changes as the bacteria enter the macrophage, 

certain physiological changes also occur. A previous study has shown that as the 

bacteria enter macrophages there is a global relaxation o f the DNA (Marshall et a l ,  

2000). This relaxation is accom panied by induction o f  the D NA -relaxation- 

activated gyrase genes {gyrA and gyrB) but no induction o f the DNA-relaxation- 

repressed topoisomerase I gene {topA). Changes in topology o f the DNA are known 

to influence gene expression (Schneider et al., 2000) raising the possibility that 

macrophage-induced genes e.g. SPI 2, are affected by relaxation o f the DNA.

The bacteria undergo a substantial change in environm ental and physiological 

conditions as they enter macrophages and these conditions are responsible for the 

induction o f genes important for survival inside the cell (Marshall et al., 2000). To 

determ ine which signals are involved in SPI 2 activation an investigation was 

carried out looking at activity  o f  the SPI 2 prom oter fusions in various 

environmental conditions to detennine how they reacted to the various stimuli.
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5.2 Results

5.2.1 Temperature regulation of SPI 2 genes

Salmonella infection is spread through the fecal-oral route. As a result the bacteria 

must undergo periods outside the host before infecting a new one. Infection of a 

new host is accompanied by a shift in temperature to 37°C. For many pathogens 

(e.g. Shigella flexneri) a shift in temperature to 37°C is an environmental signal that 

activates expression of virulence genes (Dorman et a i ,  1990). To determine if the 

SPI 2 genes are temperature-regulated, the SPI 2 promoter fusions were used for 

gene expression assays, in the wild type SL1344 strain following growth at 30°C 

and 37°C. Results of the P-galactosidase assays (shown in Fig 5.1) show that the 

SPI 2 promoters are preferentially expressed at 37°C. For each promoter the fold 

increase in expression at 37°C compared to 30°C varies with the smallest being 2.5- 

foid {ssrA) and the largest 12-fold (sseA). This is the first demonstration that SPI 2 

genes are thermo-regulated.

5.2.2 Effect of supercoiling on SPI 2 promoter activity

Changes in DNA topology have previously been shown to influence bacterial gene 

expression (Schneider et a i ,  2000). S. typhimurium DNA becomes relaxed 

following uptake of the bacteria by macrophages (Marshall et a i ,  2000). SPI 2 

genes are rapidly activated following uptake by the macrophage thus raising the 

possibility that supercoiling levels influence SPI 2 gene expression. Furthermore, 

the involvement of Fis is consistent with sensitivity to changes in DNA topology 

(Auner et a i ,  2003; Keane and Dorman, 2003). To investigate this possibility gene 

expression assays were performed following growth of the bacteria in media 

containing increasing concentrations of novobiocin. Novobiocin is a DNA gyrase 

inhibitor and therefore the addition of sub-lethal concentrations to the media causes 

a relaxation o f the DNA in a dose dependent manner (Marshall et a l ,  1999). The 

ssrA-lacZ promoter fusion was used in SL1344 grown overnight in 3 ml LB broth. 

Concentrations o f novobiocin used were 0, 12.5, 25, 50 and 75 |j,g/ml (Marshall et 

al., 1999). Results of the (3-galactosidase assays are shown in Fig. 5.2. An increase
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Fold increase at 37°C: 2.5 Fold increase at 37°C

Fig 5.1. Thermoregulation o f SPI 2 promoters.

A. P-galactosidase activity from the ssrA, ssaB, sseA, ssaG  and ssaK  promoter fusions in SL1344 following growth at 30°C and 37°C. 

Fold increase in expression at 37°C is indicated below each.

B. |3-galactosidase activity from the ssaB and ssaK  promoter fusions shown scaled up.
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Fig 5.2. Effect o f increasing novobiocin concentrations on ssrA promoter activity. 

SL1344 pQFssrA was grown overnight in LB containing increasing concentrations 

o f the DNA gyrase inhibitor novobiocin. p-galactosidase assays were then 

performed to determine the effect o f relaxation o f the DNA on ssrA transcription. At 

novobiocin concentrations above 25 |Xg/ml an increase in transcription was observed 

from the ssrA promoter.



in ssrA  transcription is observed when the novobiocin concentration is above 25 

Hg/ml. This result shows that the ssrA B  operon is induced by relaxation o f the 

DNA.

The finding that ssrA  is induced by relaxation o f the DNA raises some interesting 

possibilities. In chapter 4 Fis was shown to be involved in SPI 2 gene regulation by 

an unknown mechanism. Fis has previously been shown to regulate genes by 

binding to the promoter DNA and influencing local supercoiling levels (Auner et al., 

2003). The possibility therefore exists that the observed effect o f supercoiling on 

ssrA  transcription may be mediated by Fis. To examine this further expression 

assays were again performed using the SPI 2 promoter fusions in both the wild type 

SL1344 and SL1344//6’ backgrounds follow ing grow th in m edia containing 

increasing concentrations o f novobiocin. Results o f  the (3-galactosidase assays 

performed using the ssrA, ssaB, sseA, ssaG  and ssaK  promoter constructs are shown 

in Fig 5.3. In the wild type background an increase in transcription is again 

observed from the ssrA promoter as novobiocin levels increase, however no increase 

is observed from the rest o f the SPI 2 promoters. A drop in transcription levels are 

seen from the sseA  and ssa G  prom oters. In contrast to this an increase in 

transcription is observed from all prom oters in the f i s  mutant background as 

novobiocin levels increase. In the case o f ssrA where an increase is also observed in 

the wild type, the increase in transcription in the f i s  m utant begins at low er 

concentrations o f  novobiocin. These results indicate that ssrA B  expression is 

activated by relaxation o f the DNA, a condition known to accompany uptake o f  the 

bacteria by macrophages. In addition, results indicate that the previously identified 

involvem ent o f Fis in SPI 2 regulation may be through an effect o f Fis on DNA 

supercoiling.

5.2.3 Effect of pH on SPI 2 expression

Inhibition o f phagosome acidification by the vacuolar ATPase inhibitor bafilomycin 

reduces the intracellular replication o f S. typhimurium  (Rathman et al., 1996). This 

observation suggests that low pH either activates expression o f SPI 2 genes or that it 

triggers the secretion o f virulence determinants. Previous studies on this topic have
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Fig 5.3. Effect o f increasing novobiocin concentrations on SPI 2 promoter 

activity in wild type and //5 mutant SL1344.

SL1344 and SL1344//.V harbouring the pQFssrA (A), pQFssaB (B), pQFsseA 

(C), pQFssaG (D), and pQFssaK (E) plasmids were grown overnight in LB 

containing increasing sub-lethal concentrations o f novobiocin. (3-galactosidase 

assays were then performed. In the wild type background an increase in 

transcription was observed from the ssrA promoter as novobiocin concentration 

increased. No increase in expression was observed from the ssaB  or ssaK  

promoters and a decrease was observed from the sseA and ssaG  promoters. In 

the /is  mutants an increase in transcription is observed for all promoters as 

novobiocin concentration increases.
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produced conflicting results. Lee et al. (2000) reported that medium with a pH o f 

4.5 was activating for SPI 2 gene expression while medium with a pH o f 7 was 

repressing. Miao et al. (2002) found that expression o f the SPI 2 dependent sspH2 

gene was induced at both pH 4.5 and pH 7. In addition, experiments by Beuzon et 

al. (1999) demonstrated that shifting bacteria grown in medium at pH 7 to medium 

at pH 5 or below induced secretion o f the SseB protein indicating that low pH acts 

as a trigger for secretion o f SPI 2 effector proteins. To determine if  pH is involved 

in activation o f SPI 2 gene expression, bacteria harbouring the SPI 2 prom oter 

fusion plasmids were grown in media at pH 7, 6, 5, and 4.5 and (3-galactosidase 

assays performed to determine the effect o f reduced pH on prom oter activity. 

Results for the ssrA, ssaB, sseA, ssaG  and ssaK  promoter fusions are shown in Fig.

5.4 (A to E). No increase in promoter activity was observed for any o f the SPI 2 

promoters in acidic pH conditions. In fact a 2-fold reduction in expression was 

observed from the sseA  and ssaG  promoters at the lowest pH used, pH 4.5. The 

results agree with Miao et al. (2002). Acidic pH is not required for activation o f SPI 

2 gene expression. Very low pH may in fact result in a reduction in expression from 

certain SPI 2 promoters, most notably the promoter transcribing SPI 2 effector 

proteins.

5.2.4 Effect of oxygen on SPI 2 promoter activity

Salm onella  pathogenicity islands 1 and 2 are both critical for systemic Salmonella  

infection  how ever they are expressed at different stages during infection. 

Experiments carried out under conditions that induce expression o f  SPI 1 genes in 

vitro, showed that under these conditions SPI 2 genes were inactive (Deiwick et al., 

1999). Conversely under SPI 2-activating conditions SPI 1 genes are silent (see 

chapter 6). Activation o f SPI I genes in vitro occurs under conditions o f oxygen 

limitation (Bajaj et al., 1996). Due to the apparent converse relationship between 

expression o f the genes in SPI 1 and SPI 2, and the effect o f oxygen on SPI I gene 

expression, an investigation was carried out to determine if  oxygen levels affect SPI 

2 gene expression. The wild type SL1344 strain harbouring the pQFssrA plasmid 

was grown in a variety o f different conditions designed to provide varying levels o f 

oxgenation to the culture. Different volumes o f culture, (3 ml, 25 ml or 200 ml), 

were grown in differently sized vessels (test tubes, 250 ml conical flasks, 250 ml
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Fig 5.4. Effect of pH on SPI 2 gene expression.

.S', typhimurium bacteria harbouring the SPI 2 promoter fusion plasmids were grown in LB broth 

at pH 7, 6, 5 and 4.5. |3-galactosidase assays were then performed to determine the effect of 

reduced pH on promoter activity. No effect on transcription was observed from the ssrA, ssaB or 

ssaK  promoters in media with reduced pH (A, B and E). The sseA and ssaG promoters showed a 

slight (2-fold) reduction in promoter activity at the lowest pH used (pH4.5) (C and D). The 

result shows that SPI 2 promoters are not activated by acidic pH.
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baffled conical flasks or 2 1 conical flasks), with or without shaking to provide the 

bacteria with a range of oxygenation levels. (3-galactosidase assays were then 

performed to determine how the various aeration levels affected ssrA promoter 

activity. Conditions for each culture and results obtained from them are shown in 

Fig. 5.5. The ODeoo of each culture was measured to determine if ssrA-lacZ  |3- 

galactosidase activity correlated with culture density, however, no pattern could be 

established (data not shown). Interestingly, the cultures in which aeration levels 

were highest, i.e. those where the volume of culture = 10% of the volume of the 

flask, (i.e. 25 ml in 250 ml flasks and 200 ml in 2 1 flasks) showed lowest levels of 

expression of ssrA-lacZ. In addition, for these cultures no difference in expression 

levels was observed when grown with or without shaking. Cultures grown with 

moderate or low levels of aeration (3 ml test tube cultures and 200 ml in 250 ml 

flasks) showed increased levels of ssrA-lacZ expression with highest levels arising 

from 200 ml cultures grown in 250 ml flasks. This result suggests that reduced or 

low levels of aeration activate ssrA gene expression. However when activity from 

the ssrA promoter in low aeration cultures with and without shaking was examined a 

decrease in expression in the static cultures was observed. This result indicates that 

increased aeration levels in these cultures results in an increase in ssrA transcription 

and so contradicts the initial observation that increased aeration reduces ssrA gene 

expression.

The results above clearly indicate that oxygen levels are important in influencing 

ssrA gene expression, however due to the ambiguity of the results the exact role of 

oxygen and the aeration level that maximally induces ssrA expression is difficult to 

establish. The ssrA promoter is just one of the SPI 2 promoters and, as has been 

previously demonstrated, the SPI 2 promoters can react differently to various 

stimuli. To further investigate the effect of oxygen on SPI 2 gene expression, the 

ssaB, sseA, ssaG, and ssaK  promoters were assayed, along with ssrA, for their 

response to oxygen. Experiments were carried out in test tubes to negate any effect 

of varying size and shape of culture container on promoter activity, and in addition 

to growing cultures with and without shaking aerobically, cultures were grown with 

and w ithout shaking anareobically (<1% oxygen atmosphere) and under 

microaerophillic conditions (6% oxygen). (3-galactosidase assays were then
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Fig 5.5. Effect o f varying oxygen conditions on ssrA promoter activity.

LB cultures o f 5'. typhimurium  SL1344 containing the pQFssrA plasmid were grown under 

conditions o f varying oxygenation and (3-galactosidase assays performed. Volume o f 

culture, type o f culture container used and culture conditions i.e. shaking or static, are 

indicated below each datum point. Conditions where oxygenation levels were expected to 

be highest (i.e. those where volume o f culture = 10% volume o f flask {25 ml in 250 ml 

flasks and 200 ml in 2 1 flasks}) showed lowest levels o f ssrA experssion and no difference 

between baffled and non-baffled flasks or shaking and static cultures. Under conditions o f 

moderate or low oxygenation ( i.e. test tube cultures and 200 ml culture in 250 ml flasks) 

higher levels o f expression were observed from the ssrA promoter and a decrease in 

expression was observed for cultures grown statically versus those grown with shaking.



performed on all cultures to determine the effect o f the various conditions and the 

effect o f  shaking on transcription and the results are shown in Fig. 5.6. 

Transcription levels from the ssaB and ssaK  promoters did not change under any of 

the conditions assayed. There was no variation in transcription levels between static 

and shaking cultures or between aerobic, anaerobic or m icroaerophillic cultures. 

This result indicates that oxygen levels do not affect these promoters. The ssrA, 

sseA  and ssaG  promoters did respond to variations in oxygen levels. Cultures 

grown aerobically showed higher levels o f transcription when grown with shaking 

than when grown statically. This result is because o f higher aeration levels in the 

shaking cultures as dem onstrated by the fact that cultures grown anaerobically 

showed no difference in transcription levels when grown with or w ithout shaking. 

For each promoter a slight decrease in transcription was observed between shaking 

and static cultures grown microaerophillically. This result is consistant with the role 

for oxygen seen in the aerobic and anaerobic cultures. Interestingly, for the sseA 

and ssaG  promoters transcription levels from cultures grown anaerobically were 

slightly higher than those from cultures grown aerobically without shaking. Aerobic 

static cultures clearly do not have high aeration levels however oxygen levels would 

be higher than those o f anaerobic cultures. It is therefore surprising that the 

anaerobic cultures would display increased transcription levels. The results indicate 

that under moderate oxygen conditions increases in aeration activates transcription 

o f  the ssrA, sseA and ssaG  promoters but not the ssaB  and ssaK  promoters. High 

levels o f oxygen appear to repress the ssrA promoter.

5.2.5 Influence of reactive oxygen species on SPI 2 gene expression

NADPH (nicotinamide adenine dinucleotide phosphate) oxidase plays a critical role 

in innate host defence against microbial infection. The NADPH oxidase catalyses 

the reduction o f oxygen to superoxide, a precursor to several potent antimicrobial, 

reactive oxygen species, e.g hydrogen peroxide, hydroxyl radical, and peroxynitrate 

(Ischiropoulos e /a /. ,  1992; M iller and Britigan, 1997). Release o f the reactive 

oxygen species into the phagosome results in killing o f the invading microbe. It has 

been suggested that one function o f SPI 2 is to prevent the release o f  reactive 

oxygen species into the SCV thus allowing intracellular survival o f  the bacteria 

(V azquez-Torres et a i ,  2000). To test this hypothesis, and to determine whether
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Fig. 5.6. Effect of aerobic, anaerobic and microaerophillic conditions on SPI 2 promoter 

activity.

Cultures of S. typhimurium strain SL1344, harbouring the pQFssrA (A), pQFssaB (B), 

pQFsseA (C), pQFssaG (D), or pQFssaK (E) promoter fusion plasmids, were grown 

overnight aerobically, anaerobically and microaerophilically, both with and without 

shaking. |3-galactosidase assays were then performed to determine how each promoter 

was affected by these conditions. The ssaB and ssaK promoters were not affected by 

oxygen levels (B and E). No change in (3-galactosidase activity was observed between 

different aeration conditions or between static and shaking cultures. The ssrA, sseA and 

ssaG promoters were affected by oxygen levels (A, C and D). For shaking cultures, 

highest levels of promoter activity were observed under aerobic conditions. Cultures 

grown anaerobically and microaerophillically showed reduced levels of p-galactosidase 

activity. Cultures grown statically displayed a different profile. Anaerobic conditions 

resulted in highest levels of (3-galactosidase activity with slightly reduced levels observed 

in cultures grown aerobically and microaerophillically. No difference in (3-galactosidase 

activity was observed between shaking and static cultures grown anaerobically, however a 

decrease in activity was observed at the ssrA, sseA and ssaG promoters between static and 

shaking cultures when grown aerobically. This demonstrates that oxygen levels influence 

expression of these promoters.
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reactive oxygen species affect SPI 2 gene expression, |3-galactosidase assays were 

performed on bacteria harvesting the SPI 2 promoter fusion plasmids, grown in the 

presence of hydrogen peroxide (Fig 5.7). The results of the |3-galactosidase assays 

show that hydrogen peroxide had no effect on SPI 2 promoter activity. At both 

concentrations of hydrogen peroxide used (0.5 mM and 1 mM) promoter activity 

was the same as the control sample which did not contain hydrogen peroxide. This 

result supports the findings of Vazquez-Torres et a i  (2000). Reactive oxygen 

species do not act as a regulator of SPI 2 gene expression because SPI 2 excludes 

them from the SCV preventing the bacteria coming in contact with them.
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Fig 5.7. Effect o f hydrogen peroxide on SPI 2 promoter activity.

A. P-galactosidase activity from the ssrA, ssaB, sseA, ssaG  and ssaK  promoter fusions in SL1344 following growth in LB containing 0, 

0.5 or 1 mM H2 O2 . No effect on transcription is observed

B. p-galactosidase activity from the ssaB  and ssaK  promoter fusions shown scaled up.



5.3 Discussion

SPI 2 genes are preferentially expressed and are required for survival inside 

macrophages (Cirillo et a i ,  1998). Environmental signals within the macrophage 

are critical for SPl 2 gene activation, however exactly what these signals are and 

their influence on SPI 2 remains unclear. Osmolarity is a known regulator o f SPI 2 

due to the involvement o f the OmpR/EnvZ two-component system in SPI 2 gene 

regulation (Lee et a i ,  2000). Other environmental signals proposed to effect SPI 2 

expression include low Mg^^ and low pH, however conflicting reports have raised 

questions over the input o f these conditions (Deiwick et al., 1999; Miao et a l ,  

2002). In this study the effect o f various environm ental and physiological 

conditions on SPI 2 promoter activity was determined. Conditions assayed included 

temperature, pH, oxygen, DNA superhelical density and hydrogen peroxide.

Previous investigations into the effect o f environmental conditions on SPI 2 have 

focused on one or two specific genes and interpreted their activity to represent 

activity o f the island as a whole (Deiwick et al., 1999; Miao et al., 2002). In this 

investigation activity o f promoters throughout the island were examined and their 

response to various environmental stimuli investigated. Results demonstrated that 

each SPI 2 promoter has the ability to react independently to a given environmental 

condition. The ability to respond differently to the same signal may reflect the 

organization o f functionally related genes into operons within SPI 2. Activation o f 

the secretion system apparatus genes (structural I and structural II regions) may be 

induced differentially to the effector and chaperone genes (effector/chaperone 

region), which may then be induced in response to a different signal. In this way 

temporal and sequential activation of the genes within the island can be achieved.

All SPI 2 promoters assayed displayed preferential expression at 37°C compared to 

30°C. As SPI 2 expression is required for survival inside the host, induced 

expression at 37°C would be expected. While not surprising, this is nonetheless the 

first demonstration o f temperature regulation of SPI 2 genes.

The effect o f pH and hydrogen peroxide on SPI 2 gene expression is the topic o f 

conflicting reports at present (Deiwick et a l ,  1999; Lee et al., 2000; Miao et al..
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2002; Vazquez-Torres et al., 2000). In this study pH and hydrogen peroxide were 

shown not to affect transcription from the SPI 2 promoters. Acidification o f the 

SCV has been shown to be required for survival o f the bacteria inside macrophages. 

Results here agree with Miao et al. (2002) in suggesting that low pH does not 

activate SPI 2 transcription. This supports the findings o f Beuzon et al. (1999) who 

report that low pH triggers release o f SPI 2 effector proteins not their transcription. 

In the case o f hydrogen peroxide, it has been suggested that Salm onella  effector 

proteins prevent the release o f reactive oxygen species into the SCV therefore the 

bacteria do not come in contact with them (Vazquez-Torres et al., 2000). Hydrogen 

peroxide had no effect on SPI 2 prom oter activity supporting this proposed 

mechanism.

As well as changes in environm ental conditions as the bacteria enter the 

macrophage, changes in physiological conditions also occur. Bacterial DNA 

becomes relaxed upon entry into macrophages (Marshall et al., 2000). Previous 

studies have shown that changes in the superhelical density o f DNA can alter gene 

expression (Auner et al., 2003). The Fis protein is also known to be involved in 

m odulating DNA supercoiling levels and can influence transcrip tion  in a 

supercoiling dependent manner (Schneider et al., 1997). In light o f these results, 

and the recently discovered role for Fis in SPI 2 gene expression, an investigation 

was carried out to determine if  supercoiling levels affect SPI 2 gene expression and 

if  the role o f Fis in SPI 2 gene regulation is as a result o f its role in modulating 

supercoiling levels. O f the SPI 2 promoters, the ssrA promoter alone was found to 

be activated by relaxation o f the DNA in the wild type SL1344 strain. In the 

SL1344 /z's mutant all o f the SPI 2 promoter were found to be activated by relaxed 

DNA. This result indicates that the role o f Fis in SPI 2 regulation may be through 

an effect on supercoiling however the exact mechanism by which it is involved is 

unclear. Fis is required for activation o f the SPI 2 genes in vitro and in vivo. SPI 2 

genes are activated upon entry into macrophages, a condition where the DNA is 

known to become relaxed (M arshall et al., 2000). In the absence o f  Fis the SPI 2 

promoters are more strongly induced as the DNA becomes relaxed. These results 

appear contradictory, however the novobiocin experiments have certain limitations. 

Increasing novobiocin concentration causes relaxation o f the DNA but it is unknown 

what concentration o f novobiocin produces DNA with the same superhelical density



as that o f bacteria entering macrophages. In addition novobiocin is an antibiotic 

drug and therefore has a deleterious effect on the bacterial cell. It is difficult to 

account for this in the f3-galactosidase experiments. The results clearly indicate that 

the ssrA promoter is a supercoiling-sensitive promoter, activated by relaxation o f the 

DNA. None o f the other SPI 2 promoters responded in this way indicating an ability 

to respond differently to a particular stimulus. Fis, which is involved in SPI 2 

regulation, may be influencing transcription in a supercoiling-dependent manner.

Salmonella  pathogenicity island 1 (SPI 1), like SPI 2, is regulated by various 

environmental conditions (Bajaj et al., 1996). Oxygen level is one condition that 

influences transcription o f SPI 1 genes and results here show that it is also important 

in SPI 2 gene expression. The ssrA  prom oter was repressed by high aeration 

conditions but activated under moderate or low levels. Experiments with all SPI 2 

promoters again demonstrated their ability to react differently to a given stimulus as 

the s s a B  and s s a K  prom oters showed no effect o f  oxygen levels on their 

transcription while the s s r A , s se A  and j'5'aG promoters all displayed an oxygen 

dependent expression profile. Results indicate that for these promoters oxygen is 

positively effecting transcription up until a certain point after which it becomes a 

negative influence. SPI I is activated by low levels o f oxygen and, as with the Fis 

protein, SPI 2 appears to be influenced in the same way.
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Chapter 6

Microarrav analysis of the Fis regulon during growth in Minimal

Medium 5.8 (MM5.8)
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6.1 Introduction

6.1.1 DNA microarray analysis

A dvances in genom e sequencing and robotics have revolutionised m olecular 

biology. N owadays research papers report the sequence o f entire genom es or 

genom ic expression profiles whereas little over a decade ago the sequencing or 

expression profile o f a single gene warranted an entire paper. One application 

arising from the genomics revolution has been the use o f DNA microarrays in global 

gene expression profiling. DNA microarrays consist o f either oligonuleotide or 

cDNA products corresponding to every gene in the genome, deposited onto glass 

slides in an ordered grid. Hybridization o f fluorescently labelled cDNA, produced 

by reverse transcription o f total genomic RNA harvested under certain conditions, to 

the m icroarray slide and subsequent analysis o f fluorescent intensity gives an 

indication o f the expression o f every gene in the cell under a specific condition. 

Comparison o f gene expression profiles under various conditions can reveal how 

gene expression in an organism responds to those particular conditions. Similarly, 

com parison o f the genomic expression profile o f  a wild type strain with a strain 

carrying a mutation reveals how that particular mutation affects global transcription 

levels. The Fis protein is known to be involved in regulation o f many different 

genes in S. typhimurium  and so is known as a global regulator. This work shows 

that Fis is also involved in regulating the genes in SPI 2. In light o f this, and as part 

o f a study to determine the entire Fis regulon, DNA microarray analysis was carried 

out using the wild type SL1344 and the SL 1344/«  mutant. Initial m icroarray 

experiments in LB broth confirmed that Fis was required for full expression o f the 

SPI 2 genes (Kelly et a l ,  submitted). SPI 2 genes are preferentially expressed and 

are required for survival inside macrophages, so to understand better the role o f Fis 

in regulating SPI 2, microarray analysis o f the Fis regulon was carried out following 

growth in the SPI 2 inducing medium, minimal medium 5.8 (MM 5.8). This is a 

low pH, minimal medium designed to simulate the intracellular environment o f the 

macrophage (Deiwick et al., 1999; Kox et a i ,  2000). Recent results catagorising the 

transcriptional profile o f S. typhimurium  inside macrophage have shown that MM5.8 

provides a poor representation o f the intracellular environm ent (Eriksson et al., 

2003). For most genes, expression in MM5.8 and expression inside macrophage
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does not correlate. The SPI 2 genes (and certain other in vivo expressed genes) are 

exceptions showing similar expression levels inside macrophage and in MM5.8. As 

such MM5.8 can be considered a SPI 2-inducing medium. It was hoped that 

analysis o f the role o f Fis during growth in this medium would help elucidate the 

role of Fis on SPI 2 and further our understanding o f the role o f Fis during infection.
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6.2 Results

6.2.1 Growth of S. typhimurium  in minimal medium 5.8 (MM5.8)

As MM5.8 is a stringent medium the ability o f S. typhimurium  to grow in it was 

assessed prior to use in microarray experiments. SL1344 and SL1344/w do not 

grow in MM5.8 when inoculated from colonies on agar plates so the following 

culture strategy was developed. LB cultures were used as an initial step and two 

rounds o f sub-inoculation into MM5.8 were used to minimise transfer o f nutrients 

from the LB into the MM5.8. Cultures were grown as follows. In test tubes, 3 ml o f 

LB broth was inoculated from colonies growing on agar plates. These LB cultures 

were incubated at 37°C overnight with shaking. The following day 25 ml o f MM5.8 

in 250 ml conical flasks was inoculated with 250 ^1 o f the overnight LB cultures 

(i.e. a sub-culture ratio o f 1:100) and again grown overnight at 37°C with shaking. 

These overnight MM5.8 cultures were then use to inoculate fresh MM5.8 in either 

500 ml or 250 ml conical flasks. The above procedure was rigorously adhered to 

during every use o f MM5.8 due to the fact (as seen in the previous chapter) that 

small differences in growth conditions can alter gene expression resulting in 

difficulties in generating reproducible data. Growth curves for SL1344 and 

SL1344/W in MM5.8 are shown in Fig 6.1. Both strains have a doubling time o f 

approx 61 min during exponential growth however the f i s  m utant displayed a 

slightly increased lag phase prior to exponential phase growth.

6.2.2 Fis protein levels during growth in MM5.8

Microarray analysis o f the Fis regulon consists o f a com parison o f the genome 

expression profiles o f the wild type and f i s  mutant S. typhimurium  under a specific 

condition or conditions. In this case the conditions used are growth in MM5.8. To 

determine at what stage o f growth to perform the microarray analysis the expression 

profile o f Fis was determined for bacteria growing in MM5.8. As shown in chapter 

4, Fig 4.5, the expression profile for Fis during growth in LB broth shows high 

levels of protein in early exponential phase growth after which levels decline. For 

bacteria inside macrophages a more constant expression profile is seen with similar 

levels o f Fis at 30 min and 3 h post-infection (Fig 4.6). Fis protein levels during

96



1 - I

0^600 0.1 SL1344 

O  SL1344//5

0.01
0 2

~r
4

— \
10

Time (h)

Fig 6.1. Growth of SL1344 and SL\344fis in MM5.8.

S. typhimurium SL1344 and SL1344//5 were grown overnight in 3 ml LB cultures, 

subcultured into MM5.8, grown overnight, and then used to inoculate fresh MM5.8 

cultures. Growth of the two strains was measured by ODgoo various time-points post

inoculation and the log growth plotted against time. Both strains have similar doubling 

times (61 min) while the fis  mutant displays a slightly increased lag phase prior to 

exponential growth. Experiment performed at least 3 times and representative data is 

shown.



growth in MM5.8 were determined by Western blotting using samples o f SL1344 

taken at regular time-points throughout the growth cycle in MM5.8. Results o f the 

Western blot analysis are shown in Fig. 6.2. As in LB broth, an induction o f Fis is 

observed in MM5.8 following nutrient upshift or sub-culture. In LB, Fis levels then 

decrease rapidly whereas in MM5.8 they remain high. Only when bacterial growth 

begins to slow down and the cells enter stationary phase do Fis levels drop. This 

sustained induction o f Fis is reminiscent o f the situation inside macrophages where 

Fis levels remain constant after an initial induction following uptake o f the bacteria 

by the macrophage.

6.2.3 Microarray procedures and data handling

Based on the results obtained from the Western blot analysis o f Fis levels in MM5.8, 

two time-points were chosen to isolate RNA from for the microarray experiment. 

The tim e-points chosen were 2.5 hours and 5 hours post sub-culture, w hich 

represented early and late exponential phase growth. The wild type and f is  mutant 

bacteria were grown as previously outlined and at the corresponding tim e-point 

samples were harvested and RNA prepared as outlined in chapter 2. This RNA, 

along with genomic DNA, was labelled using the Cy3 and Cy5 dyes and then used 

in m icroarray hybridizations as detailed in chapter 2. The S. typhimurium  

microarrays used in this study were PCR product arrays provided by J. Hinton in the 

Institute for Food Research (IFR) in Norwich, England. All microarray work was 

carried out in Norwich and was funded by a Marie Curie fellowship grant. For each 

time-point four arrays were hybridized and the data presented are the average o f  all 

four arrays. Procedures for slide blocking, microarray hybridization, data handling 

and analysis are detailed in chapter 2. Once data had passed statistical analysis they 

were imported into the GeneSpring 6.0 software program where all further analysis 

was carried out. From within the GeneSpring 6.0 program a M icrosoft Excel file 

containing the results for all genes that passed statistical filtering was created. This 

Microsoft Excel file is included on CD-ROM at the back o f this manuscript. Genes 

are ranked according to their expression ratio. The expression ratio is a numerical 

value representing the fold decrease in expression in the f i s  mutant compared to the 

wild type. A cut off point o f 2-fold was imposed on all microarray data. Genes with
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Fig. 6.2. Fis protein levels during grow th in M M 5.8.

S. typhim urium  SL1344 w as grow n in M M 5.8 as described and sam ples were taken at various 

tim e-points and used for W estern im m unoblot analysis with the anti-Fis antibody. Tim e post 

sub-culture for each sam ple is indicated above. Induction o f  Fis occurs follow ing nutrient 

upshift and Fis levels rem ain high during exponential phase growth. Fis levels decline after 5 

hours w hich corresponds w ith a slow  dow n in bacterial grow th and entry into stationary phase.



an expression ratio above 2 were deemed to be activated by Fis and those with a 

ratio below 0.5 repressed by Fis.

6.2.4 S. typhimurium gene expression profile in MM5.8

M M5.8 m edium  was used here as it has previously been shown to activate 

expression o f SPI 2 genes (Deiwick et a l ,  1999). M icroarray analysis o f the Fis 

regulon in this medium will indicate in more detail the role o f Fis in regulating SPI 2 

and other in vivo expressed genes, under activating conditions similar to those found 

inside macrophages. To verify that this medium is SPI 2-inducing, and to determine 

the effects o f growth in this medium on bacterial gene expression, the microarray 

results from the wild type SL1344 grown in MM5.8 were compared to microarray 

results from SL1344 grown in LB broth (Kelly et al., submitted). Comparisons 

were made between samples taken during early (2.5 h in MM5.8 and 1 h in LB) and 

late (5 h in MM5.8 and 4 h in LB) growth. At the early time-point, expression o f 

1,976 genes was affected by a factor o f 2 or greater in MM5.8 compared to LB. O f 

these, 1,032 genes displayed increased expression while 944 displayed decreased 

expression in MM5.8. At the later time-point, 2,105 genes showed changes in 

expression o f 2-fold or more with 1,243 being up in MM5.8 and 862 down. A 

com parison o f those genes affected at both tim e-points showed that in total, 

expression o f 2,812 genes was altered during growth in MM5.8 (compared to LB), 

with 1,268 genes affected at both tim e-points. A list o f all genes and their 

expression levels in MM5.8 compared to LB is given in a Microsoft Excel document 

titled “Supplementary material 1 .xls” . There are 4 sheets in this document. Sheet 1 

contains the results for all genes listed alphabetically. Sheets 2 and 3 contain the 

genes whose expression was altered 2-fold in the early and late time-points listed 

with those most up-regulated at the top and descending. Finally, sheet 4 contains 

the 2,812 genes whose expression was altered 2-fold or more in MM5.8.

An analysis o f the activity o f the SPI 2 genes in MM5.8 confirmed that the majority 

o f SPI 2 genes are induced in this medium. Fig. 6.3B shows a graphical 

representation o f the induction o f 27 o f 29 SPI 2 genes in MM5.8. The sseA and 

sseB  genes were the only SPI 2 genes not induced in MM5.8. Also included are 

graphs o f the global gene expression profile (Fig 6.3A), and SPI 1 activity in MM5.8
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Fig. 6.3. Analysis of S. typhimurium wild type gene expression profile in MM5.8 

compared to LB.

Graphical representation of fold difference in gene expression in MM5.8 compared to LB 

broth at both early (left) and late (right) time-points. An increase from left to right on the 

graphs indicates up-regulation in MM5.8 compared to LB, while a decrease indicates 

down-regulation in MM5.8. Gene expression values are normalized against the LB data 

and fold differences in expression are indicated on the Y axis.

A. S. typhimurium expression profile in MM5.8 at the early and late time-points. 4,231 

genes are represented of which 2,812 genes were up or down-regulated 2-fold or more 

(see "Supplementary material 1" excel file).

B. SPI 2 expression profile in MM5.8. 29 SPI 2 genes are represented and for 27 of these 

an induction in expression in MM5.8 is observed.

C. SPI 1 expression in MM5.8. 30 SPI 1 genes are represented and show reduced 

expression in MM5.8.
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(Fig 6.3C). In contrast to SPI 2, SPI 1 genes are down-regulated in MM5.8. The 

results here confirm that the majority o f SPI 2 genes are activated in MM5.8.

6.2.5 The Fis regulon in MM5.8

Following the analysis o f wild type S. typhimurium  gene expression in LB and 

MM5.8, the gene expression profiles o f the wild type SLI344 and SL1344 f is  

mutant, in MM5.8 were compared. Again results were generated for the early (2.5 

h) and late (5 h) time-points. A cut off value o f 2-fold was again employed. Results 

were generated  for 4,654 genes and are show n in M icrosoft Excel file 

“Supplementary material 2.xls” . In sheet 1, results are shown alphabetically with 

each gene’s expression ratio at 2.5 h and 5 h along with a brief gene description. 

The expression ratio is the wild type expression value divided by the expression 

value in the f i s  mutant and is therefore a measure o f the fold change in activity in the 

f is  mutant. Analysis o f the results for the 2.5 h time-point showed that 52 genes had 

expression levels that were altered by 2-fold or more in the f is  mutant. Exactly half 

o f these (26) displayed increased expression in the fits mutant and ha lf showed 

decreased expression in the fiis mutant. At the 5 h time-point 136 genes showed 

greater than 2-fold changes with 45 showing increases in expression in the f is  

mutant and 91 decreases in expression. Combining these results generated a list of 

170 genes whose expression was up or down 2-fold in the f is  mutant, and o f these 18 

were affected at both time-points. Sheets 2 and 3 o f “Supplementary material 2.xls” 

list the genes that were affected at the 2.5 h and 5 h time-points while sheet 4 

contains a full list o f the 170 affected genes and the 18 genes affected at both time- 

points.

82 o f the 170 genes found to be affected by Fis in MM5.8 have unknown or only 

suggested functions. The genes found to be most affected by Fis were virulence 

genes, including genes from SPI 1, 2 and 5, and bacteriophage genes. The results 

obtained for some o f these are detailed below.

Results with the SPI 2 promoter fusion plasmids have shown that Fis is required for 

the activation o f SPI 2 genes in LB broth and inside macrophages. As a result, the 

microarray results showing the activity o f the SPI 2 genes in MM5.8 in the wild type
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Table 6.1. Effect of Fis on SPI 2 genes during growth in MM5.8

Gene Description Wild typeZ/w expression ratio 2-fold in 1.7-foId

2.5 h 5 h fis'^  in //^''’’

ssrA Secretion system regulator 1.29 1.85 +

ssrB Secretion system regulator 1.26 2.79 + +

ssaB Secretion system apparatus 1.41 1.57

ssaC Secretion system apparatus 1.32 2.18 4 - +

ssaD Secretion system apparatus ND*̂ ND*̂

ssaE Secretion system apparatus 1.74 1.57 +

sseA Secretion system effector 0.95 0.98

sseB Secretion system effector 1.12 1.01

sscA Secretion system chaperone 1.77 1.70 +

sseC Secretion system effector 1.92 2.56 + +

sseD Secretion system effector 2.03 1.85 + +

sseE Secretion system effector 1.79 2.43 + +

sscB Secretion system chaperone 1.80 1.48 +

sseF Secretion system effector 1.88 1.32 +

sseG Secretion system effector 1.77 1.13 +

ssaG Secretion system apparatus 1.56 1.58

ssaH Secretion system apparatus 1.42 3.47 + +

ssal Secretion system apparatus 1.41 2.03 + +

ssaJ Secretion system apparatus 1.56 1.95 +

ssaK Secretion system apparatus 1.60 2.55 + +

ssaL Secretion system apparatus 1.92 1.84 +

ssaM Secretion system apparatus 1.77 1.80 +

ssaV Secretion system apparatus 1.84 2.07 + +

ssaN Secretion system apparatus 2.20 2.93 + +

ssaO Secretion system apparatus 2.89 3.12 + +

ssaP Secretion system apparatus 2.74 2.70 + +



ssaQ Secretion system apparatus ND*̂  ND*̂

ssaR Secretion system apparatus 1.38 3.1 1 + +

ssaS Secretion system apparatus 1.28 2.97 + +

ssaT  Secretion system apparatus 1.41 2.58 + +

ssaU  Secretion system apparatus 1.70 1.74 +

a. Gene expression altered 2-fold or more in fis  mutant.

b. Gene expression altered 1.7-fold or more \nfis  mutant.

c. No Data.



and fis mutant were o f particular interest. The results obtained for 29 o f the 31 SPI 

2 genes are shown in Table 6.1. No data were obtained for the ssaD  or ssaQ  genes. 

15 o f the 29 genes had an expression ratio o f 2 or more indicating that Fis is 

required for their activation in MM5.8. This only accounts for approximately half o f 

the genes in SPI 2. Upon closer examination of the 14 genes that had an expression 

ratio below 2 it was revealed that in most cases their expression ratio was just below 

the 2-fold cut off point. Reduction o f the cut off to 1.7-fold results in 25 o f  the 29 

SPI 2 genes being included. While 2-fold is the standard cut o ff point in these types 

o f experiment, due to the relatively low expression ratios o f the genes most highly 

regulated by Fis in this medium (5.7-fold at 2.5 h and 20.9-fold at 5 h), reduction o f 

the cut o ff point may be warranted. In support o f this argument, the f i s  gene itself 

shows an expression ratio o f 1.9 at 5 h. This is below the 2-fold cut off even though 

Fis is known to be negatively autoregulatory (Ninnemann et a i ,  1992). The SPI 2 

microarray results support the findings in chapter 4. Fis is involved in activation o f 

SPI 2 gene expression. Results here also suggest that certain SPI 2 genes may be 

more dependent on Fis for activation than others as some o f the secretion system 

apparatus {ssa) genes in the structural II region showed the highest expression ratios 

o f all the SPI 2 genes.

While SPI 2-encoded virulence genes featured prominently in the list o f genes most 

affected by Fis in MM5.8, other virulence genes were also shown to be regulated by 

Fis in this medium. Table 6.2 contains a list o f 15 virulence genes or virulence 

associated genes that also passed the 2-fold cut o f f  Not surprisingly, 3 SPI 2 

regulated genes, were found to be regulated by Fis. srfj, sseJ  and sspH2  are not 

located w ithin SPI 2 but are activated by the SsrA/B system. They all had 

expression ratios above 2 indicating that, like SPI 2, they are activated by Fis. The 

SPI 1 chaperone s icP , and a gene o f unknown function, STM 0972, that is 

homologous to the SPI 1 secreted protein SopD, were also shown to require Fis for 

activation. Three genes from SPI 5, pipA, pipB  and pipD , were shown to require Fis 

for activation. A gene o f unknown function STM 2780, that shows sequence 

homology to pipB , was also shown to require Fis for activation. All o f the virulence 

genes that are regulated by Fis were found to be activated by Fis with the exception 

o f the spvA and spvB  virulence plasmid encoded genes. Both these genes showed a 

2-fold repression by Fis in MM5.8. This result is surprising in light o f the fact that
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Table 6.2. Virulence determinants affected by Fis during growth in MM5.8 

Gene Description Wild typ d fis  expression ratio

2.5 h 5 h

hha Hemolysin expression-modulating protein (involved 0.94 2.33

in environmental regulation o f virulence factors) 

pipA  SPI 5 pathogenicity island-encoded protein 2.14 1.98

pipB  SPI 5 pathogenicity island-encoded protein 2.33 3.14

pipD  SPI 5 pathogenicity island-encoded protein 1.58 2.58

pqaA  PhoPQ-regulated protein 2.05 3.10

sicP  SPI 1 chaperone 1.05 2.38

sifA Lysosomal glycoprotein (Igp)-containing structures; 1.91 2.26

replication in macrophages 

spvA Salmonella virulence plasmid encoded gene 0.46 0.73

spvB  5’a/mo«e//a virulence plasmid encoded gene 0.61 0.44

srfJ  Activated by transcription factor SsrB 2.29 1.82

sseJ  translocated effector: regulated by SPI-2 1.83 3.39

sspH2 Leucine-rich repeat protein, induced by SsrA/B 2.07 1.55

STM0972 Homologous to SPI 1 secreted protein SopD 1.46 2.65

STM2780 Homologue o f SPI 5-e n c o d e d 1. 47 2.93

yh jX  Homologue o f  ̂ /j/ge/Za virulence gene v/rA  ̂ 1.07 2.09



Fis has never been shown to affect the spv  system in LB or in macrophages. Also 

there is no evidence that Fis can bind to the spvR  promoter (chapter 4) as would be 

expected if  Fis acted as a repressor there.

S. typhimurium  harbours several fully functional bacteriophages that are capable o f 

excising from the chromosome under specific conditions (Figueroa-Bossi et a i ,  

1997). These phages have been implicated in the horizontal transfer o f genes, in 

particular virulence genes, between different strains and different species o f bacteria 

(Figueroa-Bossi et a l ,  2001). Examples o f these phages in S. typhimurium  are the 

Gifsy and Fels prophages. The S. typhimurium  chromosome harbours at least 2 

Gifsy, G ifsy-1 and Gifsy-2, and 2 Fels, Fels-1 and Fels-2, prophages. The Gifsy 

prophages have been shown to be important for S. typhimurium  virulence in mice 

and are known to encode several virulence genes (Figueroa-Bossi et a l ,  2001). 

Strains that are cured o f the Gifsy-2 prophage are significantly attenuated in a mouse 

model o f infection. Microarray analysis o f the Fis regulon showed that many o f  the 

genes on Gifsy-1, Gifsy-2, F e ls-l, and Fels-2 are regulated by Fis. Table 6.3 

contains a list o f all Gifsy and Fels encoded genes that passed the 2-fold cut off. O f 

the 24 listed, 13 are Gifsy-1, 7 are G ifsy-2, 2 are Fels-1, and 2 are Fels-2. 

Interestingly, in most cases Fis is acting as a repressor i.e. the expression ratio is 

below 0.5. For 3 Gifsy-1 and 3 Gifsy-2 genes Fis is an activator o f expression, the 

expression ratio being over 2. This is the first indication that Fis in involved in the 

regulation o f prophage genes and another putative connection between Fis and 

regulation o f virulence genes.

Interestingly, the genes that were most affected by Fis in MM5.8 are a cluster o f  

phage-like genes from STM2233 to STM2239 (with the exception o f STM2238 as 

no data was collected for it). Results obtained for these genes are included in Table 

6.3. The expression ratios for these genes are significantly higher than any other 

genes on the chromosome and indicate that Fis is crucial for the expression o f these 

genes in MM5.8. Comparison o f the expression o f these genes in MM5.8 with their 

expression in LB shows that they are induced in MM5.8 (Fig. 6.4). The functions o f 

these genes are unknow n however some are hom ologous to phage proteins 

indicating the possibility that this is another lysogenic phage whose expression in 

regulated by Fis.
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Fig 6.4. Induction o f S. typhimurium  Fis-reguiated, putative bacteriophage sequences in MM5.8. 

S. typhimurium  coding sequences STM2233, STM2234, STM2235, STM2236, STM2237 and 

STM2239 show homology to phage genes and are strongly dependent on Fis for activation. 

Comparison o f their expression in MM5.8 with that in LB shows that these genes are strongly 

induced in MM5.8 indicating a potential in vivo role during infection. Induction is shown for 

early (graph on left) and late (graph on right) time-points with LB data on the left and MM5.8 

data on the right o f each graph.
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Table 6.3.

Designation

STM2584

igogB)

STM2585

STM2589

STM2601

STM2603

STM2604

STM2605

STM2607

STM2609

STM2610

STM2611

STM2614

STM2620

STMl Ol l  

STM1013 

STM1019 

STM 1020 

STM 1026

Bacteriophage elements affected by Fis during growth in MM5.8 

Description Wild typdfis  expression ratio

2.5 h 5 h

Gifsv-1 prophage

Gifsy-1 prophage: leucine-rich repeat protein 1.24 2.12

Gifsy-1 prophage: similar to transposase 1.21 2.13

Gifsy-1 prophage: similar to host specificity 0.48 1.25

protein-J in phage lambda

Gifsy-1 prophage: similar to minor capsid 0.47 0.99

protein FII o f phage N15

Gifsy-1 prophage: similar to head protein gp7 0.39 1.18

o f phage 21

Gifsy-1 prophage: similar to head protein gpshp 0.35 0.90

of phage 21

Gifsy-1 prophage: similar to head-tail 0.38 0.87

preconnector gp5 o f phage 21

G ifsy-1 prophage: similar to head to tail joining 0.44 1.09

protein

Gifsy-1 prophage: similar to DNA packaging 0.39 1.01

protein N ul o f phage 21

Gifsy-1 prophage gene 0.37 0.84

Gifsy-1 prophage gene 0.39 0.83

G ifsy-1 prophage gene 0.71 2.15

G ifsy-1 prophage gene 0.46 1.01

Gifsv-2 prophage

Gifsy-2 prophage gene 0.40 0.52

Gifsy-2 prophage; probable regulatory protein 0.29 0.64

Gifsy-2 prophage gene 0.31 0.58

Gifsy-2 prophage gene 0.38 0.92

Gifsy-2 prophage gene 0.75 2.24



STM 1052 Gifsy-2 prophage gene

STM 1053 Gifsy-2 prophage gene

2.83

2.19

1.82

1.45

STM0893

STM0925

STM2698

STM2722

STM2233

STM2234

STM2235

STM2236

STM2237

STM2238

STM2239

Fels-1 prophage

Fels-1 prophage; putative integrase 1.12

Fels-1 prophage; putative host specificity 0.60

protein

Fels-2 prophage

Fels-2 prophage: similar to gpE in phage P2 1.04

Fels-2 prophage: similar to gpP, ATP charging, 0.11

in phage P2

Putative phage

Putative cytoplasmic protein 4.20

Putative tail fiber assembly protein 5.51

Putative phage protein 4.11

Putative phage protein 5.77

Putative inner membrane protein 5.58

Putative phage protein ND“

Putative phage protein; homology to 2.08

antiterminator protein Q o f phage P5

0.50

0.40

0.44

0.44

15.07

20.96

9.65

12.57

14.37

ND*

1.23

a. No Data.



6.3 Discussion

DNA microarrays are now the method o f  choice for genomic expression profiling. 

In this study a PCR product microarray was used to determine the S. typhimurium  

Fis regulon during growth in medium MM5.8, a stringent medium designed to 

simulate the signals and environmental conditions encountered inside the 

macrophage and activate SPI 2 gene expression (Deiwick et a l ,  1999). This 

analysis is part o f  an ongoing investigation into Fis that has already determined the 

Fis regulon in LB broth (Kelly et a i,  submitted) and will eventually explore the Fis 

regulon inside macrophages. The medium MM5.8 was chosen as activation o f  in 

v/vo-expressed genes can be achieved in it and until recently microarray analysis 

using bacteria recovered from the intracellular environment was beyond the 

limitations o f  this type o f  analysis (Deiwick et al., 1999). Recent advances in RNA 

purification methods have made in vivo microarray analyses a possibility and this 

type o f  experiment is now planned to determine exactly the Fis regulon inside 

macrophage (Eriksson et al., 2003).

An analysis o f  Fis protein levels during growth in MM5.8 revealed a surprising 

correlation with Fis levels inside macrophage. In LB broth, following nutrient 

upshift, there is a rapid increase in Fis levels followed by a prompt decrease (Fig 

4.5). Inside macrophage Fis is maintained at a constant level (Fig 4.6). In MM5.8 

induction o f  Fis is seen following nutrient upshift and Fis levels remain at a 

constantly high level until bacterial growth begins to slow and the bacteria enter 

stationary phase (Fig. 6.2). In this way the Fis expression pattern in MM5.8 

resembles more that o f  intracellular bacteria than LB grown bacteria. This result 

suggests that the functions o f  Fis during growth in MM5.8 are similar to its 

functions inside macrophage.

In chapter 4, using promoter fusion plasmids, Fis was shown to regulate expression 

of SPI 2 genes in LB broth and inside macrophages. For that reason, the microarray 

results concerning the SPI 2 genes were o f  particular interest. Using the microarray 

results to compare the activity of the SPI 2 genes in MM5.8 and LB (Kelly et al., 

submitted), confirmed that the majority o f  them are activated in MM5.8 (Fig. 6.3). 

This result confirms that SPI 2 and SPI 1 are reciprocally expressed (Fig. 6.3).
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Next, SPI 2 activity in the wild type and fis  mutant strains growing in MM5.8 was 

compared. 15 SPI 2 genes were expressed more than 2-fold less in the absence of 

Fis, again confirming that Fis regulates SPI 2. Most SPI 2 genes that did not show a 

greater than 2-fold reduction in expression in the fis  mutant were just under the 2- 

fold cut-off 25 of the 29 SPI 2 genes show a reduction in expression of 1.7-fold or 

greater in the fis mutant. Examination of the expression ratio of the SPI 2 genes in 

the wild type and f is  mutant indicates that certain genes in the structural II region 

display a higher dependency on Fis for activation than others within SPI 2. If SPI 2 

genes are differentially expressed at different times then this may reflect the time 

points chosen or it may mean that certain SPI 2 genes are more dependent on Fis for 

activation than others. Taken together the results confirm a role for Fis in activating 

transcription of the SPI 2 genes.

Many (83) of the genes found by microarray analysis to be regulated by Fis in 

MM5.8 were of unknown function. Apart from SPI 2 genes, several other virulence 

genes were found to require Fis for expression. Genes associated with SPI 1 and 

SPI 5 were identified along with several SPI 2 regulated genes located outside SPI 2. 

Strangely, two plasmid virulence genes spvA and spvB  were identified as being 

repressed by Fis. Fis is not implicated in regulating the spv system but these genes 

are under the control of several other proteins including H-NS, IHF, CRP and Lrp 

(M arshall et a i, 1999; O'Byrne and Dorman, 1994a, b). The observed 2-fold 

increase in transcription in the spv genes may be due to an indirect effect of Fis on 

one or more o f these proteins. Alternatively the effect observed on the spv genes 

could be as a result of Fis-mediated changes in supercoiling levels in MM5.8.

30 of the 170 genes that passed the 2-fold cut off point are bacteriophage or 

bacteriophage-like genes. Both Gifsy prophages (Gifsy-1 and Gifsy-2) and both 

Fels prophages (Fels-1 and Fels-2) contain genes that were affected by Fis. The 

Gifsy prophages carry important virulence determinants as they contain several 

genes required for virulence in the mouse (Figueroa-Bossi et al., 2001). Loss of 

Gifsy-2 results in attenuation of the bacteria. An involvement of Fis in regulation of 

these prophage genes is another link between Fis and virulence gene regulation.
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The genes found to be most dependent on Fis for activation are a cluster o f genes o f 

unknown function designated STM2233 to STM2237. These genes, many o f which 

code for putative phage proteins, are located in a region o f the chromosome that 

contains several phage-like genes as well as several SPI 2 associated genes. 

STM2231 and STM2244 are homologous to macrophage survival gene msgA and 

the SPI 2 and Fis regulated sspH 2  is also located in this region. Interestingly, 

immediately upstream o f this cluster o f genes is a proline tRNA gene. Pathogenicity 

islands are known to insert at tRNA sites and bacteriophage have previously been 

implicated in horizontal gene transfer. All this evidence suggests that in addition to 

the identified virulence genes at this location, this cluster o f genes may contain other 

im portant virulence determinants. This cluster o f genes may represent another 

pathogenicity island or lysogenic prophage containing important virulence genes.

Results from the microarray analysis have confirmed a role for Fis in the regulation 

o f S. typhimurium  virulence genes. Genes on SPI’s 1 and 2 were confirmed as being 

Fis regulated. In addition to this Fis was shown to regulate many other virulence 

factors including the Gifsy prophage. These results show that the Fis protein may 

play a bigger role than previously thought in S. typhimurium  infection.
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Chapter 7

General Discussion
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Bacterial nucleoid-associated proteins serve many diverse functions within the cell. 

In many cases they bind to the DNA and act in a structural capacity, condensing the 

genome or arranging the DNA for recombination, insertion and excision (Azam and 

Ishihama, 1999; Finkel and Johnson, 1992; O 'Gara and Dorman, 2000). A nother 

important cellular process that nucleoid-associated proteins are frequently involved 

in is transcription. All o f the major nucleoid-associated proteins (i.e. H-NS, IHF, 

HU and Fis) have been shown to be involved in the regulation o f a wide variety o f 

genes (Dorm an and Deighan, 2003). The m echanisms em ployed by nucleoid- 

associated proteins in gene regulation are numerous and varied. Examples include 

direct interaction with RNA polym erase, com petition for binding at prom oter 

regions, m anipulation o f DNA to facilitate recruitment o f RNA polym erase, and 

m odulation o f  prom oter DNA superhelical density to facilitate transcrip tion 

initiation (Dorman and Deighan, 2003).

Expression o f  the major nucleoid-associated proteins varies significantly during 

batch culture, with each displaying a characteristic expression profile (Azam et al., 

1999). Environm ental conditions such as nutrient availability or entry into 

macrophages can also greatly influence the expression o f these proteins (M arshall et 

al., 2000) (Ninnemann et al., 1992). Therefore, having genes under the control o f 

nucleoid-associated proteins is one mechanism o f coordinating their expression with 

the physiology or environmental conditions o f the cell.

Expression o f  virulence genes can be a heavy m etabolic burden on the cell. 

Therefore it is important that they are only expressed at the correct moment during 

infection i.e. when the benefit o f their expression outweighs the burden. The 

transition from  the external environm ent to the inside o f the host represents a 

substantial change in environmental conditions for the bacteria. This environmental 

transition is accompanied by changes in the levels o f nucleoid-associated proteins. 

Many enteric pathogens have exploited this by having expression o f virulence genes 

under the control o f nucleoid-associated proteins. Virulence genes in Salm onella, 

Shigella  and the E. coli pathogens EPEC and EAEC are all regulated by nucleoid- 

associated proteins (Beloin and Dorman, 2003; Goldberg et al., 2001; Sheikh et al., 

2001; Wilson et al., 2001).
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In this study the role o f nucleoid-associated proteins in Salmonella  virulence gene 

regulation was investigated. The nucleoid-associated protein Fis was identified as a 

positive regulator o f the recently characterised Salm onella  pathogenicity island 2 

(SPl 2). In addition, work was carried out on the Salmonella  plasmid virulence 

{spv) genes to further elucidate the role o f IHF in their regulation (M arshall et a l,  

1999).

Binding o f IHF 150 bp upstream of the spvR  transcription start site is required for 

full expression from the spvR  promoter (Marshall et al., 1999). The mechanism by 

which IHF m ediates this activation is not known. H owever, results using 

novobiocin (to relax the DNA) have indicated that supercoiling is involved. Site- 

directed mutagenesis was carried out on the spvR  IHF binding site. One mutation 

disrupted the critical CAA triplet within the binding site while a second mutation 

was a closer match to the consensus IHF binding site. It was hoped that the affinity 

o f IHF for each o f these sites would be altered and give an indication as to how this 

affects spvR transcription. Results demonstrated that disrupting the IHF site reduces 

transcription and that “ im proving” the binding site does not affect transcription 

levels. This may indicate that improving the site does not induce tighter binding o f 

IHF or that tighter binding has no affect on promoter activity.

The main focus o f  this work was the role o f Fis in SPI 2 gene expression. Using a 

lacZ  transcriptional fusion to the SPI 2 ssrA promoter, an investigation was carried 

out to identify potential transcription regulators. From a screen o f mutants deficient 

in various nucleoid-associated proteins, Fis emerged as a potential regulator o f SPI 2 

gene expression. To investigate this effect further, five additional SPI 2 promoter 

fusions were made. The regions o f SPI 2 cloned were those previously reported to 

contain promoters including areas where the location o f the promoter is in dispute 

(i.e. the structural II promoter) (Cirillo et al., 1998; Hensel et al., 1997b). Results in 

vitro, in LB broth, and in vivo, inside macrophages, demonstrated that Fis is required 

for full activation o f the SPI 2 promoters. The fold decrease in promoter activity in 

the absence o f  Fis varied considerably in LB but inside m acrophages was 

consistently w ithin a 3- to 5-fold range. Activation o f the SPI 2 promoters inside 

macrophages occurred at different rates. The ssrA promoter, which transcribes the 

SsrA/B system, was rapidly activated following entry into m acrophages. The
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rem aining SPI 2 prom oters dem onstrated a more gradual induction, perhaps 

reflecting their dependence on SsrA/B for activation.

It was hoped that by analysis o f promoter activity an insight could be gained into the 

location o f the SPI 2 structural II promoter. Previous reports have disagreed about 

the location o f  this promoter (C irillo et a l ,  1998; Hensel et a l ,  1997a). Three 

potential locations for this promoter were cloned, i.e. the regions upstream o f ssaG, 

ssaH  and ssaK. The region upstream o f ssaG  generated considerably higher levels 

o f transcription than either ssaH  or ssaK. This result implies that a strong promoter 

is located upstream of ssaG. When a lacZ  fusion containing the ssaG H  region (i.e. 

the ssaG  promoter, ssaG  gene and ssaH  promoter) was used, transcription levels 

generated were only slightly lower that those from the ssaG  construct. This implies 

that the ssaG  promoter transcribes at least the ssaG  and ssaH  genes, however how 

much longer this transcript is remains unknown. While activity from the ssaH  and 

ssaK  promoters is low, activity is nonetheless observed. In LB-grown bacteria Fis 

had no effect on either o f these promoters while in macrophages an effect was 

observed at the ssaK  promoter but not at ssaH. Are the regions upstream o f ssaH  

and ssa K  functionally relevant promoters? Taking into account that the ssa H  

“promoter” does not respond to Fis and that the ssaG  promoter produces a transcript 

that includes ssaH , it is unlikely that this region contains a biologically relevant 

promoter. The activity observed in the ssaH -lacZ  construct may result from a 

redundant promoter left over following construction o f the pathogenicity island. In 

the case o f the ssaK  promoter, Hensel et al. (1997) reported that ssaJ  and ssaK  were 

not located on the same transcript. Inside macrophages the ssaK  promoter showed 

reduced activity in the f i s  mutant. Taking these into account it appears likely that 

the ssa K  upstream region does contain a promoter; hence there are at least two 

prom oters responsible for transcription o f the structural II region. Further 

biochem ical investigation such as prim er extension and N orthern blotting are 

required to conclusively prove the location(s) and number o f  promoters in this 

region.

Experiments in vitro and in vivo demonstrated that in the absence o f Fis, expression 

from the SPI 2 promoters decreases. As previously mentioned expression o f the SPI 

2 genes is also dependent on SsrA/B (Cirillo et al., 1998). Therefore any reduction
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in ssrA promoter activity would also result in a decrease in activity from the rest o f 

the SPI 2 promoters. This raises the possibility that the decrease in expression 

observed at the SPI 2 promoters in a / i s  mutant is a result o f decreased expression 

from the ssrA promoter. In this scenario Fis only directly affects transcription from 

the ssrA  promoter and the effects observed at the other SPI 2 promoters are indirect 

(Fig 7.1 A). Alternatively Fis could be exerting a direct effect at each promoter and 

the decrease in expression observed in a / i s  mutant results from a combination o f 

both direct (Fis at the promoter) and indirect (Fis effect on SsrA/B) effects (Fig 7.1 

B). To determine if Fis is regulating each promoter directly DNA mobility shift 

assays were performed. Fis was shown to bind to all o f the SPI 2 promoters. This 

suggests that in addition to an indirect effect through SsrA/B, Fis has the potential to 

directly influence transcription at each promoter. Further experimental evidence, 

such as i/7 vitro transcription, is required as indisputable proof that Fis affects 

transcription directly at these promoters.

Gene expression data and DNA mobility shift analysis clearly indicated a role for 

Fis in SPI 2 gene expression, however no information was available concerning Fis 

expression levels inside macrophages. To investigate this, S. typhimurium  were 

recovered from the intracellular environm ent and used in W estern im munoblot 

analyses. This is the first dem onstration o f  S. typhimurium  nucleoid-associated 

protein levels during infection o f a cultured cell line. Results show that Fis is 

induced following uptake o f the bacteria by macrophages and that its levels remain 

constant in the cell thereafter. This expression profile indicates a novel regulation 

mechanism and function o f Fis inside macrophages.

Results here have shown that Fis is a regulator o f SPI 2 gene expression. The only 

other known regulators o f SPI 2 are the two-component signal transduction systems 

SsrA/B and OmpR/EnvZ (Cirillo et a i ,  1998; Lee et a l ,  2000). Two-component 

systems regulate gene expression in response to environmental stimuli. OmpR/EnvZ 

responds to osmolarity but the environmental signal SsrA/B responds to is unknown. 

As the bacteria enter macrophages they undergo environmental and physiological 

changes. These changes are responsible for activation o f the SPI 2 genes. To 

determine what specific environmental conditions activate expression o f the SPI 2 

prom oters, expression analysis was preform ed using the SPI 2-lacZ  prom oter
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Fig. 7.1. Direct and indirect effects o f Fis at SPI 2 promoters.

A. Fis activates expression o f the ssrA promoter. This results in production o f SsrA and 

SsrB which in response to environmental signals activate transcription from the downstream 

SPI 2 promoters {ssaB, sseA, ssaG, ssaH  and ssaK). In the absence o f Fis, reduced 

expression from the downstream promoters results from the decrease in SsrA/SsrB 

production.

B. Fis has a direct role in activating transcription from all of the SPI 2 promoters. In the 

absence o f  Fis, reduced expression from the downstream promoters results from (i) the 

absence o f  Fis at the promoter, and (ii) the reduction in SsrA/SsrB levels.
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fusions. V arious environm ental conditions that w ould be expected inside 

macrophages, such as low pH and reactive oxygen species (hydrogen peroxide), had 

no effect on SPI 2 promoter activity. Previous reports have stated that SPl 2 effector 

proteins prevent the release o f reactive oxygen species into the SCV (Vazquez- 

Torres et a i ,  2000). The bacteria never encounter these molecules therefore are not 

program m ed to respond to them. In addition, reactive oxygen species are 

immensely harmful to the bacteria. An extremely rapid reaction to their presence 

would be required if the bacteria were to survive.

There have been several conflicting reports concerning the role o f pH in SPI 2 gene 

expression. Some reports suggest that low pH activates SPI 2 gene expression (Lee 

et ciL, 2000). Others report that low pH triggers secretion o f SPI 2 effectors (Beuzon 

et al., 1999). Results here show that pH does not affect SPI 2 promoter activity. 

Therefore it is likely that the findings o f Beuzon et al. (1999) are correct, low pH 

triggers the release o f SPI 2 effector proteins.

The effect o f temperature, aeration and supercoiling on SPI 2 activity were also 

determined. Not surprisingly SPI 2 expression was found to be greater at 37°C than 

at 30°C. This type o f temperature regulation ensures that virulence genes are only 

expressed inside the host. Aeration levels were also shown to affect SPI 2 

expression, however not all o f the SPI 2 promoters responded in the same way. 

M oderate levels o f oxygen activated transcription from the s srA ,s se A  and ssaG  

promoters however oxygen levels did not affect the ssaB and ssaK  promoters.

Due to the involvement o f Fis in SPI 2 gene expression the effect o f supercoiling on 

SPI 2 expression was o f particular interest. In other system s Fis influences 

transcription in a supercoiling-dependent manner (Travers et al., 2001). Gene 

expression assays were perform ed using cultures that contained sub-lethal 

concentrations o f  novobiocin. N ovobiocin inhibits DNA gyrase resulting in 

relaxation o f the DNA, a condition known to occur naturally following uptake o f the 

bacteria by macrophages (Marshall et al., 2000). The ways in which the SPI 2 

prom oters responded to changes in supercoiling again varied dem onstrating an 

ability to respond differently to specific environmental signals. The ssrA promoter 

responded positively to relaxation o f the DNA. An increase in transcription is
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observed when the DNA becomes relaxed. None of the other SPI 2 promoters were 

activated by relaxation of the DNA in the wild type strain. Interestingly, in the f is  

mutant, all of the SPI 2 promoters were activated by relaxation of the DNA. This 

result suggests that the role of Fis in SPI 2 gene expression may be through an effect 

on supercoiling, however it does highlight certain inconsistencies. Fis is required 

for SPI 2 activation as the bacteria enter macrophages, a condition that is known to 

be accompanied by relaxation of the DNA (Marshall et a l, 2000). Results here 

indicate that in the absence of Fis SPI 2 promoters are strongly induced by 

relaxation of the DNA but that when Fis is present only ssrA is activated by relaxed 

DNA. These experiments, while indicating a role for supercoiling in SPI 2 

regulation, have certain limitations. It is unknown what concentration of novobiocin 

results in DNA that is relaxed to the same extent as when the bacteria enter 

macrophages. In addition, the different ways in which novobiocin affects the wild 

type and /w mutant bacteria is difficult to determine and account for. With Fis 

present the bacteria are better able to cope with changes in supercoiling. The effects 

of novobiocin on the fis  mutant may be more severe than on the wild type strain. 

Evidence that supports a link between Fis, supercoiling and SPI 2 gene regulation 

came from the DNA mobility shift assays. Fis was found to bind throughout the 

island including at the ssaH  promoter. Gene expression assays with this promoter 

showed that Fis has no effect on its expression. It is surprising therefore that the 

protein should bind there. It has been proposed that in certain systems Fis binds to 

the DNA and maintains it in a conformation that is favourable for transcription 

(Travers et al., 2001). If a similar mechanism were to be employed by Fis in the 

regulation of SPI 2, binding of the protein throughout the island would be expected. 

This could account for the presence of Fis at the promoter.

The exact mechanism with which supercoiling and Fis influence SPI 2 gene 

expression is difficult to establish. As is the case with other environmental factors 

certain promoters appear capable of responding differently than others. This may 

reflect an ability of SPI 2 to sequentially activate expression of genes in response to 

different environmental conditions during macrophage infection. Initial signals, e.g. 

relaxed DNA, activate expression from the ssrA promoter resulting in the production 

of SsrA and SsrB (Fig. 7.2 A). Once produced SsrA/B in conjunction with other 

environmental signals, e.g. moderate oxygen levels, activate transcription of certain
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Fig. 7.2. Sequential activation o f  SPI 2 prom oters by environm ental conditions.

Rapid relaxation o f  the DNA following entry o f  the bacteria into m acrophages 

activates transcription from  the ssrA promoter. This results in the production o f  SsrA 

and SsrB w hich form a tw o-com ponent signal transduction system  required for 

activation o f  the dow nstream  SPI 2 promoters.

B. M oderate oxygen levels, along with SsrB and Fis, activate expression from  the sseA 

and ssaG  prom oters. This results in the production o f  certain com ponents o f  the type III 

secretion m achinery.
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type III secretion system components (Fig 7.2 B). Following this, expression o f the 

chaperone and effector proteins and their subsequent secretion into the host cell 

facilitates bacterial survival inside the macrophage. A m echanism  such as this 

would account for the induction kinetics o f the SPI 2 genes inside macrophages. 

The ssrA  prom oter displayed a rapid induction while the dow nstream  SPI 2 

promoters demonstrated a more gradual, delayed induction.

Further conformation o f the role o f Fis in SPI 2 gene regulation came following 

DNA microarray analysis o f the Fis regulon during growth in miminal medium 5.8 

(MM5.8). MM5.8 is a medium that was shown here and elsewhere to activate 

transcription o f SPI 2 genes (Deiwick et aL, 1999). It is a low pH, stringent 

medium, which contains low levels o f magnesium. Results from the microarray 

analysis showed that transcription o f 15 SPI 2 genes were found to have decreased 

by a factor o f 2 or more in the f i s  mutant. The fold decrease in expression in the Jis 

m utant, o f these 15 genes ranged from 2- to 3.47-fold (Table 6.1). These fold 

differences are sim ilar to those observed when using the SPI 2-lacZ  prom oter 

fusions inside macrophages i.e. a 2- to 5-fold range (Fig 4.3). Interestingly, the fold 

decreases in SPI 2 gene expression observed in the f i s  mutant during growth in 

MM5.8 and inside macrophages are considerably lower than those observed for 

bacteria growing in LB broth. In LB the fold differences range from 2- to 73-fold 

(Fig 4.2). Although surprising, these results were confirmed by microarray analysis 

o f  the Fis regulon during growth in LB (A. Kelly, personal communication). During 

this analysis the fold decreases in expression o f SPI 2 genes in the f i s  mutant were 

shown to be in the same range as those observed by promoter fusion in this study. 

The reason for this difference is unknown. Perhaps the fact that SPI 2 is not as 

highly expressed in LB as it is in MM5.8 or macrophages and the different roles o f 

Fis during growth in LB, MM5.8 and macrophages contributes to this difference.

O ther virulence genes found to be regulated by Fis included genes associated with 

SPI 1 and SPI 5. Interestingly, a large number o f bacteriophage and bacteriophage­

like genes were also found to be regulated by Fis. Several genes in the Gifsy and 

Fels prophages were Fis regulated. These fully-functional integrated phages have 

recently been shown to encode transmissible virulence factors that can be secreted 

via the SPI 1 and/or SPI 2 type III secretion systems (Figueroa-Bossi et al., 2001).
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It is interesting to note that Fis, which regulates the SPI 1 and SPI 2 systems, is also 

involved in the regulation o f these phage-encoded virulence determinants. Many 

horizontally acquired genes insert at tRNA sites, which are amongst the most highly 

Fis regulated genes in the cell. Fis is also required for the insertion and excision of 

many bacteriophages. Perhaps the presence o f Fis at these insertion sites combined 

with the lack o f sequence specificity in the Fis binding site has aided its recruitment 

as a regulator o f horizontally-acquired genes.

The microarray analysis also identified a cluster o f genes, highly dependent on Fis 

for expression, that show homology to bacteriophage proteins. This cluster is found 

close to a tRNA gene, in a region of the chromosome that also contains macrophage 

survival genes and SPI 2 regulated genes. All o f these factors indicate that this 

region may contain another integrated bacteriophage that carries v irulence 

determinants.

In conclusion, this work has identified a role for the nucleoid-associated protein Fis 

in regulating expression o f Salmonella pathogenicity island 2 genes. Fis is required 

for activation o f the SPI 2 promoters as the bacteria enter macrophages and its own 

expression was induced intracellularly and maintained at a constant level. Several 

environmental factors were also identified as being important in SPI 2 regulation. 

Temperature, oxygen and supercoiling levels all influence SPI 2 promoter activity 

with the role o f supercoiling and Fis possibly connected. M icroarray analysis 

confirmed the role o f Fis in SPI 2 activation and also identified roles for Fis in 

regulating expression o f the Gifsy and Fels prophages as well as a previously 

unidentified cluster o f bacteriophage-like genes. The results show that Fis plays a 

bigger role in infection and virulence gene regulation than previously thought. In 

addition to regulating SPI 1, Fis has now been shown to regulate SPI 2 as well as 

several effector proteins encoded outside these pathogenicity islands. This work 

confirms the role o f Fis as a global regulatory protein and furthers our knowledge of 

its role in virulence gene regulation.

113



Bibliography

114



Alpuche-Aranda, C.M., Racoosin, E.L., Swanson, J.A., and Miller, S.I. (1994) 
Salm onella  stim ulate m acrophage m acropinocytosis and persist w ithin 
spacious phagosomes. JE x p  M ed  179: 601-608.

Appleman, J.A., Ross, W., Salomon, J., and Course, R.L. (1998) Activation o f 
E scherichia  coli rRNA transcription by FIS during a growth cycle. J  
Bacteriol 180: 1525-1532.

Auner, H., Buckle, M., Deufel, A., Kutateladze, T., Lazarus, L., Mavathur, R., 
Muskhelishvili, G., Pemberton, I., Schneider, R., and Travers, A. (2003) 
M echanism o f transcriptional activation by FIS: role o f  core prom oter 
structure and DNA topology. J  M ol Biol 331: 331-344.

Ausubel, P.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, 
J.A., and Struhl, K. (1990) Current Protocols in M olecular Biology. New 
York: John Wiley and Sons.

Azam, T.A., and Ishihama, A. (1999) Twelve species o f the nucleoid-associated 
protein from Escherichia coli. Sequence recognition specificity and DNA 
binding affinity. J  Biol Chem 274: 33105-33113.

Azam, T.A., Iwata, A., Nishimura, A., Ueda, S., and Ishihama, A. (1999) 
Growth-phase-dependent variation in protein composition o f the Escherichia 
coli nucleoid. J  Bacteriol 181: 6361-6370.

Bajaj, V., Lucas, R.L., Hwang, C., and Lee, C.A. (1996) Co-ordinate regulation o f 
Salmonella typhimurium  invasion genes by environm ental and regulatory 
factors is mediated by control o f hilA expression. M ol M icrobiol 22: 703- 
714.

Balandina, A., Claret, L,, Hengge-Aronis, R., and Rouviere-Yaniv, J. (2001) 
The Escherichia coli histone-like protein HU regulates rpoS  translation. M ol 
M icrobiol 2)9'. 1069-1079.

Balke, V.L., and Gralla, J.D. (1987) Changes in the linking number o f supercoiled 
DNA accompany growth transitions in Escherichia coli. J  Bacteriol 169: 
4499-4506.

Ball, C.A., Osuna, R., Ferguson, K.C., and Johnson, R.C. (1992) Dramatic 
changes in Fis levels upon nutrient upshift in Escherichia coli. J  Bacteriol 
174: 8043-8056.

Baumler, A.J., Kusters, J.G., Stojiljkovic, I., and Heffron, F. (1994) Salmonella  
typhimurium  loci involved in survival within macrophages. Infect Immun 62: 
1623-1630.

Baumler, A.J., Tsolis, R.M., and Heffron, F. (1996) Contribution o f fimbrial 
operons to attachment to and invasion o f epithelial cell lines by Salm onella  
typhimuriiim. Infect Immun 64: 1862-1865.

115



Behlau, I., and Miller, S.I. (1993) A PhoP-repressed gene promotes Salm onella  
typhimurium  invasion o f epithelial cells. JB acterio l 175: 4475-4484.

Beloin, C., and Dorman, C.J. (2003) An extended role for the nucleoid structuring 
protein H-NS in the virulence gene regulatory cascade o f Shigella flexneri. 
Mol Microbiol A1-. 825-838.

Beuzon, C.R., Banks, G., Deiwick, J., Hensel, M., and Holden, D.W. (1999) pH- 
dependent secretion o f SseB, a product o f the SPI-2 type III secretion system 
o f Salmonella typhimurium. Mol M icrobiol 33: 806-816.

Beuzon, C.R., Meresse, S., Unsworth, K.E., Ruiz-Albert, J., Garvis, S., 
Waterman, S.R., Ryder, T.A., Boucrot, E., and Holden, D.W. (2000) 
Salm onella  maintains the integrity o f its intracellular vacuole through the 
action o f SifA. Embo J 19: 3235-3249.

Beuzon, C.R., Unsworth, K.E., and Holden, D.W. (2001) In vivo genetic analysis 
indicates that PhoP-PhoQ and the Salmonella  pathogenicity island 2 type III 
secretion system contribute independently to Salm onella enterica  serovar 
Typhimurium virulence. Infect Immun 69: 7254-7261.

Blanc-Potard, A.B., and Groisman, E.A. (1997) The Salm onella  se lC  locus 
contains a pathogenicity island mediating intramacrophage survival. Emho J  
16: 5376-5385.

Blanc-Potard, A.B., Solomon, P., Kayser, J., and Groisman, E.A. (1999) The 
SPI-3 pathogenicity island o f Salm onella enterica. J  Bacteriol 181: 998- 
1004.

Bowe, F., Lipps, C.J., Tsolis, R.M., Groisman, E., Heffron, F., and Kusters, J.G.
(1998) At least four percent o f the Salm onella  typhim urium  genome is 
required for fatal infection o f mice. Infect Immun 66: 3372-3377.

Bradford, M .M . (1976) A rapid and sensitive method for the quantitation o f 
m icrogram  quantities o f  protein utilizing the principle o f  protein-dye 
binding. Anal Biochem  72: 248-254.

Brandtzaeg, P. (1989) Overview o f the mucosal im mune system. Curr Top 
Microbiol Immunol 146: 13-25.

Chen, C.Y., Buchmeier, N.A., Libby, S., Fang, F.C., Krause, M., and Guiney,
D.G. (1995) Central regulatory role for the RpoS sigma factor in expression 
of Salmonella dublin plasmid virulence genes. J  Bacteriol 177: 5303-5309.

Chen, C.Y., Eckmann, L., Libby, S.J., Fang, F.C., Okamoto, S., Kagnoff, M.F., 
Fierer, J., and Guiney, D.G. (1996) Expression o f Salmonella typhimurium  
r p o S  and rpo^-dependen t genes in the in tracellu lar environm ent o f 
eukaryotic cells. Infect Immun 64: 4739-4743.

116



Chu, C., Hong, S.F., Tsai, C., Lin, W.S., Liu, T.P., and Ou, J.T. (1999) 
Com parative physical and genetic maps o f the virulence plasm ids o f 
Salmonella enterica serovars typhim urium , enteritidis, choleraesuis, and 
AuhWn. Infect Immun 67: 2611-2614.

Cirillo, D .M ., Valdivia, R.H., M onack, D.M., and Falkow , S. (1998)  
M acrophage-dependent induction o f the Salmonella  pathogenicity island 2 
type III secretion system and its role in intracellular survival. M ol M icrobiol 
30: 175-188.

Collazo, C.M., and Galan, J.E. (1997) The invasion-associated type-III protein 
secretion system in Salmonella— review. Gene 192: 51-59.

Deiglian, P., Free, A., and Dorman, C.J. (2000) A role for the Escherichia coli H- 
NS-like protein StpA in OmpF porin expression through modulation o f micF  
RNA stability. M ol Microbiol 38: 126-139.

Deiwick, J., Nikolaus, T., Erdogan, S., and Hensel, M. (1999) Environmental 
regulation o f Sa lm onella  pathogenicity island 2 gene expression. M o l 
Microbiol 3 \: 1759-1773.

Dorman, C.J., Chatfield, S., Higgins, C.F., Hayward, C., and Dougan, G. (1989) 
Characterization o f porin and o m p R  m utants o f  a v iru lent strain o f  
Salmonella typhimurium: ompR mutants are attenuated in vivo. Infect Immun 
57: 2136-2140.

Dorman, C.J., Bhriain, N.N., and Higgins, C.F. (1990) DNA supercoiling and 
environmental regulation o f virulence gene expression in Shigella flexneri. 
Nature 344: 789-792.

Dorman, C.J., and Deighan, P. (2003) Regulation o f gene expression by histone- 
like proteins in bacteria. Curr Opin Genet Dev 13: 179-184.

Driica, K. (1990) Bacterial topoisomerases and the control o f DNA supercoiling. 
Trends Genet 6: 433-437.

Driica, K. (1992) Control o f bacterial DNA supercoiling. M ol M icrobiol 6: 425- 
433.

Eichelberg, K., and Galan, J.E. (1999) D ifferential regulation o f  Salmonella 
typhim urium  type III secreted proteins by pathogenicity island 1 (SPI-1)- 
encoded transcriptional activators InvF and HilA. Infect Immun  67: 4099- 
4105.

Eriksson, S., Lucchini, S., Thompson, A., Rhen, M., and Hinton, J.C. (2003) 
U nravelling the biology o f m acrophage infection by gene expression 
profiling o f intracellular Salmonella enterica. M ol M icrobiol 47: 103-118.

117



Falconi, M., Higgins, N.P., Spurio, R., Pon, C.L., and Gualerzi, C.O. (1993) 
Expression o f the gene encoding the major bacterial nucleotide protein H-NS 
is subject to transcriptional auto-repression. M ol Microbiol 10 : 273-282.

Falconi, M., Prosseda, G., Giangrossi, M., Beghetto, E., and Colonna, B. (2001) 
Involvem ent o f FIS in the H-NS-m ediated regulation o f v irF  gene o f 
Shigella  and enteroinvasive Escherichia coli. M ol Microbiol 42 : 439-452.

Fang, F., and Vazquez-Torres, A. (2002) Salm onella  selectively stops traffic. 
Trends Microbiol 10 : 391-392.

Feng, X., Oropeza, R., and Kenney, L.J. (2003) Dual regulation by phospho- 
OmpR o f ssrA/B  gene expression in Salmonella  pathogenicity island 2. M ol 
Microbiol 1131-1143.

Figueroa-Bossi, N., Coissac, E., Netter, P., and Bossi, L. (1997) Unsuspected 
prophage-like elements in Salmonella typhimurium. M ol M icrobiol 25 : 161- 
173.

Figueroa-Bossi, N., and Bossi, L. (1999) Inducible prophages contribute to 
Salmonella  virulence in mice. Mol Microbiol 33: 167-176.

Figueroa-Bossi, N., Uzzau, S., Maloriol, D., and Bossi, L. (2001) Variable 
assortm ent o f prophages provides a transferable repertoire o f pathogenic 
determinants in Salmonella. Mol Microbiol 39 : 260-271.

Filutowicz, M., Ross, W., Wild, J., and Course, R.L. (1992) Involvement o f Fis 
protein in replication o f the Escherichia coli chromosome. J  Bacterial 174 : 
398-407.

Finkel, S.E., and Johnson, R.C. (1992) The Fis protein: it's not ju st for DNA 
inversion anymore. M ol Microbiol 6: 3257-3265.

Forst, S.A., and Roberts, D.L. (1994) Signal transduction by the EnvZ-OmpR 
phosphotransfer system in bacteria. Res M icrobiol 145 : 363-373.

Francis, C.L., Starnbach, M.N., and Falkow, S. (1992) M orphological and 
cytoskeletal changes in epithelial cells occur immediately upon interaction 
with Salmonella typhimurium  grown under low-oxygen conditions. M ol 
M icrobiol 6: 3077-3087.

Francis, C.L., Ryan, T.A., Jones, B.D., Smith, S.J., and Falkow, S. (1993) 
Ruffles induced by Salmonella  and other stimuli direct macropinocytosis o f 
bacteria. Nature 364 : 639-642.

Frankel, G., Phillips, A.D., Rosenshine, I., Dougan, G., Kaper, J.B., and 
Knutton, S. (1998) Enteropathogenic and enterohaemorrhagic Escherichia 
coli'. more subversive elements. M ol Microbiol 30: 911-921.

118



Freeman, J.A., Rappl, C., Kuhle, V., Hensel, M., and Miller, S.I. (2002) SpiC is 
required for translocation o f Salmonella  pathogenicity island 2 effectors and 
secretion o f translocon proteins SseB and SseC. JB acteria l 184: 4971-4980.

Galan, J.E., and Curtiss, R., 3rd (1989) Cloning and molecular characterization of 
genes whose products allow Salmonella typhimurium  to penetrate tissue 
culture cells. Proc Natl Acad Sci U S  6383-6387.

Galan, J.E. (1996) Molecular and cellular bases o f Salmonella  entry into host cells. 
Curr Top M icrobiol Immunol 209 : 43-60.

Galyov, E.E., Wood, M.W., Rosqvist, R., Miillan, P.B., Watson, P.R., Hedges, 
S., and Wallis, T.S. (1997) A secreted effector protein o f Salmonella dublin 
is translocated into eukaryotic cells and mediates inflam m ation and fluid 
secretion in infected ileal mucosa. M ol Microbiol 25 : 903-912.

Garcia-del Portillo, F., Zwick, M.B., Leung, K.Y., and Finlay, B.B. (1993) 
Salm onella  induces the formation o f filam entous structures containing 
lysosomal membrane glycoproteins in epithelial cells. Proc Natl Acad Sci U 
S A  90 : 10544-10548.

Giannella, R.A., Broitman, S.A., and Zamcheck, N. (1972) Gastric acid barrier to 
ingested microorganisms in man: studies in vivo and in vitro. Gut 13: 251- 
256.

Gille, H., Egan, J.B., Roth, A., and Messer, W. (1991) The FIS protein binds and 
bends the origin o f chromosomal DNA replication, oriC, of Escherichia coli. 
Nucleic Acids Res 19 : 4167-4172.

Goldberg, M.D., Johnson, M,, Hinton, J.C., and Williams, P.H. (2001) Role o f 
the nucleoid-associated protein Fis in the regulation o f virulence properties 
o f enteropathogenic Escherichia coli. M ol M icrobiol 41 : 549-559.

Goosen, N., and van de Putte, P. (1995) The regulation o f transcription initiation 
by integration host factor. M ol Microbiol 16 : 1-7.

Groisman, E.A., Chiao, E., Lipps, C.J., and Heffron, F. (1989) Salmonella 
typhimurium phoP  virulence gene is a transcriptional regulator. Proc Natl 
Acad Sci U S  A S6: 7077-7081.

Groisman, E.A., and Ochman, H. (1996) Pathogenicity islands: bacterial evolution 
in quantum leaps. Cell 87 : 791-794.

Gulig, P.A. (1990) Virulence plasmids o f Salm onella  typhim urium  and other 
salmonellae. Microb Pathog  8: 3-11.

Gulig, P.A., Danbara, H., Guiney, D.G., Lax, A.J., Norel, F., and Rhen, M.
(1993) Molecular analysis o f spv virulence genes o f the Salmonella  virulence 
plasmids. M ol Microbiol 7: 825-830.

119



Gulig, P.A., and Doyle, T.J. (1993) The Salmonella typhimurium  virulence plasmid 
increases the growth rate o f salmonellae in mice. Infect Immun 61: 504-511.

Hansen-Wester, I., Stecher, B., and Hensel, M. (2002) Type III secretion o f 
Salmonella enterica serovar Typhimurium translocated effectors and SseFG. 
Infect Immun 10: 1403-1409.

Heichman, K .A ., and Johnson, R .C . (1990) The Hin invertasom e: protein- 
mediated joining o f distant recombination sites at the enhancer. Science 249; 
511-517.

Heithoff, D.M., Conner, C.P., Hanna, P.C., Julio, S.M., Hentschel, U., and 
M ahan, M.J. (1997) Bacterial infection as assessed by in vivo gene 
expression. Proc Natl Acad Sci U S  A 94: 934-939.

Hensel, M., Shea, J.E., Gleeson, C., Jones, M.D., Dalton, E., and Holden, D.W.
(1995) Simultaneous identification o f bacterial virulence genes by negative 
selection. Science 269: 400-403.

Hensel, M., Shea, J.E., Baumler, A.J., Gleeson, C., Blattner, F., and Holden,
D.W. (1997a) Analysis o f the boundaries o f Salmonella pathogenicity island 
2 and the corresponding chromosomal region o f Escherichia coli K-12. J  
Bacteriol 179: 1105-1 111.

Hensel, M., Shea, J.E., Raupach, B., Monack, D., Falkow, S., Gleeson, C., 
Kubo, T., and Holden, D.W. (1997b) Functional analysis o f ssaJ  and the 
ssaK /U  operon, 13 genes encoding components o f the type III secretion 
apparatus o f Salmonella Pathogenicity Island 2. M ol Microbiol 24: 155-167.

Hensel, M., Shea, J.E., Waterman, S.R., Mundy, R., Nikolaus, T., Banks, G., 
Vazquez-Torres, A., Gleeson, C., Fang, F.C., and Holden, D.W. (1998) 
Genes encoding putative effector proteins of the type III secretion system o f 
Salm onella  pathogenicity island 2 are required for bacterial virulence and 
proliferation in macrophages. M ol Microbiol 30: 163-174.

Hensel, M., Nikolaus, T., and Egelseer, C. (1999) M olecular and functional 
analysis indicates a mosaic structure o f Salmonella  pathogenicity island 2. 
Mol M icrobiol 31: 489-498.

Hensel, M. (2000) Salm onella  pathogenicity island 2. M ol M icrobiol 36: 1015- 
1023.

Ho, T.D., and Slauch, J.M. (2001) Characterization o f grvA, an antivirulence gene 
on the gifsy-2 phage in Salmonella enterica  serovar typhim urium . J  
Bacteriol 183: 611-620.

Ho, T.D., Figueroa-Bossi, N., Wang, M., Uzzau, S., Bossi, L., and Slauch, J.M.
(2002) Identification o f GtgE, a novel virulence factor encoded on the Gifsy- 
2 bacteriophage o f Salmonella enterica serovar Typhimurium. J  Bacteriol 
184: 5234-5239.

120



Hong, K.H., and Miller, V,L. (1998) Identification o f a novel Salmonella invasion 
locus homologous to Shigella ipgDE. JB acteria l 180: 1793-1802.

Hueck, C.J. (1998) Type III protein secretion systems in bacterial pathogens o f 
animals and plants. Microbiol M ol Biol Rev 62: 379-433.

Ischiropoulos, H., Zhu, L., Chen, J., Tsai, M., Martin, J.C., Smith, C.D., and 
Beckman, J.S. (1992) Peroxynitrite-mediated tyrosine nitration catalyzed by 
superoxide dismutase. Arch Biochem Biophys 298: 431-437.

Johnston, C., Pegues, D.A., Hueck, C.J., Lee, A., and Miller, S.I. (1996) 
Transcriptional activation o f Salmonella typhimurium  invasion genes by a 
m em ber o f the phosphorylated response-regulator superfam ily. M o l  
Microbiol IT. 115-121.

Jones, B.D., Ghori, N., and Falkow, S. (1994) Salmonella typhimurium  initiates 
murine infection by penetrating and destroying the specialized epithelial M 
cells o f the Peyer's patches. J  Exp M ed  180: 15-23.

Keane, O.M., and Dorman, C.J. (2003) The gyr  genes o f Salm onella enterica  
serovar Typhimurium are repressed by the factor for inversion stimulation, 
Fis. M ol Genet Genomics.

Kelly, A.E., Goldberg, M.D., Carroll, R.K., Hinton, J.C., and Dorman, C.J.
(submitted) The Fis regulon o f Salmonella enterica serovar Typhimurium: a 
role for Fis in the transcriptional control of virulence and flagella genes.

Kingsley, R.A., and Baumler, A.J. (2000) Host adaptation and the emergence o f 
infectious disease: the Salmonella paradigm. M ol Microbiol 36: 1006-1014.

Klein, J.R., and Jones, B.D. (2001) Salm onella  pathogenicity island 2-encoded 
proteins SseC and SseD are essential for virulence and are substrates o f the 
type III secretion system. Infect Immun 69: 737-743.

Knodler, L.A., Celli, J., Hardt, W.D., Vallance, B.A., Yip, C., and Finlay, B.B.
(2002) S a lm o n e lla  effectors w ithin a single pathogenicity  island are 
differentially expressed and translocated by separate type III secretion 
systems. M ol M icrobiol 43: 1089-1103.

Koch, C., Ninnemann, O., Fuss, H., and Kahmann, R. (1991) The N-terminal 
part o f the E.coli DNA binding protein FIS is essential for stimulating site- 
specific DNA inversion but is not required for specific DNA binding.
Nucleic Acids Res 19: 5915-5922.

Kostrewa, D., Granzin, J., Koch, C., Choe, H.W., Raghunathan, S., Wolf, W., 
Labahn, J., Kahmann, R., and Saenger, W. (1991) Three-dim ensional 
structure o f the E. coli DNA-binding protein FIS. Nature 349: 178-180.

121



Kox, L.F., Wosten, M.M., and Groisman, E.A. (2000) A small protein that 
m ediates the activation o f a tw o-com ponent system  by another two- 
component system. Emho J  19: 1861-1872.

Kreig, P.A. (1996) A Laboratory Guide to RNA: Isolation, Analysis and Synthesis. 
New York: Wiley-Liss Press.

Kuhle, V., and Hensel, M. (2002) SseF and SseG are translocated effectors o f the 
type III secretion system o f Salmonella pathogenicity island 2 that modulate 
aggregation o f endosomal compartments. Cell M icrobiol 4: 813-824.

Lawhon, S.D., Frye, J.G., Suyemoto, M., Porwollik, S., McClelland, M., and 
Aider, C, (2003) Global regulation by CsrA in Salm onella typhimurium. 
Mol Microbiol 1633-1645.

Lee, A.K., Detweiler, C.S., and Falkow, S. (2000) OmpR regulates the two- 
com ponent system SsrA-SsrB in Sa lm onella  pathogenicity island 2. J  
Bacteriol 182: 771-781.

Lesnick, M.L., Reiner, N.E., Fierer, J., and Guiney, D.G. (2001) The Salmonella  
spvB  virulence gene encodes an enzyme that ADP-ribosylates actin and 
destabilizes the cytoskeleton o f eukaryotic cells. M ol M icrobiol 39: 1464- 
1470.

Liu, L.F., and Wang, J.C. (1987) Supercoiling o f the DNA tem plate during 
transcription. Proc Natl Acad Sci U S A  84: 7024-7027.

Lucas, R.L., and Lee, C.A. (2000) Unravelling the mysteries o f virulence gene 
regulation in Salmonella typhimurium. M ol Microbiol 36: 1024-1033.

Mandel, M., and Higa, A. (1970) C alcium -dependent bacteriophage DNA 
infection. J  M o /5 /0 /5 3 : 159-162.

Marcus, S.L., Brumeii, J.H., Pfeifer, C.G., and Finlay, B.B. (2000) Salmonella 
pathogenicity islands: big virulence in small packages. M icrobes Infect 2: 
145-156.

Marshall, D.G., Sheehan, B.J., and Dorman, C.J. (1999) A role for the leucine- 
responsive regulatory protein and integration host factor in the regulation o f 
the Salm onella  plasmid virulence (5/?v) locus in Salmonella typhimurium. 
Mol Microbiol 134-145.

Marshall, D.G., Bowe, F., Hale, C., Dougan, G., and Dorman, C.J. (2000) DNA 
topology and adaptation o f Salmonella typhimurium  to an intracellular 
environment. Philos Trans R Soc Lond B Biol Sci 355: 565-574.

122



Matsui, H., Bacot, C.M., Garlington, W.A., Doyle, T.J., Roberts, S., and Gulig,
P.A. (2001) Virulence plasm id-bom e spvB  and sp vC  genes can replace the 
90-kilobase plasmid in conferring virulence to Salmonella enterica serovar 
Typhim urium  in subcutaneously inoculated mice. J  Bacterial  183: 4652- 
4658.

M cC lelland , M ., Sanderson , K.E., Spieth , J., C lifton, S .W ., L atreille , P., 
Courtney, L., Porwollik, S., Ali, J., Dante, M., Du, F., Hou, S., Laym an, 
D., L eonard , S., N gu yen , C., Scott, K ., H o lm es, A ., G rew al, N., 
M ulvaney, E., Ryan, E., Sun, H., Florea, L., Miller, W., Stoneking, T., 
Nhan, M., W aterston, R., and W ilson, R .K . (2001) Com plete  genom e 
sequence o f  Salmonella enterica  serovar Typhim urium  LT2. N ature  413: 
852-856.

M cD aniel, T.K., Jarvis, K.G., Donnenberg, M.S., and K aper, J.B. (1995) A 
g ene tic  locus o f  en te ro cy te  e ffacem en t  c o n se rv ed  a m o n g  d iverse  
enterobacterial pathogens. Proc Natl Acad Sci U  S A 9T .  1664-1668.

Meresse, S., Unsworth, K.E., Habermann, A., Griffiths, G., Fang, F., M artinez-  
Lorenzo, M.J., W aterm an, S.R., Gorvel, J.P., and Holden, D.W . (2001) 
R em odell ing  o f  the actin cy toskeleton  is essentia l for rep lica tion  o f  
\nixa\acvLo\ax Salmonella. Cell Microbiol 3: 561-511.

Miao, E.A., Scherer, C.A., Tsolis, R.M., Kingsley, R.A., Adam s, L.G., Baumler, 
A.J., and Miller, S.I. (1999) Salmonella typhimurium  leucine-rich repeat 
proteins are targeted to the SPIl and SPI2 type III secretion systems. M ol  
Microbiol 34: 850-864.

M iao, E.A., and Miller, S.I. (2000) A conserved amino acid sequence directing 
intracellular type III secretion by Salmonella typhimurium. Proc  Natl A cad  
Sci U S A  91: 7539-7544.

M iao, E.A., Freem an, J .A ., and Miller, S.I. (2002) Transcription o f  the SsrAB 
regulon  is repressed by alkaline pH and is independent o f  PhoPQ  and 
m agnesium concentration. JB acterio l  184: 1493-1497.

M iller, J.H. (1992) A Short Course in Bacterial Genetics. Cold Spring Harbour, 
New York: Cold Spring Harbour Laboratory Press.

M iller , R .A ., and B r it igan , B .E . (1997) R ole o f  ox idan ts  in m icrob ia l  
pathophysiology. Clin Microbiol Rev  10: 1-18.

M iller, S .I., K ukral, A .M ., and M ekalan os, J.J. (1989) A tw o-com ponen t  
regulatory system (PhoP/PhoQ) controls Salmonella typhimurium virulence. 
Proc Natl Acad Sci U  S A 86: 5054-5058.

M iller, S.I., and M ekalanos, J.J. (1990) Constitutive expression o f  the p h o P  
regulon attenuates Salmonella  virulence and survival within macrophages. J  
Bacteriol 172: 2485-2490.

123



Nikolaus, T., Deiwick, J., Rappl, C., Freeman, J.A., Schroder, W., Miller, S.I., 
and Hensel, M. (2001) SseBCD proteins are secreted by the type III 
secretion system o f Salm onella  pathogenicity island 2 and function as a 
translocon. J  Bacterial 183: 6036-6045.

Ninnemann, O., Koch, C., and Kahmann, R. (1992) The E.coli f i s  prom oter is 
subject to stringent control and autoregulation. Embo J  11 : 1075-1083.

O'Byrne, C.P., and Dorman, C.J. (1994a) Transcription o f  the Salmonella 
typhimurium spv  virulence locus is regulated negatively by the nucleoid- 
associated protein H-NS. FEMS Microbiol Lett 121: 99-105.

O'Byrne, C.P., and Dorman, C.J. (1994b) The spv  virulence operon o f  Salmonella 
typhimurium  LT2 is regulated negatively by the cyclic AMP (cAMP)-cAMP 
receptor protein system. J  Bacterial 176: 905-912.

O'Gara, J. P., and Dorman, C.J. (2000) Effects o f local transcription and H-NS on 
inversion o f the Jim  switch o f Escherichia cali. M ol M icrobiol 36 : 457-466.

Ochm an, H., Soncini, F.C., Solomon, F., and G roism an, E.A. (1996)  
Identification o f a pathogenicity island required for Salmonella  survival in 
host cells. Proc Natl Acad Sci U S A  93: 7800-7804.

Ochman, H., Lawrence, J.G., and Groisman, E.A. (2000) Lateral gene transfer 
and the nature o f bacterial innovation. Nature 405 : 299-304.

Ohl, M.E., and Miller, S.I. (2001) Salmonella: a model for bacterial pathogenesis. 
Annu Rev M ed  52 : 259-274.

Osuna, R., Finkel, S.E., and Johnson, R.C. (1991) Identification o f two functional 
regions in Fis: the N-terminus is required to promote Hin-mediated DNA 
inversion but not lambda excision. Embo J 10 : 1593-1603.

Otto, H., Tezcan-Merdol, D., Girisch, R., Haag, F., Rhen, M., and Koch-Nolte,
F. (2000) The spvB  gene-product o f the Salm onella enterica  virulence 
plasmid is a mono(ADP-ribosyl)transferase. M ol Microbiol 31: 1106-1115.

Pegues, D.A., Hantman, M.J., Behlau, I., and Miller, S.l. (1995) PhoP/PhoQ 
transcriptional repression o f Salm onella  typhim urium  invasion genes: 
evidence for a role in protein secretion. M ol M icrobiol 17 : 169-181.

Perraud, A.L., Weiss, V., and Gross, R. (1999) Signalling pathways in two- 
component phosphorelay systems. Trends Microbiol 7: 115-120.

Porter, M.E., and Dorman, C.J. (1997) Positive regulation o f Shigella flexneri 
virulence genes by integration host factor. J  Bacterial 179: 6537-6550.

Rathman, M., Sjaastad, M.D., and Falkow, S. (1996) A cid ification  o f  
phagosomes containing Salmonella typhimurium  in murine macrophages. 
Infect Immun 64 : 2765-2773.

124



Robbe-Saule, V., Schaeffer, F., Kowarz, L., and Norel, F. (1997) Relationships 
between H-NS, sigma S, SpvR and growth phase in the control o f spvR, the 
regulatory gene o f the Salmonella plasmid virulence operon. M ol Gen Genet 
256; 333-347.

Ruiz-Albert, J., Yu, X.J., Beuzon, C.R., Blakey, A.N., Galyov, E.E., and Holden,
D.W. (2002) Complementary activities o f  SseJ and SifA regulate dynamics 
o f the Salmonella typhimurium  vacuolar membrane. M ol M icrobiol 44 : 645- 
661.

Ruiz-Albert, J., Mundy, R., Yu, X.J., Beuzon, C.R., and Holden, D.W. (2003) 
SseA is a chaperone for the SseB and SseD translocon components o f the 
Sa lm onella  pathogenicity-island-2-encoded type III secretion system. 
Microbiology 149: 1103-1111.

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., 
Mullis, K.B., and Erlich, H.A. (1988) Prim er-d irected  enzym atic 
amplification o f DNA with a thermostable DNA polymerase. Science  239: 
487-491.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) M olecular Cloning: A 
Laboratory Manual. Cold Spring Harbour, New York: Cold Spring Harbour 
Laboratory Press.

Sambrook, J., and Russell, D.W. (2001) M olecular Cloning: A Laboratory  
Manual. Cold Spring Harbour, New York: Cold Spring Harbour Laboratory 
Press.

Sanger, F., Nicklen, S., and Coulson, A.R. (1977) DNA sequencing with chain- 
terminating inhibitors. Proc Natl Acad Sci U S A  74: 5463-5467.

Schechter, L.M., Jain, S., Akbar, S., and Lee, C.A. (2003) The Small Nucleoid- 
Binding Proteins H-NS, HU, and Fis Affect hilA Expression in Salm onella  
enterica serovar Typhimurium. Infect Immun 71: 5432-5435.

Schneider, R., Travers, A., and Muskhelishvili, G. (1997) FIS modulates growth 
phase-dependent topological transitions o f  DNA in Escherichia coli. M o l  
Microbiol 26: 519-530.

Schneider, R., Travers, A., Kutateladze, T., and Muskhelishvili, G. (1999) A 
DNA architectural protein couples cellular physiology and DNA topology in 
Escherichia coli. Mol M icrobiol 34: 953-964.

Schneider, R., Travers, A., and Muskhelishvili, G. (2000) The expression o f the 
Escherichia coli fis  gene is strongly dependent on the superhelical density o f 
D ^k .M o lM icro b io n % \ 167-175.

125



Schneider, R., Lurz, R., Luder, G., T olksdorf, C ., T ravers, A ., and  
M uskhelishvili, G. (2001) An architectural role o f  the Escherichia  coli 
chromatin protein FIS in organising DNA. Nucleic Acids Res 29: 5107-5114.

Shea, J.E., Hensel, M., Gleeson, C., and Holden, D.W. (1996) Identification o f  a 
virulence locus encoding a second type III secretion system in Salmonella 
typhimurium. Proc Natl Acad Sci U S  A 93: 2593-2597.

Sheikh, J., Hicks, S., Dall'Agnol, M., Phillips, A.D., and Nataro, J.P. (2001) 
Roles for Fis and YafK in biofilm formation by enteroaggregative 
Escherichia coli. Mol Microbiol 41: 983-997.

Stanley, T.L., Ellermeier, C.D., and Slauch, J.M . (2000) Tissue-specific gene 
expression identifies a gene in the lysogenic phage Gifsy-1 that affects 
Salm onella  enterica  serovar typhimurium survival in Peyer's patches. J  
Bacteriol \S2: 4406-4413.

Tezcan-M erdol, D., Nyman, T., Lindberg, U., Haag, F., Koch-Nolte, F., and 
Rhen, M. (2001) Actin is ADP-ribosylated by the Salm onella  enterica  
virulence-associated protein SpvB. M ol M icrobiol 39: 606-619.

Thompson, J.F., Moitoso de Vargas, L., Koch, C., Kahmann, R., and Landy, A.
(1987) Cellular factors couple recom bination with growth phase: 
characterization  o f  a new com ponent in the lambda site-specific  
recombination pathway. Cell 50: 901-908.

Travers, A., Schneider, R., and Muskhelishvili, G. (2001) DNA supercoiling and 
transcription in Escherichia coli: The FIS connection. Biochim ie  83: 213- 
217.

Tse-Dinh, Y. (1985) Regulation o f  the Escherichia coli topoisomerase I gene by 
DNA supercoiling. Nucleic Acids Res 13: 4751-4763.

Uchiya, K., Barbieri, M.A., Funato, K., Shah, A.H., Stahl, P.D., and Groisman,
E.A. (1999) A Salmonella virulence protein that inhibits cellular trafficking. 
E m b o J  IS: 3924-3933.

Valdivia, R.H., and Falkow, S. (1997) Fluorescence-based isolation o f  bacterial 
genes expressed within host cells. Science 211: 2007-2011.

van der Velden, A.W ., Lindgren, S.W ., W orley, M .J., and Heffron, F. (2000) 
Salm onella  pathogenicity island 1-independent induction o f  apoptosis in 
infected macrophages by Salmonella enterica serotype typhimurium. Infect 
Immun 68: 5702-5709.

Vazquez-Torres, A., Jones-Carson, J., Baumler, A.J., Falkow, S., Valdivia, R., 
Brown, W., Le, M., Berggren, R., Parks, W .T., and Fang, F.C. (1999) 
Extraintestinal dissemination o f  Salmonella by CD 18-expressing phagocytes. 
Nature 401: 804-808.

126



Vazquez-Torres, A., Xu, Y., Jones-Carson, J., Holden, D.W., Lucia, S.M., 
Dinauer, M.C., Mastroeni, P., and Fang, F.C. (2000) Salmonella 
pathogenicity island 2-dependent evasion o f the phagocyte NADPH oxidase. 
Science 1^1-. 1655-1658.

Vazquez-Torres, A., and Fang, F.C. (2001) Salm onella  evasion o f  the NADPH 
phagocyte oxidase. Microbes Infect 3: 1313-1320.

W agner, R. (2000) Transcription Regulation in Prokaryotes. Oxford: Oxford 
University Press.

W aterman, S.R., and Holden, D.W. (2003) Functions and effectors o f  the 
Salm onella  pathogenicity island 2 type III secretion system. Cell M icrobiol 
5: 501-511.

Watson, P.R., Paulin, S.M., Bland, A.P., Jones, P.W., and Wallis, T.S. (1995) 
Characterization o f  intestinal invasion by Salm onella typhim urium  and 
Salmonella dublin and effect o f a mutation in the invH  gene. Infect Immun 
63: 2743-2754.

Watson, P.R., Galyov, E.E., Paulin, S.M., Jones, P.W., and Wallis, T.S. (1998) 
Mutation o f invH, but not stn, reduces Salmonella-'xndnxccdi enteritis in cattle. 
Infect Immun 66'. 1432-1438.

Weinstein-Fischer, D., Elgrably-Weiss, M., and Altuvia, S. (2000) Escherichia  
co li response to hydrogen peroxide: a role for DNA supercoiling, 
topoisomerase I and Fis. M ol Microbiol 35: 1413-1420.

Weiss, B., Jacquemin-Sablon, A., Live, T.R., Fareed, G.C., and Richardson,
C.C. (1968) Enzymatic breakage and joining o f deoxyribonucleic acid. VI. 
Further purification and properties o f polynucleotide ligase from Escherichia  
coli infected with bacteriophage T4. J  Biol Chem 243: 4543-4555.

Williams, R.M., and Rimsky, S. (1997) Molecular aspects o f the E. coli nucleoid 
protein, H-NS: a central controller o f gene regulatory networks. F E M S  
Microbiol Lett 156: 175-185.

Wilson, R.L., Libby, S.J., Freet, A.M., Boddicker, J.D., Fahlen, T.F., and Jones,
B .D . (2001) Fis, a DNA nucleoid-associated protein, is involved in 
Salmonella typhimurium  SPI-1 invasion gene expression. M ol M icrobiol 39: 
79-88.

Wong, K.K., McClelland, M., Stillwell, L.C., Sisk, E.C., Thurston, S.J., and 
Saffer, J.D. (1998) Identification and sequence analysis o f a 27-kilobase 
chromosomal fragment containing a Salmonella pathogenicity island located 
at 92 m inutes on the chromosom e map o f  Salmonella enterica  serovar 
typhimurium LT2. Infect Immun 66: 3365-3371.

127



Wood, M.W., Jones, M.A., W atson, P.R., Hedges, S., Wallis, T.S., and Galyov,
E.E. (1998) Identification o f a pathogenicity island required for Salmonella 
enteropathogenicity. M ol Microbiol 29: 883-891.

W orley, M .J., Ching, K.H., and Heffron, F. (2000) Salm onella  SsrB activates a 
global regulon o f horizontally acquired genes. Mol Microbiol 36: 749-761.

Xu, J., and Johnson, R.C. (1995) Identification o f genes negatively regulated by 
Fis: Fis and RpoS comodulate growth-phase-dependent gene expression in 
Escherichia coli. JB acteriol 177: 938-947.

Yu, X.J., Ruiz-Albert, J., Unsworth, K.E., Garvis, S., Liu, M., and Holden,
D .W . (2002) SpiC is required for secretion o f Salmonella  Pathogenicity 
Island 2 type III secretion system proteins. Cell Microbiol 4: 531-540.

128


