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Summary

Enterotoxigenic Escherichia coli (ETEC) is a major cause o f diarrhoea amongst 

children in developing countries and travellers to such countries. Virulence in ETEC is 

dependent on both toxin production and adherence o f the bacteria to the host intestine. 

This adherence is an important event in the establishment o f infection and is mediated 

by adhesins such as fimbriae. ETEC produces several distinct types o f fimbriae 

including C S l, CS2 and CFA/I. The Rns transcriptional regulator activates expression 

o f CSl and CS2 fimbriae.

The techniques o f scanning linker mutagenesis and random mutagenesis were 

employed to gain an insight into the structure-function relationship o f the Rns protein. 

The Rns mutants generated by these techniques were assayed for their ability to activate 

expression from the coo (C S l) promoter and, in a select number o f cases, their ability to 

activate the rns promoter and to bind to DNA. The N-terminal half o f Rns was found to 

be largely tolerant o f mutation, although a small number o f pentapeptide insertions in 

this region significantly reduced the activity o f the protein. The C-terminal half o f Rns 

was found to be critical for protein function and to be involved in DNA binding. The 

Rns protein is predicted to contain a disordered region comprising amino acids 100-104. 

Further mutagenesis o f this region revealed that its predicted disorder appears to be 

crucial for optimal Rns activity. It is proposed that this area may act as an interdomain 

flexible linker sequence.

Analysis o f purified Rns by gel t'lltration chromatography and experiments performed 

with a LexA-Rns fusion indicate that the Rns protein dimerises. Cross-linking studies 

were initially impeded by the apparent aggregation o f Rjis, but also provided evidence 

that this protein forms dimers.

Mutations o f the DNA sequence within Rns binding sites at the coo promoter were 

demonstrated to reduce Rns binding and Rns-dependent activation o f coo transcription, 

thus confirming the importance o f specific residues within these sites. These mutations, 

as well as loss o f DNA sequences upstream o f the coo promoter, were found to result in 

elevated levels o f basal coo transcription, suggesting that this promoter may be subject
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to complex regulation involving additional, as yet unidentified factors. The nucleoid- 

associated protein H-NS was revealed to bind directly to the coo promoter region and 

repress coo transcription. Rns was found to activate coo transcription even in the 

absence o f H-NS, thus indicating that Rns does not act solely as an anti-repressor. 

Under the conditions tested, Rns did not displace H-NS from coo promoter DNA, while 

H-NS was found to be capable o f  displacing Rns.

Study o f the thermoregulation o f CSl expression revealed that H-NS is not required 

for thermal control, although in its absence a degree o f fimbrial production occurs at 

20°C. Transcription from the coo promoter was demonstrated to be influenced by 

temperature. In contrast, rns transcription and Rns protein levels were found to be 

largely insensitive to temperature. Finally, H-NS-mediated repression o f rns 

transcription and binding o f H-NS to rns promoter DNA was observed to occur.

In conclusion, the results presented in this thesis define regions o f Rns that are critical 

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

further insight into the regulation o f CSl fimbrial expression.
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Chapter 1 General Introduction



1.1 Escherichia coli, commensal and pathogen

Escherichia coli is the predom inant facultative anaerobe o f  the norm al intestinal 

m icroflora o f  hum ans, other m am m als and birds. Typically the gastro intestinal tract o f  

hum an infants is colonised by E. coli w ithin hours o f  birth and from  then on both 

bacteria and host usually coexist peacefully and can, on occasion, derive m utual benefit 

(202). These com m ensal strains o f  E. coli rarely cause disease, although if  the host is 

im m unosuppressed or the gastrointestinal barriers are breached then infection may 

occur. H ow ever, the acquisition o f  virulence determ inants by horizontal gene transfer 

led to the evolution o f  several highly adapted E. coli clones that are capable o f  causing a 

range o f  d iseases even in healthy hosts. Each pathogenic category, or pathotype, o f  E. 

coli represents a fam ily o f  clones that shares a specific com bination o f  virulence traits, 

which act in concert to produce a distinctive m echanism  o f  pathogenesis (202). Three 

general clinical conditions result from infection w ith E. coli pathotypes: (i) urinary tract 

infections and (ii) bacteraem ia/sepsis/m eningitis, which are caused by extraintestinal 

pathogenic strains, and (iii) enteric/diarrhoeal diseases, w hich are caused by intestinal 

pathogenic strains. There are at least six well characterised pathotypes o f  intestinal E. 

coli pathogenic strains: enteropathogenic E. coli (EPEC), enterohaem orrhagic E. coli 

(EH EC), enteroaggregative E. coli (EA EC), enteroinvasive E. co li (EIEC), diffusely 

adherent E. coli (D A EC ) and enterotoxigenic E. coli (ETEC). The extraintestinal 

pathotypes com prise uropathogenic E. coli (UPEC) and neonatal-m eningitic E. coli 

(NM EC).

E. coli pathogenesis is a m ulti-step process com prising (i) adhesion  to, and 

colonisation of, a m ucosal surface, (ii) avoidance o f  host defences, (iii) m ultiplication, 

and (iv) dam age to the host (274). Adhesins and toxins are tw o m ajor categories o f 

virulence factors required for E. coli pathogenesis. A dhesins com m only take the form 

o f  fim briae; polym eric protein structures typically 1-2 |am in length, found at the 

bacterial cell surface. A dhesins enable the pathogens to bind closely to sites not usually 

inhabited by E. coli, such as the small intestine, and to resist rem oval by peristalsis. A 

w ide range o f  secreted toxins and effector proteins then m ediate host cell dam age by 

disrupting critical eukaryotic processes including ion secretion, protein  synthesis and 

cytoskeletal function. It w as generally thought that, w ith the exception o f  EIEC, the 

pathogenesis o f  intestinal E. coli strains did not involve an intracellu lar stage. 

How ever, there have been reports describing the invasion o f  cultured hum an epithelial
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cells by strains o f EPEC (258), ETEC (111), EHEC (287) and EAEC (23). In most 

cases the role o f cell invasion in the pathogenesis o f these strains is undefined, but it is 

postulated that cell penetration could represent an evasion and/or persistence strategy.

The pathogenic diversity o f E. coli strains is reflected in the genomic variability 

observed amongst different strains. The genomes o f natural E. coli isolates can \ ary in 

size by up to 1 Mb (26). The genome o f a commensal E. coli K-12 isolate, MG1655, 

was found to be 4.64 Mb in size while the genomes o f UPEC and EHEC isolates were 

reported to be 4.94 and 5.53 Mb in size respectively (32, 43, 301). The EHEC genome 

contains more than 1.4 Mb o f DNA that is not present in E. coli K-12 (83). As 

mentioned above, this genetic diversity is due in part to the acquisition o f foreign DNA 

encoding virulence traits by pathogenic E. coli strains. Virulence factors are often 

encoded on mobile genetic elements including plasmids, bacteriophages and 

pathogenicity islands. Genetic information has also been lost during the evolution of 

pathogenic strains; 0.53 Mb o f E. coli K-12-specific DNA sequences are absent from 

the EHEC genome (83). Horizontal gene transfer, along with the loss o f DNA regions, 

resulted in the mosaic genome structure o f E. coli pathotypes in which novel genetic 

sequences are present wdthin the common backbone o f the E. coli genome (422). 

Significant variation is not only observed between the genomes o f  pathogenic and 

commensal strains o f E. coli, but also between the genomes o f different pathotypes. A 

genomic comparison o f strains o f EHEC, UPEC and E. coli K-12 demonstrated that the 

three strains shared only 39.2% of their combined set o f proteins (422). Therefore E. 

coli strains display great genome plasticity and genetic diversity.

In keeping with their association with mobile genetic elements, E. coli virulence genes 

are often regulated by pathogen-specific regulators that are also encoded on plasmids or 

pathogenicity islands. These regulators are frequently members o f the AraC family o f 

proteins (see Section 1.5). However, E. coli pathotypes also exploit global regulatory 

proteins found in commensal strains, such as IHF (integration host factor), Fis (factor 

for inversion stimulation) and H-NS (histone-like nucleoid structuring protein), to 

control the expression o f their horizontally acquired virulence genes. This reflects the 

remarkable adaptability and versatility o f E. coli, which has led to its success as a 

pathogen.
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1.1.1 Extraintestinal E. coli pathotypes

1.1.1.1 Uropathogenic E. coli (UPEC)

UPEC are responsible for the m ajority o f urinaiy tract infections (U TIs), causing 70- 

90%  o f  the estim ated 150 m illion UTIs diagnosed annually (388). UTIs, which include 

cystitis (bladder infection) and pyelonephritis (kidney infection), vary in disease 

severity and location and can also be sporadic, recurrent or chronic. Several virulence 

factors have been described for UPEC including iron uptake system s (such as 

aerobactin), adhesins and cytotoxins (440). Am ong different subgroups o f  UPEC these 

virulence factors are present in varying percentages, therefore no single phenotypic 

profile is responsible for U TIs (197, 198). The attachm ent o f  UPEC to uroepithelial 

cells is m ediated by adhesins including type 1, P (Pap; pilus associated with 

pyelonephritis), S, M and D r fim briae (196). Type 1 fimbriae, w hich are present in 

most E. coli strains, are the m ost comm only expressed virulence factor o f  UPEC (162). 

These fim briae are involved in the adherence o f UPEC to bladder epithelial cells (224). 

P fim briae play a role in the attachm ent o f  UPEC to kidney epithelium  and are 

possessed by 80%  o f  pyelonephritis strains (215). In addition to the diversity o f  

virulence genes found in U PEC, there is also variation in the expression o f  these genes. 

Type 1 fim brial expression is regulated by an invertible elem ent (see Section 1.4.2) 

which is generally  sw itched to the “ON” position among bladder U PEC isolates and 

strains from  cystitis patients (161). In contrast, pyelonephritis strains o f  UPEC tend to 

have their inverfible elem ent in the “OFF” position (161). Coordinated expression o f 

fim briae is due to cross regulation between the P and type 1 fim brial operons. Initially 

it was found that P fim brial expression turns o ff type 1 fim brial expression via the 

action o f  the PapB regulatory protein (437). Subsequently type 1 fim brial expression 

was also found to coordinately influence the expression o f P fim briae in an inverse 

m anner, thus im plying that there m ay be com m unication betw een virulence genes to aid 

sequential colonisation o f  various urinary tract tissues (376). The toxins produced by 

UPEC include the well know n haem olysin and cytotoxic necrotizing factor 1 (C N F l), 

which are directly cytotoxic to host tissues (125, 204), and the m ore recently idenfified 

secreted autotransporter toxin (Sat), a vacuolating cytotoxin that dam ages kidney 

epithelium  during upper U TIs (163). In addition to causing host dam age, C N Fl is 

thought to facilitate U PEC survival during the acute inflamm atory response (76).
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1.1.1.2 Neonatal-meningitic £■. co//(NM EC)

NM EC is the m ost com m on cause o f  gram -negative m eningitis and sepsis in neonates, 

which are associated w ith high m orbidity and m ortahty. Expression o f  the K1 capsule 

is w idespread am ong N M EC  strains. A pproxim ately 40%  o f  E. coli sepsis isolates and 

80% o f  E. coli m eningitic isolates were found to have the K1 capsular serotype (214, 

331). The pathogenesis o f  E. coli K1 m eningitis is a m ulti-step process in which the 

bacteria colonise m ucosal surfaces (generally o f  the upper respiratory or gastrointestinal 

tract) and then invade the bloodstream  where they survive and m ultiply, resulting in 

bacteraem ia (208). N M EC then penetrates the blood brain barrier and invades the 

central nervous system  leading to inflam m ation and neuronal injury (208). The K1 

capsule contributes to the virulence o f  N M EC as it enhances serum  resistance and has 

antiphagocytic properties (5). Several other virulence factors o f  N M EC have been 

identified. To traverse the blood brain barrier N M EC m ust first bind to brain 

m icrovascular endothelial cells (BM ECs). A fim brial and fim brial adhesins such as 

O m pA (313), type 1 fim briae (398) and S fim briae (292, 392) are im plicated in E. coli 

K1 binding to BM ECs. H ow ever, the role o f  S fim briae in N M EC  pathogenesis is not 

entirely clear as, in contrast to earlier findings, it was subsequently reported that these 

fim briae are not directly involved in the adherence o f  E. coli K1 to BM ECs (421). 

Proteins dem onstrated to be required for successful invasion o f  BM ECs by E. coli K1 

include O m pA (314), A slA  (181), TraJ (15), C N Fl (207) and Ibe proteins (185, 186). 

Recently, the Hek protein was identified as being involved in the colonisation and 

invasion o f  gastrointestinal cells by E. coli K1 (123, 124). Therefore, great progress has 

been m ade over the last decade in identifying virulence factors o f  NM EC.

1.1.2 Intestinal £■. co //p a th otyp es

1.1.2.1 Enteropathogenic E. coli (EPEC)

EPEC are a leading cause o f  infant diarrhoea in the developing world. At a cellular 

level, EPEC infections are associated w ith a distinctive attaching and effacing (A/E) 

histopathology characterised by intim ate attachm ent o f  bacteria to intestinal epithelial 

cells and effacem ent o f  host m icrovilli (262). This is due to polym erised actin, which 

accum ulates to produce pedestal-like structures directly underneath the attached

5



bacteria. The factors responsible for the form ation o f  A/E lesions, including a type III 

secretion system  and the proteins Tir and intimin, are encoded on the locus o f 

enterocyte effacem ent (LEE) pathogenicity island (252). The expression o f  the genes o f 

this pathogenicity  island is controlled  by the Ler protein (LEE encoded regulator) (254). 

A nother characteristic o f  EPEC is the distinctive pattern o f  localised adherence (LA) to 

cultured epithelial cells exhibited  by the bacteria (352). This pattern o f  attachm ent is 

associated w ith the expression o f  a type 4 fim briae term ed bundle-form ing pili (BFP), 

w hich are involved in interbacterial adherence (144). EPEC also produce other fim briae 

such as F B I71 fim briae, w hich m ay also be involved in localised adherence (145). The 

genes encoding BFP are present on the EPEC adherence factor (EAF) plasm id, which 

also contains the p e r  locus (377). The PerA and PerC products o f  this locus are 

required for the activation o f  the hfp  operon (see Section 1.5.3.3) and the L E E l operon 

(encodes Ler) respectively (311).

EPEC pathogenesis is a com plex process com prising three steps. The first step 

involves the initial adherence o f  the bacteria to intestinal epithelial cells. It is not clear 

w hich factor m ediates this attachm ent, ahhough several adhesins including BFP (144) 

and LifA (14) have been im plicated. During the second step, the type 111 secretion 

system  delivers a set o f  effector proteins into tiie host ccll including Tir (which then 

inserts into the host cell m em brane and becom es phosphorylated) and the Esp proteins 

(195). In the final step, EPEC becom es intim ately attached to the host cell due to an 

interaction betw een the outer m em brane protein Tir and intim in (206), which is 

followed by pedestal form ation. The effector proteins translocated into host cells 

d isrupt several aspects o f  host cell physiology including intestinal perm eability, 

inflam m ation and ion secretion, thus resulting in the occurrence o f  diarrhoea (202).

1.1.2.2 Enterohaemorrhagic £■. co//(EH EC)

EHEC was first recognised as a distinct E. coli pathotype in the early 1980s (328). 

EH EC infections can result in m ild to bloody diarrhoea and haem orrhagic colitis. In 

som e cases the potentially  fatal com plication haem olytic uremic syndrom e (FlUS) 

develops. E. coli 0157:FI7 is the dom inant EHEC serotype associated w ith FlUS in 

N orth A m erica, northern Europe and Japan but other serotypes including 0 2 6  and 0111 

are prom inent causative agents elsewhere in the world (109, 407). EH EC shares some 

sim ilarities w ith EPEC such as possession o f  the LEE pathogenicity island and thus the
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ability to form  A/E lesions (274). The defining feature o f  EHEC however, is the 

production o f  Shiga toxins (Stx), indeed EHEC strains are thought to have evolved from 

an EPEC strain that acquired a Stx-encoding bacteriophage (324). Shiga toxins, o f 

which there are two m ajor fam ilies (S tx l and Stx2), cause the host dam age that can lead 

to HUS by inhibiting protein synthesis in renal endothelial cells, w hich results in cell 

death (234). The EAF plasm id is not present in EHEC therefore BFP are not produced 

by this pathotype. H ow ever, some EHEC serotypes contain a plasm id, p 0 1 5 7 , which 

encodes a range o f  virulence factors including a haem olysin sim ilar to that found in 

UPEC (356), and a potential adhesin nam ed ToxB (397). Several other putative 

adhesins have been identified in EHEC, but the LEE-encoded protein intim in is the only 

factor w hose involvem ent in adherence to epithelial cells has been clearly dem onstrated 

(89). Sequencing o f  tw o EH EC genom es revealed the presence o f  at least 16 potential 

fim brial operons (173, 236, 301), although it has not been established if  they are 

functional in vivo. W hile EHEC has been reported to produce fim briae such as long 

polar fim briae (406), the E. coli com m on pilus (326) and a type 1 fim briae hom ologue 

F9 (235), the biological significance o f  fim briae to host colonisation by EHEC remains 

unclear. H ow ever, the recent finding that EHEC produces type 4 fim briae termed 

haem orrhagic coli pilus that may act as intestinal colonisation factors has contributed to 

the developing understanding o f  the m echanism s involved in EHEC adherence to 

epithelial cells (438).

1.1.2.3 Enteroaggrcgative £■. co//(EA EC)

EAEC is an im portant cause o f  diarrhoea, w hich is often persistent, in both children 

and adults w orldw ide. EAEC strains are very heterogeneous (108), but are defined by 

their characteristic pattern o f  aggregative adherence to cultured epithelial cells, in which 

bacteria attach to cell surfaces in a “stacked-brick” configuration (275). Three stages 

com prise EAEC pathogenesis; adherence to the intestinal m ucosa; form ation o f a 

m ucoid biofilm ; and release o f  toxins that cause intestinal cell dam age and, ultimately, 

diarrhoea (272). A dherence o f  EAEC is associated w ith the presence o f fimbrial 

structures term ed aggregative adherence fim briae (AAF), w hich are distantly related to 

the Dr fam ily o f  adhesins. Based on the sequences o f  their m ajor fimbrial subunits, 

three m ain variants o f  A A F (AAF/I, II and III) have been described (28, 66, 273). The 

genes encoding the fim brial subunits are present on large virulence plasm ids called
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pAA. The expression o f AAF genes, and several other EAEC virulence determinants, is 

regulated by the AggR protein (see Section 1.5.3.4), which is also encoded on pAA (98, 

278). Each AAF variant is only present in a minority o f EAEC strains, suggesting that 

other adhesins play a role in aggregative adherence. Indeed there have been reports 

describing the involvement o f type 1 fimbriae (263) and several outer membrane 

proteins in EAEC adherence (77, 385). Recently a potential fourth AAF, an adhesin 

termed Hda, was identified and implicated in aggregative adherence (36). A number of 

toxins that are associated with mucosal damage have been described for EAEC. EASTl 

is a heat stable toxin similar to the ETEC ST toxin (see Secfion 1.1.2.6) (348), although 

its role in disease requires clarification, as it is also found in commensal isolates (255). 

The other well characterised EAEC toxins include Shigella  enterotoxin 1 (ShETl) and 

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

1.1.2.4 Enteroinvasive £". co //(E IE C )

EIEC infection most commonly results in watery diarrhoea, but can occasionally lead 

to dysentery (274). EIEC are closely related to Shigella  species and it has even been 

suggested that EIEC and Shigella  form a single pathotype o f E. coli (223). These 

microorganisms share a complex mechanism of pathogenesis that starts with their 

penetration o f the intestinal epithelium by invading M cells (347), followed by evasion 

o f phagocytosis by inducing apoptosis in macrophages (449), and invasion o f epithelial 

cells via their basolateral aspect (264). The endocytosed bacteria escape from the 

endocytic vacuole, multiply intracellularly and are then propelled by actin tails into 

adjacent cells, thus resulting in disseminafion o f bacteria in the epithelium (293). The 

factors required for this system o f invasion and intercellular spread are encoded by a 

large virulence plasmid (VP) which is a mosaic o f genes from multiple origins (44). A 

30 kb region o f the VP, known as the entry region, codes for the secreted Ipa proteins 

necessary for host cell entry and the type III secretion system responsible for the 

translocation o f these effector proteins into the cell (256). Other VP-encoded virulence 

determinants include SepA, a secreted serine protease (24), and Sen, an enterotoxin that 

may be associated with the diarrhoeal disease caused by EIEC (277). A cascade 

involving the products o f the virF  and virB genes, which are also located on the VP, 

mediates the regulation o f the invasion genes. VirF activates expression o f VirB, which 

then activates the expression o f the invasion genes in the entry region (95). The VirF
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protein o f  Shigella flexneri is discussed in Section 1.5.3.5. There is limited information 

concerning fimbrial adhesins o f ElEC, however it was recently reported that 20% of 

EIEC strains tested contained the genes for long polar fimbriae (405). These fimbriae 

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

1.1.2.5 Diffusely adherent E. coli (DAEC)

DAEC are a heterogeneous group o f isolates that are defined by their characteristic 

pattern o f diffuse adherence to cultured epithelial cells (276). The adherence o f the first 

class o f DAEC strains is mediated by afimbrial and fimbrial adhesive structures termed 

Afa/Dr adhesins (365). These Afa/Dr DAEC strains have been demonstrated to be 

associated with UTIs (410) and have also been implicated in a number o f studies as a 

cause o f diarrhoea, particularly amongst older children (146, 351). F I845 fimbriae, 

which belong to the Dr family o f adhesins, are present in approximately 75% of DAEC 

strains (31, 202). The cellular receptor o f the FI 845 fimbrial adhesin was identified as 

the membrane-associated protein DAF (decay accelerating factor) (27). DAEC strains 

induce the production o f finger-like protrusions from the surface o f infected cells that 

envelop and protect the bound bacteria (60). It is proposed that this phenomenon is due 

to the F1845-mediated binding and clustering o f the DAF protein (296). A feature o f 

some E. coli strains included in the second class o f DAEC strains is the expression o f an 

adhesin involved in diffuse adherence, AIDA-1 (25). AIDA-1 is an autotransporter 

protein that mediates several virulence related acfivities in addition to adhesion to 

epithelial cells, including aggregation and biofilm formation (368). The pathogenic 

mechanism o f DAEC has not yet been precisely determined, but is thought to involve 

the disruption o f brush border-associated enzymes (295).

1.1.2.6 Enterotoxigenic £■. ct»//(ETEC)

ETEC is the pathotype responsible for the majority o f E. cc»//-mediated cases of 

human diarrhoea worldwide. It is particularly prevalent amongst children in developing 

countries and travellers to such countries. It is estimated that annually, there are 650 

million incidences o f ETEC infection, resulting in 800,000 deaths in children under the 

age o f 5 (409). The essential determinants o f ETEC virulence are traditionally 

considered to be adherence and colonisation o f  the host small intestinal epithelium via
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plasm id encoded colonisation factors, and subsequent release o f  plasm id encoded 

enterotoxins that induce a net secretory state leading to profuse w atery diarrhoea (Fig. 

1.1) (274). This view  m ay need to be re-evaluated in light o f  the identification o f  

several chrom osom ally encoded potential virulence determ inants in ETEC (409). These 

recently described putative toxins include EatA, a serine protease autotransporter (294); 

ClyA, a pore form ing cytotoxin  (239); and E A S T l, a heat stable toxin originally 

isolated from  EA EC (441). H ow ever, the role o f  these factors in ETEC virulence has 

not yet been fully determ ined.

ETEC strains are defined by the production o f  one or two fully characterised 

enterotoxins, heat-labile toxin (LT) and/or heat-stable toxin (ST). The LT o f  ETEC is 

closely related both structurally  and functionally to the cholera toxin o f  Vibrio cholerae 

(383). Like the oligom eric cholera toxin, LT is composed o f  five identical B subunits 

associated w ith one A subunit. There are two m ajor serogroups o f  LT, LT-I and LT-II, 

but only LT-1 is associated w ith d isease in humans. Following release o f  LT-I, the B 

subunits o f  the toxin bind to the cell surface gangliosides G M l and G D lb  (137), 

facilitating the entry o f  the A subunit into the host cell (383). The enzym atically active 

A subunit transfers an A D P-ribosyl group from NAD to the a-subunit o f  the stim ulatory 

G protein (Gs„), which leads to irreversible stim ulation o f  adenylate cyclase activity 

(Fig. 1.1 (A)). This in turn leads to overproduction o f  intracellular cyclic AM P 

(cAM P). Thus cA M P-dependent protein kinase A is activated, resuhing in 

phosphorylation and consequent activation o f  chloride channels in the epithelial cell 

m em brane, the m ajor one being the cystic fibrosis transm em brane conductance 

regulator (CFTR). The resultant increased chloride ion secretion and reduced NaCl 

absorption leads to loss o f  w ater to the intestinal lumen and thus diarrhoea (363). 

Enhanced intestinal secretion m ay also occur via LT-m ediated stim ulation o f  the enteric 

nervous system  and prostaglandin synthesis (274).

STs are sm all polypeptides com prising two unrelated classes, STa and STb, o f  which 

only STa is a proven significant hum an virulence factor (363). M ature STa, a cysteine 

rich peptide o f  18 to 19 am ino acids w ith three intram olecular disulphide bonds, is an 

analogue o f  the m am m alian horm one guanylin. STa binds and activates guanylate 

cyclase C (361), a m em brane-spanning enzyme whose endogenous agonist is guanylin 

(65). This results in elevated levels o f  intracellular cyclic GM P, which ultim ately leads 

to activation o f  the C FTR chloride channel (188). Again, the net effects o f  enhanced
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Fig. 1.1. Pathogenesis of enterotoxigenic E. coli. An important early step in ETEC 
pathogenesis is the adherence o f bacteria to host intestinal epithelial cells via surface 
expressed colonisation factors (CFs). This is followed by the secretion of one or two 
enterotoxins, whose actions result in diarrhoea. (A) Mechanism of action of heat-labile 
toxin LT-1. The B subunits o f the oligomeric toxin (AB5) bind to gangliosides on the 
host cell surface (GMl and GDlb). The A subunit o f the toxin enters the host cell and 
transfers an ADP-ribosyl group (ADPr) to the a-subunit o f Gs protein. This leads to an 
increase in cAMP, which results in phosphorylation of the cystic fibrosis membrane 
conductance regulator (CFTR) chloride channel. The consequent increased chloride ion 
(Cl ) secretion from secretory crypt cells and decreased NaCl absorption from 
absorptive cells leads to diarrhoea. (B) Mechanism of action of heat-stable toxin STa. 
STa binds to and activates the membrane-spanning receptor guanylate cyclase C, 
resulting in an increase in cGMP levels, which again ultimately leads to diarrhoea due 
to increased chloride secretion and decreased NaCl absorption. Adapted from Nataro 
and Kaper (274).



chloride secretion and decreased NaCl absorption cause an increase in intestinal fluid 

secretion that m anifests as diarrhoea (Fig. 1.1 (B)).

An im portant early step in ETEC pathogenesis, which occurs prior to the elaboration 

o f  enterotoxins, is the attachm ent o f  bacteria to the surface o f  the host small intestinal 

m ucosa. This vital step in disease initiation is m ediated by bacterial proteinaceous 

surface structures know n as colonisation factors (CFs). Over 20 antigenically diverse 

CFs from  hum an strains o f  ETEC have been described (Table 1.1) (138, 302). In 

addition to their antigenicity, CFs can be subdivided based on their structural 

m orphology. A lthough m ost are fim brial or fibrillar, some CFs have two fibrils 

arranged in a double helix and are classified as helical, while others are non-fimbrial 

(138). CFs w ere initially called colonisation factor antigens (CFA s), coli surface 

antigens (CSs) and putative colonisation factors (PCFs). Subsequently a uniform  

nom enclature system  was adopted to designate CFs, w ith the exception o f  CFA/I, as 

num bered CSs according to the chronological order in w hich they were identified (138). 

CFA/11 was initially thought to be a single entity (121), but was later found to consist o f 

fine, flexible CS3 fibrillae alone or in com bination w ith the rigid C S l or CS2 fimbriae 

(374). Sim ilarly, CFA /IV  is com posed o f  CS6 alone or in com bination w'ith either CS4 

or CS5 (399). Som e o f  the better-characterised CFs can be divided into fam ilies based 

on genetic relationships, for exam ple the CFA /I-like group com prises CFA/I, C S l, CS2, 

CS4, C S l4 and C S l 7 (138). The frequency with w hich CFs occur on ETEC strains 

varies geographically, how ever epidem iological studies revealed that approxim ately 

75% o f  ETEC strains w orldw ide express CFA/I, CFA /Il or CFA /IV , therefore these are 

the m ost prevalent CFs (433). As studies have found that antibodies directed against 

CFs provide protective im m unity against ETEC, these prevalent CFs are key candidates 

for com ponents o f  a m uch sought after ETEC vaccine (319). H ow ever it is possible that 

novel CFs will be identified in the future; indeed no know n CFs could be identified on 

20%  o f  ETEC strains (433). W hile the host cell surface receptors for CFs have not been 

studied extensively, som e are know n to be oligosaccharide residues on glycoconjugates 

(156). The oligosaccharides present in eukaryotic cell m em brane glycoconjugates vary 

am ong species, thus the interaction betw een CFs and their receptors confers species 

specificity on ETEC pathogens (138). Therefore the CFs o f  hum an ETEC isolates are 

distinct from  those o f  anim al isolates, such as K88, K99 and 987P fim briae. The genes 

required for CF production may be encoded in operons located on plasm ids that 

frequently also contain the enterotoxin genes. CF operons are flanked by insertion



Table 1.1 Colonisation factors o f human ETEC strains

CS designation Former designation Structural morphology

CFA/I CFA/I Fimbrial

CSl CFA/II Fimbrial

CS2 CFA/Il Fimbrial

CS3 CFA/II Fibrillal

CS4 CFA/IV Fimbrial

CSS CFA/IV Helical

CS6 CFA/IV Undefined

CS7 CS7 Helical

CSS CFA/Ill Fimbrial

CSIO 2230 Non-t'mibrial

CS l l PCF0148 Fibrillal

CS12 PCF0159 Fimbrial

CS13 PCF09 Fibrillal

CS14 PCF0166 Fimbrial

CS15 8786 Non-fimbrial

CS17 CS17 Fimbrial

CS18 PCF020 Fimbrial

CS19 CS19 Fimbrial

CS20 CS20 Fimbrial

CS21 Longus Fimbrial

CS22 CS22 Fibrillal

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

sequences and have a significantly lower GC content, and a different codon usage, than 

is usual for E. coli (138). This implies that they were recently introduced to E. coli 

from a foreign genetic background. The biogenesis of CFs (see Section 1.2) is an 

energetically expensive process; therefore the expression o f many CFs is dependent on 

a trans-acting plasmid-located gene encoding a regulator such as Rns, the activator of 

CSl and CS2 expression (see Section 1.5.3.1).

The plasmid-encoded CFs are not the only adhesins o f ETEC. Two chromosomal 

loci, tia and tib, were found to be associated with invasion and non-CF dependent 

adherence o f ETEC to intestinal epithelial cells (111). The tia locus directs the
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production o f  Tia, an outer m em brane protein dem onstrated to interact w ith a cell 

surface proteoglycan receptor and thus m ediate bacterial attachm ent to epithelial cells 

(129). The tih  locus is responsible for the synthesis o f  TibA , a large outer m em brane 

protein that is a m em ber o f  the autotransporter fam ily (229), and is involved in binding 

to a specific epithelial cell receptor (228). T ibA  has also been im plicated in biofilm 

form ation and autoaggregation, both o f  which are associated w ith bacterial virulence 

(369). In addition to acting as adhesins, Tia and TibA enable ETEC to invade epithelial 

cells (112, 130), although the in vivo relevance o f  this invasion to ETEC pathogenesis is 

yet to be determ ined. The role o f  afim brial adhesins in virulence is also unclear. 

How ever it has been postulated that while CFs may be responsible for the initial contact 

with the intestinal epithelium , the adherence m ediated by T ia and TibA may be required 

for an intim ate interaction betw een ETEC and the host cell, thus resulting in the most 

effective delivery o f  enterotoxins (409).

1.2 Fimbriae: mechanisms of biogenesis

As described in the previous section, pathogenic E. coli produce num erous types o f 

fimbriae that are involved in the adherence o f  bacteria to host tissues and thus play a 

vital role in the establishm ent o f  infection. Fim briae can be wiry and flexible; rod

shaped and rigid; or, as is the case for P fim briae, com posite structures. Several 

different subunit types m ay com bine to form  the fim brial structure resulting in a 

heteropolym eric fibre. A lternatively fim briae may be m ainly hom opolym eric. 

Generally, the receptor-binding adhesin is located either at the tip or along the body o f 

the fim brial shaft (375). Fim briae can be categorised based on the pathw ays used for 

their assem bly, o f  which there are four m ain types. An overview  o f  each o f  these 

biogenesis m echanism s, along w ith representative exam ples, is presented below.

1.2.1 Biogenesis of type 4 fimbriae

Type 4 fim briae, such as BFP o f  EPEC and toxin-coregulated pilus (TCP) o f  V. 

cholerae, are assem bled by a m ulti-com ponent m achine m ade up o f  at least 12 proteins 

that are structurally and functionally related to the type II secretion system. The ETEC 

colonisation factors longus and CFA/III are also assem bled via this com plex pathway

13



(151, 396). Biogenesis o f  BFP is directed by a cluster o f 14 genes located on the EAF 

plasmid o f EPEC (393). The first gene o f this operon, hfpA, encodes bundlin, the major 

subunit o f BFP (88). Bundlin has the distinctive features o f a type 4 fimbrial subunit, 

which include a short hydrophilic signal peptide and a hydrophobic N-terminal domain 

that causes the protein to be directed to the inner membrane. The remaining proteins 

encoded by the hfp operon form a hetero-oligomeric complex that spans the periplasmic 

space and comprises both inner and outer membrane subassemblies (62, 73). One o f the 

inner membrane associated components o f this complex, BfpP, is a pre-pilin peptidase 

that removes the signal peptide from bundlin to generate the mature fimbrial subunit 

(446). In the periplasmic space, mature subunits are assembled into a helical fimbria 

that is then extruded across the outer membrane to the cell surface through a multimeric 

channel largely formed by the BfpB component o f the biogenesis complex (357). The 

energy for fimbrial extrusion is provided by the ATPase BfpD, which is a member o f 

the inner membrane subassembly (63). In recent years great progress has been made in 

the characterisation o f the BFP system, however the biogenesis o f type 4 fimbriae is yet 

to be fully understood.

1.2.2 Extracel lular nucleation-precipitation pathway

Enteric bacteria such as E. coli produce thin aggregative fibres termed curli, which are 

involved in adhesion and invasion o f host cells and biofilm formation (18). The 

biogenesis o f curli, via the extracellular nucleation pathway, is unique among bacterial 

fibres described to date. Two divergently transcribed operons, csgBA and csgDEFG, 

encode the six proteins necessary for curli assembly (168). CsgD is a transcriptional 

regulator o f the csgBA operon, while the remaining proteins are fibre components or 

assembly factors that are translocated across the inner membrane by the general 

secretory pathway. Secretion o f CsgA and CsgB into the extracellular milieu is 

dependent on the outer membrane lipoprotein CsgG (332). At the bacterial surface the 

nucleator protein CsgB associates with the outer membrane and triggers the 

polymerisation and conversion o f  the soluble subunit protein CsgA into insoluble cell 

surface fibres (169). The periplasmic proteins CsgE and CsgF interact with CsgG at the 

outer membrane (332). While their role in biogenesis is currently unclear, they are 

required for efficient curli assembly (116). Curli are members o f a recently described 

class of fibres known as functional amyloids (132). Amyloids are associated with

14



neurodegenerative diseases such as Alzheimer’s disease; therefore the study o f curli 

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

1.2.3 Chaperone-usher pathway

The best-studied fimbrial biogenesis mechanism is the chaperone-usher pathway, 

which is involved in the assembly o f more than 30 adhesive organelles in gram-negative 

bacteria including CS3 o f ETEC and type 1 fimbriae (380). The assembly o f P fimbriae 

o f UPEC represents the paradigm for this system. The chromosomal pap operon 

contains 11 genes required for the regulation, expression and assembly o f  P fimbriae. 

These fimbriae are composite fibres comprising a thin flexible tip fibrillum joined to a 

rigid helical rod (218). The tip fibrillum is composed o f PapE subunits and contains a 

single copy o f the PapG adhesin at its distal end. The PapF adaptor subunit connects 

the adhesin to the tip fibrillum, which is itself linked via the PapK adaptor to the helical 

rod formed by a PapA homopolymer. PapH terminates the fimbrial structure and 

anchors it to the bacterial surface (45). The coordinated assembly o f these subunits 

requires a periplasmic chaperone and an outer membrane usher. The general secretory 

pathway mediates the translocation o f the fimbrial subunits across the inner membrane 

into the periplasm where they form stable complexes with the chaperone, PapD. 

Interaction with the chaperone facilitates proper folding o f the subunit in addition to 

protecting the subunit from proteolytic degradation and premature assembly (219). 

Chaperone-subunit complexes are targeted to PapC, the outer membrane usher. PapC 

differentially recognises these complexes based on the final location o f  the subunit in 

the fimbrial structure (84). This results in the ordered incorporation o f subunits into the 

growing fibre, which is translocated to the cell surface through a pore formed by the 

usher. The PapC usher forms dimeric channels in the outer membrane (227), however, 

it was recently revealed that while each o f the PapC components o f the dimeric complex 

are involved in chaperone-subunit recruitment, fibre translocation only occurs through 

one o f the pores (325).

1.2.4 Alternate chaperone-usher pathway

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

CFA/l-like group (see Section 1.1.2.6). With the exception o f the CS14 operon, which
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contains a duplication of the fimbrial subunit gene, the operons that encode these CFs 

consist of only four genes that are required for fimbrial structure and assembly (8). 

Therefore the biogenesis o f CFA/I-like fimbriae is simpler than that o f other fimbriae. 

One family member, C Sl, serves as the prototype for the study of this biogenesis 

system. The CSl operon, cooBACD (also known as csoBACE) exemplifies the 

organisation o f the four-gene bioassembly operons of the CFA/I-like group (Fig. 1.2 

(A)). The second gene o f the operon encodes the major subunit, Coo A, which 

composes the body of the CSl fimbrial structure (297). While initial evidence 

suggested that adherence o f CSl fimbriae is mediated by CooA (244), subsequent 

findings imply that the minor subunit CooD is the adhesin as a single copy of this 

protein is thought to be present at the fimbrial tip and mutations in CooD, but not CooA, 

reduce CSl-dependent adhesion (343, 344). In addition to being a fimbrial component, 

CooD plays an essential role in fimbrial assembly, as it is the rate limiting initiator of 

CooA polymerisation (345). The first gene of the CSl operon encodes CooB, a protein 

thought to have a chaperone-like role as it associates with the subunit proteins in the 

periplasm to prevent their degradation and premature polymerisation (418). Unusually 

however, CooB also interacts with and stabilises CooC, an outer membrane protein 

proposed to be involved in the translocation of fimbrial subunits to the cell surface 

(343). Despite their apparent functional similarities, the CSl assembly proteins have no 

significant sequence homology to the proteins involved in the classical chaperone-usher 

pathway (346). Therefore the CSl biogenesis system is termed the alternate chaperone- 

usher pathway (380). Numerous studies have led to the following current model for 

CSl fimbrial assembly (389). The four Coo proteins are transported to the periplasm, 

via the general secretory pathway, where CooA and CooD are bound by CooB. CooC 

inserts into the outer membrane and is maintained in an active conformation there by 

the binding of CooB. Fimbrial assembly begins when a CooB-CooD complex binds to 

CooC (Fig. 1.2 (B)). CooB, which is not part of the final fimbrial structure, is released 

and most likely recycled to the periplasm. Next a CooB-CooA complex binds to CooC 

at the outer membrane, leading to the addition o f CooA to CooD. Sequential addition 

of multiple CooA subunits at the base of the growing fimbria causes the structure to 

extend across the outer membrane to the bacterial cell surface. Thus CSl fimbriae are 

largely homopolymers of CooA with a single CooD subunit at their tip (343).
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Adapted from Sakellaris and Scott (346).
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1.3 Regulation of  transcription initiation

To survive and succeed either as a commensal or pathogen, it is essential that bacteria 

effectively regulate gene expression to ensure that optimal levels o f the correct proteins 

are produced under appropriate conditions. Bacterial gene expression is predominantly 

regulated at the level o f  transcription initiation. A multi-subunit RNA polymerase is 

responsible for bacterial transcription. The RNA polymerase holoenzyme consists o f a 

core enzyme with the subunit composition a2P(3'o), in complex with a a  subunit, which 

may be the major a  factor or one o f the less abundant alternative a  factors such as
T o

a  , the stress a  factor (37). Promoter recognition is a key aspect o f transcription 

initiation and is largely mediated by the a  subunit. Domains 4 and 2 o f the multi

domain RNA polymerase a™ subunit contact the -35 and -10 hexamer elements of 

bacteria! promoters respectively. Bacterial promoters may also contain an AT rich UP 

element upstream o f the -35 hexamer, which is contacted by the C-terminal domain of 

the a  subunit o f RNA polymerase, and/or they may contain an upstream extension of 

the -10 hexamer that is contacted by domain 3 o f a™ (41). Many bacterial promoters 

are regulated by transcription factors; proteins that generally bind within or in the 

vicinity o f the promoter and activate or repress its activity, often by affecting the ability 

o f RNA polymerase to initiate transcription.

1.3.1 Transcription factors

It is estimated that there are 300-350 transcription factors in E. coli (300). This large 

number o f diverse regulatory proteins enables E. coli to respond to a range of 

conditions, as they couple gene expression to environmental changes. Transcription 

factors can be activators (stimulate transcription by improving the affinity o f a promoter 

for RNA polymerase, see Section 1.3.2), repressors (prevent transcription initiation, 

often by blocking access o f RNA polymerase to the promoter), or dual regulators 

(activate or repress transcription depending on the target promoter) (41). Some 

transcription factors such as the nucleoid-associated proteins H-NS (discussed further in 

Section 5.1) and IHF, the cAMP receptor protein (CRP) and the leucine-responsive 

regulatory protein (Lrp) are termed global regulators as they affect the expression o f a 

large number o f unrelated genes (249). CRP, which is activated by binding o f cAMP 

and is thus responsive to the cell’s energy status, activates transcription from at least
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100 promoters (225), while Lrp influences the transcription o f more than 10% of all E. 

coli genes, including those involved in fimbrial production and amino acid metabolism

(40). However, the majority o f  transcription factors control a limited, specific set o f 

genes (13). In addition to controlling other genes, transcription factors frequently 

regulate their own expression. Negative autoregulation occurs most often, although 

many transcription factors are positively autoregulated (249).

Transcription factors are grouped into evolutionarily related families on the basis o f 

sequence and structural similarities (300). Some families have been extensively studied 

and are thus well characterised. In addition to the AraC family (139), which is 

discussed further in Section 1.5, these include the LysR, CRP, OmpR and L ad  families. 

Transcription factors are often modular with the different families sharing similar 

domain architectures. Approximately 75% o f transcription factors are two-domain 

proteins consisting o f  a DNA-binding domain along with a second domain, typically 

involved in oligomerisation and/or regulation (13). This second domain is usually less 

well conserved. Therefore families o f transcription factors are characterised by a 

signature sequence that usually includes the DNA binding domain (300). The most 

common DNA-binding m otif in prokaryotic transcription factors is the helix-turn-helix 

(HTH), although the DNA binding o f some regulators is mediated by alternative motifs 

such as zinc fingers and antiparallel (3-sheets (300). The activity o f transcription factors 

can be affected by modification o f  their regulatory domains either by phosphorylation, 

as in the case o f the OmpR family members that function as response regulators in two 

component systems, or by the binding o f small molecule effectors, usually metabolites

(41). In addition to sharing structural properties, members o f transcription factor 

families can also be functionally related, as they tend to regulate genes associated with 

similar biological functions (300).

1.3.2 Activation o f  transcription initiation

Simple transcription activation occurs when a single transcription factor activates a 

promoter that generally contains one or more defective DNA sequence elements. There 

are two main mechanisms by which transcription factors can function to facilitate the 

binding o f RNA polymerase to such sub-optimal promoters. In the first mechanism, the 

DNA-bound activator makes direct contact with RNA polymerase and thus recruits it to 

the target promoter. Activators that function by this mechanism can be grouped into
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two principal classes. Class I activators bind upstream o f the promoter -35 hexamer and 

directly interact with the C-terminal domain o f the RNA polymerase a  subunit (aCTD). 

A flexible linker joins aC T D  to the a  N-terminal domain (aN TD ), which interacts with 

the other RNA polymerase subunits, therefore Class I activators can bind at a range of 

upstream sites (41). In contrast. Class II activators are restricted to binding to sites that 

overlap the -35 element o f the promoter as they mostly interact with domain 4 o f the 

RNA polymerase o  subunit, although they may also make contacts with aCTD  and/or 

aN TD  (41). Some transcription factors, such as CRP, can function either as Class 1 or 

Class II activators (225). Activators that function by the second mechanism do not 

directly contact RNA polymerase, but instead facilitate its interaction with the target 

promoter by altering the conformation o f the promoter DNA (41). For example the 

MerR protein binds between the -35 and -10 hexamers o f the merT promoter and thus 

re-orientates these promoter elements to enable RNA polymerase binding (286).

Transcription activation can be more complex that the simple situations described 

above. Approximately 50% o f genes are regulated by multiple transcription factors, 

usually a global regulator in addition to specific local regulators, although some 

promoters are affected by several global regulators (249). Promoters that undergo 

complex control are frequently regulated by both activators and repressors (41). In 

these cases an activator may be required to facilitate transcription by counteracting the 

effect o f a repressor, and thus it actually functions as an anti-repressor. At some 

promoters a single interaction between RNA polymerase is insufficient for transcription 

initiation, thus two activators are required, both o f which may be Class 1 activators or 

one can function as a Class 1 activator and the other as a Class II activator. 

Alternatively, the dependence o f some promoters on more than one activator results 

from the co-operative binding o f the activators (17). As discussed in Section 1.4, a 

further form o f complex activation occurs at some fimbrial gene promoters.

1.4 Regulation of fimbrial expression

Fimbrial expression is affected by numerous environmental signals including 

temperature (see Chapter 6), osmolarity, carbon source and pH. The regulation of 

transcription o f fmibrial genes is mediated by global regulators such as H-NS, Lrp, CRP
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and IHF, and by specific local regulators that may be encoded by genes that are 

included in, or are physically separated fi'om, the fimbrial operon (260). For example, 

both the global regulator H-NS and the specific regulator Rns (see Section 1.5.3.1) are 

involved in the regulation o f CSl fimbrial expression. The expression of some fimbriae 

is also subject to phase variation, a type of regulation in which gene expression switches 

between a phase ON state and a phase OFF state in a reversible and heritable manner, 

resulting in a phenotypically heterogeneous population of cells (413). In E. coli, 

fimbrial phase variation occurs by a DNA methylation-dependent epigenetic mechanism 

or by a DNA inversion mechanism, exemplified by P and type 1 fimbriae respectively. 

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

1.4.1 Phase variation of P fimbriae

The complex P fimbrial phase variation mechanism is based on the methylation status 

of two sites in the pap  regulatory region and involves several factors including Lrp, 

DNA adenine methylase (Dam), CRP and the specific regulators PapI and PapB (411). 

Six Lrp binding sites are present in the pap  regulatory region (Fig. 1.3). Sites 1-3 are 

proximal to/overlap the main promoter for the pap  operon, while sites 4-6 are distal to 

this promoter (282). Sites 2 and 5 contain Dam target sequences that are designated 

GATC’’™’" and GATC‘*'̂ ‘ respectively. In phase OFF cells, Lrp binds to sites 1-3. 

Consequently pap  transcription is repressed, methylation of GATC’’™’' is blocked and, 

by mutual exclusion, the affinity of Lrp for sites 4-6 is reduced (177, 424). As these 

promoter distal sites are unoccupied, GATC‘̂‘̂ ’ becomes methylated, which further 

reduces the affinity of Lrp for sites 4-6 (179, 283). Switching from phase OFF to ON 

requires PapI, a co-regulatory protein that increases the affinity of Lrp for site 5 and, to 

a reduced extent, site 2 (179). Switching is also proposed to require DNA replication, 

as this would result in a hemimethylated GATC'*'®’ site and displacement of Lrp from 

sites 1-3 (179). This facilitates the translocation of Lrp to sites 4-6, as Papl/Lrp has a 

greater affinity for DNA hemimethylated at GATC‘*‘®‘ than for fully methylated DNA, 

and methylation of the now unoccupied GATC’’™’' specifically inhibits Papl/Lrp binding 

to sites 1-3 (179). Following a further round of replication, transition to phase ON is 

completed by full methylation of GATC'”̂ °’‘ and binding of Papl/Lrp to a nonmethylated 

GATC" '̂ '̂ site. This binding of Lrp at sites 4-6, in addition to binding of cAMP-CRP 

upstream of the promoter, activates pap transcription leading to expression of fimbriae
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and PapB (423). Expression o f PapI is activated by PapB, thus a positive feedback loop 

is initiated (131, 177). Incorporated into, and superimposed on the Pap switch 

mechanism is regulation by environmental stimuli (412). Response to stimuli such as 

low temperature, rich medium and envelope stress is mediated by several factors 

including H-NS, RimJ and the CpxAR two component system (178, 425-427).

Like P fimbriae, the phase variable expression o f FI 845 and S fimbriae (414), and the 

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

1.4.2 Phase variation of type 1 fimbriae

Type 1 fimbrial phase variation is due to the inversion o f a DNA element, termed the 

fim  switch, which contains the promoter for the /zw operon (Fig. 1.4). The /zm switch is 

314 bp long and is flanked by 9 bp inverted repeats. The orientation o f this switch 

determines whether the fun  structural genes such as JimA, which encodes the major 

fimbrial subunit, are transcribed or not (1). Inversion is catalysed by the site-specific 

recombinases FimB and FimE (209). These proteins share 48% amino acid identity but 

have distinct activities. FimB inverts the switch in both directions with approximately 

equal efficiencies, while FimE promotes inversion at higher frequencies than FimB and 

primarily switches in the ON-to-OFF direction (251). The genes encoding the 

recombinases are differentially expressed under various growth conditions and the 

orientation o f the fim  switch is determined by whichever activity predominates. For 

example, finiB  and fim E  are differentially modulated by H-NS in a temperature 

dependent manner, resulting in preferential switching to the phase ON state at 37°C 

(289). H-NS is also proposed to affect type 1 fimbrial expression by directly interacting 

with the ///7z switch (285). IHF activates expression from the fim A  promoter and (94), 

along with another global regulator Lrp, plays an accessory role in inversion by binding 

within the //'w switch and facilitating the formation o f  a nucleoprotein complex that is 

competent for recombination (33, 34). The intracellular levels o f  the amino acids 

leucine, alanine, isoleucine and valine have been demonstrated to affect Lrp-mediated 

stimulation o f switching and the interaction o f Lrp with the /zw switch (140, 334). 

Furthermore, the stress a  factor, influences type 1 fimbrial expression as it has a 

negative regulatory role in the expression of f imA andfim B  (96). Environmental signals 

can thus affect phase variation o f type 1 fimbriae by influencing the inversion event 

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

The defining feature o f  the AraC family o f  transcriptional regulators is a 100 amino 

acid region o f  hom ology that contains two predicted HTH DNA binding m otifs (139). 

The fam ily nam e derives from  the AraC regulator o f  the L-arabinose operon, which was 

the first m em ber to be identified and characterised. In silico  analysis has led to the 

identification o f  several hundred family m em bers in a wide range o f  bacterial species 

(104, 192). H ow ever, insolubility is a characteristic o f these proteins, therefore only a 

fraction have been experim entally  characterised. A lthough m em bers o f  the AraC 

fam ily regulate the expression o f  genes involved in diverse cellular processes, they can 

be broadly categorised as regulators o f virulence genes, stress response-related genes or 

genes involved in m etabolism , m ost commonly the catabolism  o f  carbon sources (248). 

W hile there are a few  exceptions (see Section 1.5.2), AraC fam ily proteins are generally 

250-300 am ino acids long and comprise two structural dom ains (139). The conserved 

C-term inal dom ain contains the signature sequence o f  the fam ily and is thus involved in 

DNA binding. The poorly conserved N-term inal dom ain is often involved in effector 

b inding/oligom erisation, although in many cases it is o f unknown function. The activity 

o f  A raC-like proteins w ith effector binding dom ains is m odulated by the direct 

interaction o f  a ligand, typically a low m olecular weight com pound such as a sugar 

(304). In a small num ber o f  cases however, protein ligands have been dem onstrated to 

influence transcriptional activation by AraC family m em bers (74, 164). C o

crystallisation o f  the M arA  and Rob proteins with their target prom oters facilitated the 

study o f  D N A binding by AraC family m em bers. Only the N -term inal HTH o f  Rob was 

found to be involved in specific DNA recognition (221), while M arA  w as dem onstrated 

to use both HTH m otifs for specific DNA contacts (327). Therefore, A raC -like proteins 

may exhibit tw o m odes o f  DNA binding.

M ost AraC fam ily m em bers are transcriptional activators, although a num ber can also 

repress transcription, in som e cases by m ediating DNA looping. The classic exam ple is 

the AraC protein itse lf (see Section 1.5.1.1) (232). The m echanism s by which AraC 

fam ily m em bers activate transcription are often not fully understood. These proteins 

usually have m ultiple binding sites at their target prom oters (139) and som e, XylS and 

M elR for exam ple, contact the aC T D  and/or a™ subunit o f  RN A polym erase and thus 

act as Class 1 or C lass II activators (155, 340). In addition, m any AraC fam ily m em bers 

antagonise repression m ediated by the global regulator H-NS (see Section 5.1).
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1.5.1 AraC family members involved in carbon metabolism

1.5.1.1 AraC

In addition to regulating its own expression, the homodimeric AraC protein regulates 

operons involved in the uptake {araE and araFGH) and catabolism (araBAD) o f L- 

arabinose (355). Each AraC monomer consists o f an N-terminal dimerisation domain 

that contains an arabinose-binding pocket, and a C-terminal DNA binding domain (Fig. 

1.5 (A)) (46). The mechanism by which this protein regulates the araBAD  promoter has 

been most extensively studied (354). AraC represses transcription o f the araBAD  

operon in the absence o f arabinose and activates its expression when arabinose is 

present (115). A vast array o f experimental data led to the proposal o f the light-switch 

mechanism, involving the N-terminal arm o f approximately 18 amino acids that extends 

from the dimerisation domain o f the protein, as a model to explain the response o f AraC 

to arabinose (Fig. 1.5 (B)) (350). The model proposes that in the absence o f arabinose, 

the N-terminal arms bind to the DNA binding domains (323, 435), and hold them in a 

configuration that favours the binding o f one AraC monomer to the I\ DNA site 

upstream of the araBAD  promoter and the other monomer to the well separated Oi site 

located 210 bp away (362). This results in the formation o f a DNA loop that represses 

transcription as it prevents RNA polymerase from accessing the araBAD  promoter 

(166). When arabinose is present, the arms reposition over the bound arabinose and 

bind to the dimerisation domains (142), thus releasing the DNA binding domains. It is 

now energetically more favourable for the DNA binding domains to occupy the 

adjacent I\ and h  DNA sites at the araBAD  promoter from where, in combination with 

CRP, AraC activates transcription by directly interacting with RNA polymerase (447, 

448). More recent findings have led to a slight refinement o f the light switch model as 

experimental evidence suggests that the N-terminal arm o f AraC is stably structured on 

the dimerisation domain in both the presence and absence o f arabinose (333). It is now 

proposed that when arabinose is absent, the arm acts as a “gasket” between the DNA 

and dimerisation domains o f the protein but in the presence o f arabinose the arm 

restructures and ceases to act as a “gasket” (333). Thus the DNA binding domains are 

freed, enabling AraC to reposition on the DNA and activate the araBAD  promoter.
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1.5.1.2 R h a R a n d R h a S

The AraC family members RhaR and RhaS are activators of the L-rhamnose catabolic 

regulon of E. coli. The RliaR protein activates transcription of the rhaSR operon, which 

encodes each of these regulators (404), while the RhaS protein activates transcription of 

the L-rhamnose catabolic (rhaBAD) and transport (rhaT) operons (105, 415). RhaR and 

RhaS share 30% amino acid identity and both proteins consist o f an N-terminal 

dimerisation/effector binding domain and a C-terminal DNA binding/transcription 

activation domain (428, 429). At their target promoters, RliaR and RhaS bind as dimers 

to sites overlapping the -35 hexamer and contact the a™ subunit of RNA polymerase to 

activate transcription (428). RhaS may also contact aCTD (183). Maximal activation 

of all three rha operons requires CRP in addition to RhaR or RhaS (105, 182, 415). 

Both RhaR and RhaS only activate transcription in the presence of L-rhamnose. It was 

recently reported that L-rhamnose binding induces a structural change in the proteins 

that is proposed to result in increased DNA binding for RhaS and improved contact with 

RNA polymerase for RhaR (211).

1.5.L3 XylS

The Pseudomonas putida XylS protein activates transcription of the «7e/a-cleavage 

pathway operon, which encodes the enzymes involved in the catabolism of benzoates 

and alkylbenzoates (194). XylS becomes transcriptionally active in the presence of 

effectors such as 3-methlybenzoate (3MB), a pathway substrate (320). When XylS is 

overproduced, however, it can activate transcription even in the absence of benzoate 

effectors (257). It has been proposed that the N-terminal domain of XylS acts as an 

intramolecular repressor by interacting with the C-terminal domain and preventing it 

from binding to DNA (201). Recently it was reported that binding of the 3MB effector 

releases this intramolecular repression (86), in addition to its previously described role 

in stimulating XylS dimerisation (339). XylS activates transcription by recruiting RNA 

polymerase to the target promoter (86), possibly by directly contacting aC  I'D (340).

1.5.2 AraC family members involved in stress response

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

transcriptional regulators, which was recently found to also include TetD (158, 248).
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These proteins regulate a set o f  genes, known as the marAfsoxS/rob regulon, that are 

involved in mediating tolerance o f organic solvents and resistance to multiple 

antibiotics, superoxides and heavy metals (16, 305). They are unusual members o f the 

AraC family, as MarA and SoxS consist only o f the conserved DNA binding domain, 

and although Rob does have a second domain o f unknown function, its DNA binding 

domain is located in the N-terminal portion o f the protein (139). MarA, SoxS and Rob 

are highly homologous and regulate their target genes by binding to degenerate 

asymmetric sites (marboxes) upstream of each promoter (246). The orientation of the 

marbox relative to the promoter determines if  the proteins act as Class I or Class II 

activators, or as repressors o f transcription (246, 358). The extent to which the 

transcription o f  the regulon genes is affected depends on the concentration o f MarA, 

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

1.5.3 AraC family members involved in virulence  

1.5.3.1 Rns

In 1989 a plasmid-located gene was identified as being required for the expression of 

CSl and CS2 fimbriae in ETEC and was thus named rns, for regulation o f CSl and CS2 

(49). This gene was found to encode a regulatory protein that was included in the AraC 

family o f transcription factors due to its homology to the other family members known 

at the time. The Rns protein is a 265 amino acid polypeptide with a molecular mass of 

-3 0  kDa and a highly basic pi o f 10.1, consistent with a role in DNA binding (49). Rns 

is encoded on a plasmid that, in some ETEC strains, also encodes CS3 fimbriae in 

addition to LT and/or ST (265), This plasmid is distinct from the pCoo plasmid that 

encodes the coo genes for CSl fimbriae (135). Codons rarely used in E. coli occur 

frequently in the m s  gene, which also has a comparatively low GC content o f 28% (49). 

The average GC content o f E. coli genes is 50%, thus it appears that rns was recently 

acquired from an organism with a low GC content, for example a species of 

Campylobacter, Mycoplasma, or Clostridium. However, hybridisation to a rns probe 

was not detected in such species, therefore the origin o f rns remains unknown (50).

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

activated by Rns, but was also found to be negatively regulated by H-NS (270). It was
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demonstrated that Rns could counteract H-NS mediated repression of coo transcription 

(see Chapter 5), which was reported to be largely dependent on the presence of a 

negative regulatory region downstream of the coo promoter (270). Subsequently, Rns 

was found to activate the expression of the coo genes directly by binding to two sites 

upstream of the coo promoter. The precise locations of the Rns binding sites were 

identified by DNase I footprinting (268). Site I extends from position -129 to -93 

(numbering relative to the transcription start site) and site II extends from position -63 

to -23 (Fig. 1.6). As site II overlaps the -35 hexamer it has been suggested that Rns 

may activate transcription from the coo promoter by forming direct contacts with RNA 

polymerase, but this has not yet been verified to occur. Rns has a similar affinity for 

sites I and II and can occupy each site alone or bind to both simultaneously (268). 

Maximal activation o f coo promoter transcription is dependent on both sites I and II as 

single nucleotide alterations in either site decreased Rns-dependent expression from the 

promoter (268). Identification o f the nucleotides that Rns interacts with at sites I and II 

revealed that Rns binding sites are asymmetric (268). Rns is proposed to interact with 

DNA in a manner typical of AraC family members such as MarA, i.e. bind along one 

face of the DNA helix, using both of its predicted HTH motifs to contact different sets 

of nucleotides in two adjacent regions of the major groove (268).

Rns activates its own expression (134). Positive regulation of m s  transcription by 

Rns was reported to involve two regions of DNA, one upstream and one downstream of 

the rns promoter (134). Repression of rns transcription by an unknown factor, 

speculated to be H-NS, was also found to occur and it was postulated that Rns acted, 

possibly indirectly, to overcome this repression (134). However, a later study employed 

DNase I footprinting to demonstrate that Rns binds directly to the rns promoter region 

(269). Rns has a highly unconventional arrangement of binding sites at its own 

promoter (Fig. 1.7). Rns binds to a site far upstream of the rns promoter, site 1 centred 

at -227 (relative to the transcription start site), and to two sites downstream of the 

promoter, site 2 centred at +43 and site 3 centred at +82 (269). Despite their unusual 

locations, mutations within sites 1 and 3 eliminated Rns-dependent transcription from 

the rns promoter, thus both of these sites are required for positive autoregulation by Rns 

(269). The role of site 2 is unclear, as it was not found to be critical for activation of the 

rns promoter. Rns binding to site 2 is suggested to enable co-operative binding of Rns 

to site 3, which is essential for activation (269). Occupancy of these binding sites by 

Rns was demonstrated to facilitate the binding and formation of a productive open
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AAGAACTCGGGGCAGTTCAAAATGGTTGTCGGAATATAACTGTGAATGCCAACATGAATCACTGAACAAC
TTCTTGAGCCCCGTCAAGTTTTACCAACAGCCTTATATTGACACTTACGGTTGTACTTAGTGACTTGTTG

- 1 2 0 -100 -80
S i t e  I

ATGATGTC 
TAGTAGAG

GCAGGAATAAATCGATATTTAAATGTCACCAAGGGCAAGCGCCATTGGCTGCTTTAATATTT
CGTCCTTATTTAGCTATAAATTTACAGTGGTTCCCGTTCGCGGTAACCGACGAAATTATAAA

- 6 0 -40 - 2 0 -t-1

S i t e  I I -35 -10
GTTGTAATGGTTGCTGTGTGTTATTTATTTATTTGATTGTTGAl
CAAC ATTACCAACGACACACAATAAATAAATAAACTAACAACM ACGACAAACAAATTTCACCGGTTCAC

TGCTGTTTGTTTAAAGTGGCCAAGTG

-1-20 -(-40 -(-60
M e t I  I  I

TTAGGAGGGGGTATGCGAAAATTATTTTTAAGTTTGCTTATGATTCCCTTTGTTGCGAAGGCGAACTTTA 
AATCCTCCCCCATACGCTTTTAATAAAAATTCAAACGAATACTAAGGGAAACAACGCTTCCGCTTGAAAT

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



ATAATATTCATTAGCGGTATTATGATGTTTGTTGCTATTTAACACTCAACAAAATATTATTCGTCAAAGA
TATTATAAGTAATCGCCATAATACTACAAACAACGATAAATTGTGAGTTGTTTTATAATAAGCAGTTTCT

- 2 4 0 - 220 - 200 - 1 8 0
S i t e  1

TATGT^GTACATAATCATTATAATATCATTTTTTGTTTAGATTTCGGGCAGGAAATGCTTCACAAAACAT
ATACAtrCATGTATTAGTAATATTATAGTAAAAAACAAAl CTAAAGCCCGTCCTTTACGAAGTGTTTTGTA

- 1 6 0  - 1 4 0  - 1 2 0

CGCTCTATTTATGCACCACTCTATATTTTCAGCATTTTTACACAAAAGTGATGCTTGTTTCCAAAGTTCA
GCGAGATAAATACGTGGTGAGATATAAAAGTCGTAAAAATGTGTTTTCACTACGAACAAAGGTTTCAAGT

- 1 0 0  - 8 0  - 6 0  - 4 0
I  I  I  I

AAGGCAGAAACTAAATTCATGTTTTTTCTGCCAGCGCGGCTTTTTTTGATAAAACATAAAAATGCTCTTT
TTCCGTCTTTGATTTAAGTACAAAAAAGACGGTCGCGCCGAAAAAAACTATTTTGTATTTTTACGAGAAA

-20 +1 +20
- 3 5 - 1 0

TACTTTCATTGAAAGATTGCCTCTGATAAAATATCAGAGGCATACAATTGTACATCATACCGATGGCATC
ATGAAAGTAACTTTCTAACGGAGACTATTTTATAGTCTCCGTATGTTAACATGTAGTATCGCTACCGTAG

+ 4 0 + 6 0 + 8 0 +100
S i t e  2 S i t e  3

AAGGAGATAAGATAATAACAAAAACACC
TTCCTCTATTCTATTATTGTTTTTGTGG

AGAAGCTGAAAAGCTGAAAAACATATCTTTCTTTTAGGGGG3
rCTTCGACTTTTCGACTTTTTGTATAGAAAGAAAATCCCCC:

+ 1 2 0  + 1 4 0  + 1 6 0
I  I  I  M et

ATTAAGCCAACCTTGCAAAAAGTGATTGTACAAGCAACTCAAACCTCTTGTCTTTTGTAGGTATAAGATG
TAATTCGGTTGGAACGTTTTTCACTAACATGTTCGTTGAGTTTGGAGAACAGAAAACATCCATATTCTAC

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



complex at the m s  promoter by RNA polymerase (269). There is speculation that Rns 

activates m s  transcription by directly interacting with RNA polymerase and that this 

interaction may involve looping of DNA to bring distally bound Rns into proximity 

with RNA polymerase, however this has not been confirmed to occur (269).

Activation of transcription by binding to sites downstream of the target promoter is 

extremely unusual for prokaryotic transcription factors as downstream binding sites are 

associated with repressors of transcription. Based on the unprecedented arrangement of 

binding sites at its own promoter, it is suggested that Rns may represent a novel class of 

prokaryotic activators (269). There are a few other bacterial regulators, including DnaA 

(148), phosphorylated PhoP (231), MetR (61) and LadA (417), that positively affect 

transcription from downstream binding sites. The mechanisms used by regulators to 

activate transcription from such sites are largely unknown. MetR binds upstream and 

downstream of the metF  promoter to activate transcription by antagonising the effect of 

the MetJ repressor (61). LadA is also proposed to function as an anti-repressor (417), 

however it is unlikely that Rns acts in this way, as it is reported that there does not 

appear to be any repressor binding sites downstream of the rns promoter (269).

Amongst the subset of AraC family members that regulate virulence factors there is a 

group of proteins with strong homology to Rns (Fig. 1.8). Several of these proteins 

(CfaD, CsvR, AggR and PerA) also activate fmibrial expression, while VirF regulates 

the expression of genes required for the invasion of S. flexm ri. Some members of this 

subfamily of Rns-like regulators are so closely related that they can, to varying extents, 

substitute for one another in the regulation of their target promoters (267, 312). The 

finding that AggR, CfaD and VirF could activate m s  transcription and required Rns 

binding site 3 to do so, led to the proposal that Rns is the prototype for a family of 

regulators that are not limited to acting at promoter proximal upstream binding sites 

(267). Most of these Rns-related proteins, in addition to ToxT and UreR that are more 

distantly related to Rns, are discussed further in the following sections.

Searches for additional Rns-regulated genes revealed that Rns binds upstream and 

activates the expression of yiiS, a gene of unknown function (266), and cexE, which 

encodes an uncharacterised extracytoplasmic protein (303). Most interestingly, it was 

recently reported that Rns represses the expression of NlpA, an inner membrane 

lipoprotein thought to contribute to the production of outer membrane vesicles that 

deliver LT into eukaryotic cells (35). Thus Rns may be indirectly involved in restricting 

the release of this toxin. Rns represses nlpA transcription by binding immediately

27



downstream o f the transcription start site and inhibiting the formation o f an open 

complex at the nlpA promoter by RNA polymerase (35). Therefore Rns is a 

bifunctional transcription factor with a diverse and growing regulon.

The two predicted HTH motifs o f  Rns are present in its C-terminal half, leading to the 

assumption that the C-terminal domain of Rns is involved in DNA binding, although 

this has not been verified previously. Less is known about the role o f the N-terminal 

domain o f Rns. Like most other virulence regulators o f the AraC family, Rns does not 

appear to respond to an exogenous ligand (19). Thus, while the possibility cannot be 

ruled out conclusively, it is unlikely that the N-terminal portion o f Rns is an effector 

binding domain. Additionally, it was recently reported that the N-terminus o f Rns does 

not act as a dimerisation domain (see Chapter 4 for further discussion o f Rns 

dimerisation) (19). However, the N-terminal domain was found to be essential for 

transcriptional regulation and DNA binding by Rns (19). The isolation o f two N- 

terminal point mutations that eliminated the autoregulation activity o f Rns led to the 

proposal that the N-terminal domain o f the protein may interact with the C-terminal 

domain in order to enable DNA binding (19). In the absence o f evidence for such an 

interaction, the role o f the N-terminal domain o f Rns remains unknown. Indeed, there is 

much to be discovered about the structure and mcchanism o f action o f the Rns protein.

1.5.3.2 CfaD

Expression o f  CFA/I fimbriae in ETEC requires two widely separated regions of 

DNA on the wild type plasmid N TPl 13 (372). The operon containing the structural and 

assembly genes necessary for fimbrial production is present in region 1 (200) while 

region 2 encodes the regulatory protein, CfaD, which activates the promoter o f region 1 

(349). CfaD, also named CfaR (51), shares 95% amino acid identity with Rns. These 

two proteins are completely functionally interchangeable and can bind to the same DNA 

sites (267). CfaD was found to have two binding sites upstream o f the CFA/1 promoter 

in a similar arrangement to that o f the Rns sites at the coo promoter (303), and three 

predicted binding sites in the vicinity o f its own promoter in an arrangement almost 

identical to that o f Rns at the rns promoter (267). It is not known if CfaD is a positive 

autoregulator like Rns, however CfaD activates and represses, respectively, expression 

o f the cexE  and nlpA genes in a manner similar to Rns (35, 303). When activating 

CFA/I fimbrial expression, CfaD acts partly to counteract the repressive effect o f H-NS,
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which silences the CFA/I promoter (199). CfaD was the first AraC-hke transcriptional 

activator reported to overcome H-NS-mediated repression, but it does not act only as an 

anti-repressor as it can also activate the CFA/I promoter in the absence of H-NS (see 

Chapter 5) (199). The cfaD  gene is not transcribed at 20°C and this may be the main 

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

1.5.3.3 PerA

The hfpTVW  operon o f EPEC, which had previously been designated the perABC  

locus, was identified as being required for the activation o f the bfp operon that encodes 

bundle-forming pili (see Section 1.1.2.1) (150, 401). Initially it was thought that this 

activation was mediated by PerA in association with the accessory proteins PerB and 

PerC, however it has been demonstrated that PerA alone directly activates hfp 

transcription (311). PerA also positively regulates its own expression by activating 

transcription from the perABC  promoter (250). This autoactivation o f the per  operon 

leads to up-regulated expression o f PerC, which in turn activates the Ler-encoding 

LEEl operon (see Section 1.1.2.1) thus PerA is indirectly involved in the regulation o f 

A/E lesion formation by EPEC (311). Indeed PerA is required for full EPEC virulence, 

as a study performed with human volunteers found that a perA  mutant caused 

significantly less diarrhoea than a wild type EPEC strain (29). PerA is closely related to 

Rns. The two proteins share 51% amino acid similarity and like Rns at the coo 

promoter, PerA-mediated transcriptional activation involves PerA overcoming H-NS- 

dependent repression at the per  and hfp promoters (311). However, PerA and Rns 

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

1.5.3.4 AggR

The EAEC protein AggR was initially thought to act only as a transcriptional activator 

o f genes involved in fimbrial biogenesis. AggR is required for the expression o f AAF/I 

(278), AAF/Il (107) and the recently identified adhesin Hda (see Section 1.1.2.3) (36). 

Subsequently AggR was found to positively regulate expression o f aap, which encodes 

the secreted protein dispersin that promotes EAEC dispersal across the intestinal 

mucosa (367), and o f the aat cluster o f genes that are required for the surface 

translocation o f dispersin (281). These factors are all encoded on the pAA virulence
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plasmid o f EAEC, however AggR also regulates chromosomal genes. Dudley et al. 

demonstrated that 25 contiguous genes (aaiA-Y), encoded within a pathogenicity island 

inserted at the p h eU  locus, are under the control o f AggR (98). A group o f these 

chromosomally encoded AggR-activated genes are thought to comprise a type VI 

secretion system that directs secretion o f AaiC, however the role o f most o f the aai 

genes is currently unclear (98). Recently AggR was also found to activate transcription 

o f the pAA-encoded s h f  gene, which has been implicated in biofilm formation by EAEC 

(136). This has lent further support to the proposal that AggR, which autoactivates its 

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

1.5.3.5 VirF

The VirF protein is the primary regulator o f the virulence gene cascade o f  S. fJexneri 

(95). VirF directly activates transcription o f icsA, which encodes a protein involved in 

intra- and intercellular spread o f the bacteria, and o f the gene encoding the secondary 

regulator, VirB, which in turn activates expression o f the invasion genes (3) (see 

Section 1.1.2.4). The icsA and virB  promoters are repressed by H-NS, and VirF acts, at 

least in part, to overcome this repression (68, 402). VirF is involved in the 

thermoregulation o f  virulence gene expression in S. flexneri, as both virF  transcription 

and VirF-mediated activation o f  virB are influenced by temperature (see Chapter 6) 

(126, 403). In addition to temperature-dependent H-NS-mediated repression, 

transcription o f the virF  gene is subject to negative autoregulation (308) and activation 

by the nucleoid-associated proteins IHF and Fis (128, 310). Expression o f  virF  is also 

affected by post-transcriptional RNA modification (101, 191). This complex control of 

VirF production is necessary due to the central role the protein plays in regulating S. 

flexneri virulence.

1.5.3.6 ToxT

ToxT directly activates transcription o f the tcp and ctx operons, which encode the 

major virulence factors o f V. cholerae\ toxin-coregulated pilus and cholera toxin 

respectively (81). ToxT also directly activates several other genes {acfA, ucfD, aldA, 

tcpl and tagA) whose role in virulence is unclear (81). Expression o f the cytoplasmic 

ToxT protein is activated by the membrane-localised proteins ToxR and TcpP (217),
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and repressed by H-NS (284). The toxT  gene is located w ithin the tcp operon, therefore 

once it is expressed ToxT then activates its own expression (443). ToxT consists o f  a 

C-term inal D N A  binding dom ain and an N -term inal dim erisation and environm ental 

sensing dom ain (317). ToxT is not known to bind an effector, how ever environm ental 

signals including tem perature and bile were dem onstrated to repress ToxT activity 

(360). Both the N - and C-term inal dom ains o f  ToxT are involved in transcriptional 

activation (57, 317). ToxT binds to specific sites, know n as toxboxes (432), upstream  

o f  its target prom oters and is thought to activate transcription by directly contacting 

RNA polym erase subunits (187, 444). At the ctx prom oter, and to a lesser extent at the 

tcp prom oter, ToxT also acts to overcom e H-N S-m ediated repression (284, 444).

1.5.3.7 UreR

UreR is the transcriptional activator o f  the genes required for urease production in 

several species o f  Enterohacteriaceae  (139). U rease, an im portant virulence factor o f 

uropathogens, hydrolyses urea to am m onia and carbon dioxide, which leads to an 

increase in local pH that facilitates bacterial proliferation and urinary stone form ation 

(59). The urease gene cluster consists o f  the structural and accessory genes 

ureD ABC EFG  in addition to the upstream  and divergently transcribed ureR  gene (67). 

I 'ranscrip tion  o f  these genes is dependent on both UreR and the presence o f  urea. UreR 

binds urea (141), and then binds with high affinity to tw o sites in the ureR-ureD  

intergenic region to activate transcription from its own prom oter and the ureD  prom oter 

(400). UreR, a dim eric protein (306), is the only A raC-like virulence regulator known 

to respond to an effector. Expression o f the urease gene cluster is repressed by H-NS 

and it has been dem onstrated that UreR and H-NS com pete for binding to, and displace 

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

1.6 Scope of this thesis

The aim s o f  the w ork presented in this thesis were to define the regions o f  the Rns 

transcriptional regulator o f  ETEC that are critical for its function and to investigate 

w hether the protein oligom erises. The regulation o f  transcription from  the coo prom oter 

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

2.1.1 Bacterial strains and culture conditions

2.1.1.1 Bacterial strains

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

m aintained in L broth supplem ented with 8.7% (v/v) DM SO and stored at -80°C .

2.1.1.2 Bacteria! growth media

Ail m edia w ere prepared using M illipore 18 M i^cm ’' grade w ater and chem icals 

obtained from  Difco, O xoid and Sigma. M edia were sterilised by autoclaving at 120°C 

for 20 min prior to use. A dditives not suitable for autoclaving were sterilised by 

filtration through 0.2 |im  M illex filters (M illipore). The quantities listed below  are 

sufficient for 1 litre o f  m edium .

Lennox L broth and agar:

L broth and agar were used throughout this study for the routine culturing o f  all 

bacterial strains except where otherw ise stated.

L broth: 10 g enzym atic digest o f  casein, 5 g yeast extract (low  sodium ), 5 g NaCl

L agar: 9.14 g enzym atic digest o f  casein, 4.57 g yeast extract (low  sodium ),

4.57 g NaCl, 13.72 g bacteriological agar

Luria broth:

Luria broth was used for the grow th o f  cultures prior to the purification o f  His-tagged 

H-NS and to grow  E. coli SUlOl  strains for use in assays o f  |3-galactosidase activity. 

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

Colonisation factor antigen (CFA) medium:

Bacteria were cultured in CFA m edium  to study the expression o f  fim briae (122).
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CFA broth: 10 g Casamino acids (Difco), 1.5 g yeast extract (Difco), 

50 mg M gS0 4 , 5 mg M nCh, pH 7.4.

CFA agar: 10 g Casamino acids (Difco), 1.5 g yeast extract (Difco),

50 mg M gS0 4 , 5 mg M nCb, 20 g agar, pH 7.4.

SOC medium:

SOC medium was used following electroporation o f E. coli strains to increase the 

recovery o f  viable bacteria after transformation.

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

After autoclaving 0.95 g MgCla, 1.2 g M gS04  and 1.8 g glucose was added.

Overnight Express histant TB Medium:

Overnight Express (OnEx"^) Instant TB medium is based on components that are 

metabolised differentially to promote growth to high density and induce protein 

expression from lac dependant promoters (394). It is composed o f Terrific Broth (TB) 

and three other solutions: (i) an induction solution that is a blend o f carbon sources 

(glucose, glycerol and lactose) optimised for tightly regulated uninduced growth to high 

cell density followed by induction with lactose and continued growth; (ii) a buffering 

solution that maintains pH throughout metabolic acid production and provides 

additional nitrogen to support increased protein synthesis; and (iii) a solution that 

provides a critical magnesium concentration to achieve maximum cell density. It was 

used for the growth o f cultures prior to protein purification.

MacConkey Salicin Medium:

Bacteria were grown on MacConkey agar plates containing 1% salicin (a (3-glucoside) 

to confirm that they were hns mutants. Generally E. coli cannot ferment (3-glucosides 

because the bgl operon is cryptic. Mutations in the hns gene result in a |3-glucoside- 

fermenting phenotype (78) that causes the bacteria to appear red on MacConkey salicin 

agar as opposed to white (non-fermentative).

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

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

Strain Relevant details Reference or  source

D H 5a F' endA I h sdR I7  (r^ nik^ glnV44 th i-I recA l gyrA96 re lA l 

A(lacIZYA-argF)U169 deoR  ("080d/acA (lacZ)M15)

Invitrogen Life 

Technologies

KSIOOO F' la c f’ lac pro  /  ara A(lac-pro) A{tsp)::Kan'^ eda5I::TnI0(Tet'^) 

gyrA fN af') rpoB thi-1 argl(am)

(370)

LMCIO A lac deletion restriction-negative derivative o f  the 06:K15:H16 

ETEC derived strain C92lb-2, which was cured o f  the plasmid 

encoding Rns and CSS

(49)

LM ClOAhns LMCIO A/75::Ap'^ This study

M C4I00 F" araD139 A(argF-lac)U169 rpsLISO re lA I flb-5301  

ptsF25 deoC l rbsR

(52)

NEB 5-alpha F' proA B ’ la c f  A(lacZ)M 15 zzf::TnI0(TQi^)lfhiiA2A(argF- 

lacZ)U I69  ( 0 8 0  A (lacZ )M I5) g!nV44 gyrA96 recA l endAI th i-I 

hsdR I7

New England Biolabs

PD32 MC4100 hns-206-:.A^^ (80)

SUIOI E. coli JL 1434 lexA7I::Tn5  (Def) su lA 2 II  A{lacIPO ZYA)I69/F ' 

lacP^ /acZAM15::Tn9 (opVop*)

(82)

T7 Express F' proA B la c t‘zzf:.T n I0 (le \^ )ljhuA 2  lacZ::T7 gene I [Ion] 

om pT  ga l s u lA ll  R(mcr-73::miniTnlO—Tet^j2 [dcm ] R(zgb- 

2 !0 ::T n l0— Tc\^) endA I A(mcrC-mrr) 114\\IS10

New England Biolabs

XL-1 Blue recA I endA I gyrA96 th i-I h sdR I7  supE44 re lA I lac [F' proAB  

la c fZ A M IS  Tn 10 (Tet*^)]

Stratagene
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2.1.1.3 Bacterial culture conditions

Bacteria were routinely grown on L agar plates and in shaken aerobic liquid cultures 

at 37°C, except where otherwise stated. Liquid cultures were inoculated by transferring 

single colonies from agar plate cultures into an appropriate volume o f L broth and 

grown overnight. W here mid-logarithmic cultures were required, overnight cultures 

were diluted 1:50 in fresh media and grown to the appropriate optical density at 600 nm.

For therm oregulation studies it was critical that the growth temperature o f  certain 

cultures was maintained at 20°C or below. To achieve this, a water bath set to 20°C 

was placed in a cold room. Liquid cultures were then grown by incubation without 

shaking in the water baths maintained at 20°C or 37°C. Agar plates were grown as 

usual in a 37°C incubator or were placed in waterproof plastic bags and submerged in 

the 20°C water bath.

2.1.1.4 Antibiotics and media additions

All stock antibiotics and media additives were filter sterilised through 0.2 f̂ im Millex 

filters (Millipore) and stored at -20°C . Carbenicillin, kanamycin and spectinomycin 

were prepared as 50 mg/ml stocks in ddHiO and used at a working concentration o f 50 

|ag/ml. Tetracycline and chloramphenicol were prepared as 10 mg/ml and 30 mg/ml 

stocks respectively in 70% (v/v) ethanol and used at working concentrations o f 10 

|ag/ml and 30 [ig/ml respectively. The lac operon inducer IPTG was prepared as a 100 

mM stock in ddHiO and used at concentrations o f 0.1-1 mM as appropriate. X-Gal, a 

chromogenic substrate for f3-galactosidase, was prepared as a 25 mg/ml solution in N, 

A^-dimethyl formamide and used in agar plates at a final concentration o f 50 fxg/ml.

2.1.2 Plasmids and oligonucleotides  

2.1.2.1 Plasmids

All plasmids used in this study are listed in Table 2.2 with relevant descriptions and 

sources. For plasmids constructed in this study the details o f  construction are described 

in the relevant chapters.
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TABLE 2,2. Plasmids used in this study

Plasmid R elevant details  ^  ,
R eference  or

source

p660AraC Tc" pSR660 derivative carrying the/ex^DBD-«''«C fusion (193)

pACYC177 Ap'  ̂Kan'^ p i5 A  replicon, cloning vector (55)

pASK75 Ap" ColEl replicon, expression vector with tetA promoter/operator and (371)

constitutively expressed telR 

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

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

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

pBSKll+ A p 'C o lE l  replicon, high-copy-number cloning vector Stratagene

pC102 Spc'  ̂p S S 2 192 derivative with 15 bp insertion encoding RCLNS after Cl 02 o f  Rns This study

pCL1920 Spc'^pSClOl replicon, low-copy-number cloning vector (226)

pCooGFP Ap' Cm'^ ColEI replicon, reporter plasmid containing coo  promoter region (from S.G. Smith

bp -393  to bp +62) fused to a promoterless gfp+ gene unpublished

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

pZep08

pCoo-96 Cm ' Wild type coo promoter region (from bp - 9 6  to bp + 62) inserted into This study

pZepOS

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

pZepOS

pCoo-359 Cm ' Wild type coo promoter region (from bp -3 5 9  to bp + 62) inserted into This study

pZepOS

pCoo-359-l Cm' coo  promoter region (from bp -3 5 9  to bp + 62) containing CGC substituted This study

for TAT m otif  at Rns binding site I inserted into pZep08 

pCoo-201-11 Cm ' coo  promoter region (from bp -201 to bp + 62) containing CGC substituted This study

for TAT m otif  at Rns binding site II inserted into pZepOS 

pCoo-359-ll Cm ' coo  promoter region (from bp -3 5 9  to bp + 62) containing CGC substituted This study

for TAT m otif  at Rns binding site II inserted into pZepOS

pCoo-I46-l&II Cm ' coo  promoter region (from bp -1 4 6  to bp + 62) containing CGC substituted This study

for TAT m otif  at both Rns binding sites 1 and II inserted into pZepOS 

pCoo-359-I&lI Cm' coo  promoter region (from bp -3 5 9  to bp + 62) containing CGC substituted This study

for TAT m otif  at both Rns binding sites I and II inserted into pZepOS 

pCooGFP-I Ap' Cm ' Derivative of  pCooGFP with CGC substituted for TAT m otif  in Rns This study

binding site I

pCooGFP-ll Ap' Cm ' Derivative of  pCooGFP with CGC substituted for TAT m otif  in Rns This study

binding site II
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pCooGFP-I&lI Ap"̂  Cm'^ Derivative o f  pCooGFP with CGC substituted for TAT m otif  in both

Rns binding sites I and II

pCooGFP-2 Kan'^plSA repiicon, reporter plasmid containing coo promoter region (from bp -

393 to bp +62) fused to a promoterless gf'p+ gene 

pCS 1 Ap' coo promoter region (from bp -393  to bp +62) inserted into pBSKII+

pCSl-Sitel Ap" Derivative o f  pCSl with CGC substituted for TAT m otif  in Rns binding site I

pCSl-Siteli Ap"̂  Derivative o f  pCSl with CGC substituted for TAT m otif  in Rns binding site

pCSl-Sitel&II

pET-3b

pF205

pGPS4

Ap' Derivative o f  pCSl with CGC substituted for TA T motifs in both Rns 

binding sites I and II

Ap"̂  pM B l repiicon, cloning and expression vector

Spc' pSS2192 derivative with 15 bp insertion encoding M FKHF after F205 of  

Rns

Cm" Transprimer donor component o f  GPS-LS system

pGPS5 Kan'^ Transprimer donor component o f  GPS-LS system

pHisANACRS Ap"̂  Derivative o f  pHisRns minus the nucleotides encoding the NACRS amino

acid sequence

pHisCI02 Ap' Derivative o f  pHisRns containing the 15 bp insertion from pC102

pHisC 102A Ap'  ̂rns (C l0 2 A )  ORF in pQE-30

pHisC30 Ap" pHisRns derivative with 15 bp insertion encoding CLNNC after C30 o f  Rns

pHisF205 Ap'  ̂Derivative o f  pHisRns containing the 15 bp insertion from pF205

pHisL198 Ap"̂  Derivative o f  pHisRns containing the 15 bp insertion from pLI98

pHisL51 Ap' pHisRns derivative with 15 bp insertion encoding FKQFL after L 5 1 o f  Rns

pHisQ227 Ap" Derivative o f  pHisRns containing the 15 bp insertion from pQ227

pHisR103A A p V « i  (R I03A ) ORF in pQE-30

pHisRns Ap" rns ORF inserted into pQE-30

pHisS158F ApVm- (S158F) ORF in pQE-30

pHisT23 Ap" pHisRns derivative with 15 bp insertion encoding C LN N T after T23 o f  Rns

pHisV253A Ap" Derivative o f  pHisRns containing the 15 bp insertion from pV253A

pHisY242 Ap' Derivative o f  pHisRns containing the 15 bp insertion from pY242

pHNSHIS Ap" hns ORF plus C-tenninal 6 his codons inserted into pET-3b

pK256 Spc' pSS2192 derivative with 15 bp insertion encoding CLNTK after K256 of

Rns

pKOBEG Cm"  ̂ pSClOl repiicon, Temperature-sensitive plasmid carrying the red  and gam

genes o f  >^-phage under control Para/j/j/j promoter 

pKRP13 Sp" Sm' Plasmid source of  spectinomycin resistance cassette

This study

This study

S.G. Smith 

unpublished 

This study 

This study

This study

Novagen 

This study

New England 

Biolabs 

New England 

Biolabs 

This study

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

S.G. Smith 

unpublished 

This study 

This study 

This study 

This study 

This study 

This study

(56)

(322)
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pL198

pL221

pM-ANACRS

pMAL-c2

pM-C102

pM-Q227

pM-RhaSLinker

pMRnsS

pPrns2

pQ227

pQE-30

pRare

pRns660

pRnsLacZ-2

pRW50

pS239

pS239A

pSR660

pSS2192

pTrc99a

pTrcRns

pV253A

pY242

pZepOS

Spc" pSS2192 derivative with 15 bp insertion encoding FKQRL after LI 98 o f  Rns 

Spc"̂  pSS2192 derivative with 15 bp insertion encoding CLNIL after L22I o f  Rns 

Ap^ Derivative of  pMRns5 minus the nucleotides encoding the NACRS amino 

acid sequence

Ap"̂  ColEl replicon, MBP-protein fusion expression vector

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

Ap'  ̂Derivative o f  pMRns5 containing the 15 bp insertion from pQ227

Ap" Derivative of  pMRns5 with the DNA sequence corresponding to the NACRS

amino acid sequence o f  Rns replaced with nucleotides encoding the LENSASR

linker sequence of  the RhaS protein

Ap" rm  ORF inserted into pMAL-c2

Ap" rns promoter region inserted into pBSKII+

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

Rns

Ap" ColEl replicon, expression vector, T5 promoter//ac operator element; 5' six- 

His tag coding sequence

Cm" p l5 A  replicon, encodes tRNAs for rare codons in E. coli 

Tc" pSR660 derivative carr>'ing the lexAxi^D-rns fusion 

Tc" rns promoter region inserted into pRW50

Tc" RK2 replicon, low-copy-number vector carrying a promoterless lacZ  gene 

Spc" p S S 2 192 derivative with 15 bp insertion encoding CLNTS after S239 o f  Rns 

Spc" pSS2192 derivative with 15 bp insertion encoding VOchTSS after S239 of  

Rns (Och, ochre stop codon)

Tc" ColEl replicon, vector encoding the LexA DNA binding domain (DBD)

sequence used for homodimerisation studies

Spc" rns gene and upstream area inserted into pCL1920

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

Ap" rns ORF inserted into pTrc99a

Spc" pSS2192 derivative with 15 bp insertion encoding VOchTGV after V253 of 

Rns (Och, ochre stop codon)

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

Rns

Cm" Ap" ColEl replicon, encodes promoterless gfp+  gene downstream o f  MCS

This study 

This study 

This study

New England 

Biolabs 

This study 

This study 

This study

(373)

This study 

This study

Qiagen

Novagen 

This study 

This study 

(233)

This study 

This study

(69)

(373)

(6)

S.G. Smith 

unpublished 

This study

This study

(172)
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2.1.2.2 Oligonucleotides

The sequences o f  all o ligonucleotides used in this study are listed in Table 2.3. All 

oligonucleotides were synthesised by M W G -Biotech, Ebersberg, Germ any.

2.2 Nucleic acid methodologies

2.2.1 Transformation o i E .  co//‘ strains

Tw o distinct m ethods w ere used for the introduction o f  foreign D N A into E. coli cells. 

Cells were m ade com petent either by repeated w ashes w ith a cold calcium  chloride 

solution, or cold M illipore grade water, and were then transform ed by heat shock (242) 

or electroporation (97) respectively. Significantly greater transform ation efficiencies 

were achieved using the electroporation m ethod. G enerally, the calcium  chloride 

m ethod was used for routine transform ation o f  intact plasm ids into E. coli K-12 strains. 

The electroporation m ethod was used with E. coli K-12 strains w hen higher efficiencies 

were required, and was used routinely with ETEC strain LM CIO.

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

A 3 ml culture o f  the strain  to be m ade com petent was inoculated from  a single colony 

into L broth and incubated overnight w ith shaking. This culture was then diluted 1:100 

in 100 ml o f  fresh L broth and grow n to an ODeoonm o f  betw een 0.4 and 0.6. The 

cultures were then incubated on ice for 20 min and the bacteria w ere harvested by 

centrifugation at 6000 x g  for 8 m in at 4°C. The pellet was resuspended in 20 ml o f 

cold C aC b solution (60 m M  C aC b, 15% (v/v) glycerol, 10 m M  PIPES, pH 7) and 

harvested by centrifugation as before. This pellet was resuspended in 20 ml cold CaCl2 

solution and incubated on ice for 30 min before again harvesting the bacteria as before. 

The pellet was then resuspended in a final volum e o f  4 ml o f  cold C aC b  and incubated 

overnight on ice before aliquoting in 100 (il volum es and storage at -80°C .
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T A B L E  2.3. Oligonucleotide primers used in this study

Primer Sequence

C102-F 5'

C102-R 5'

CSl-blunt 5'

CSl-Xbal 5'

CSBSl 5'

CSBS2 5'

hns-flank F 5'

hns-flaiik R 5'

lnvPCR-1 5'

lnvPCR-2 5'

LexA-1 5'

Linker-1 5'

Linker-2 5'

N evvCS 1 -Blunt 5'

N ew Prns-EcoR I 5'

Prns-Hindlll 5'

R103-F 5'

R103-R 5'

Ranmut3 5'

Rns-19r 5'

Rns-F 5'

R n sF X b a 5'

RnsKpn 5'

RnsR_Hind 5'

Rns-UpF 5'

Rns-UpR 5'

rt-gapF 5'

rt-gapR 5'

rt-rnsF 5'

rt-rnsR 5'

S ite J_ F 5'

Site i R 5'

- GAT ACC AAT GCT GCT AGA AGC ATG TCA AG -3 '

- CTT GAC ATG CTT CTA GCA GCA TTG GTA TC -3 '

- CAC TAA AGG GAA CAA AAG CTG GAG C - 3 '

- CGC TCT AGA TAC GAC TCA CTA TAG G -3 '

- GGC ATA ATA AAG CCG TCC AG - 3 '

- CGC AAC AAA GGG AAT CAT AAG - 3 '

- AAG CGG GTA AAT GAC TGC TG - 3 '

- CGC AAT TGA TAT GCT GAT CG -3 '

- ATG TCA AGA AAA ATA ATG ACA ACA G -3 '

• GGT ATC TAT TTT TGA CAT GCC - 3 '

■ CGC CTC GAG AAT GGA CTT TAA ATA CAC TG -3 '

■ GCA TCA CGT ATG TCA AGA AAA ATA ATG AC -3 '

■ GCT GTT TTC CAG GGT ATC TAT TTT TGA C - 3 '

CGT GAA TTC GGC CGC TGT ATG AAT C - 3 '

CAT GAA TTC GGC CGC TGT ATG AAT C -3 '

CGC AAG CTT CAG TGT ATT TAA AGT CC - 3 '

CCA ATG CTT GTG CTA GCA TGT CAA G -3 '

CTT GAC ATG CTA GCA CAA GCA TTG G -3 '

CAC AGA ATT CAT TAA AGA GGA GAA ATT AAC TAT G -3 '  

CGC GGG ATC CTT ATC CAC CTT TAA AAT AAG TG -3 '

CGC GGA TCC ATG GAC TTT AAA TAC ACT G -3 '

CGC TCT AGA ATG GAC TTT AAA TAC ACT G -3 '

CGT GGT ACC TTA TCC ACC TTT AAA ATA AGT G -3 '

CGC AAG CTT TTA TCC ACC TTT AAA ATA AG -3 '

AGC GGC ATA ACC TGA ATC TG -3 '

AAA ACA TGT AAT TTT CTC TTC TTC C -3 '

CGT TCT GGG CTA CAC CGA AGA TGA CG -3 '

AAC CGG TTT CGT TGT CGT ACC AGG A -3 '

AGC CAA CCT TGC AAA AAG TG -3 '

TGC CTT AGC ATA TCT CCG TTC - 3 '

CGC AGG AAT AAA TCG GCG TTT AAA TGT CAC CAA GG -3 '  

CCT TGG TGA CAT TTA AAC GCC GAT TTA TTC CTG CG -3 '
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SiteJI  F 5' -  GCT GTG TGT TAT TTA TTC GCT TGA TTG TTG ATT GC -3 '

S iteJ  I_R 5' -  GCA ATC AAC AAT CAA GCG AAT AAA TAA CAC ACA GC -3 '

VMl 5 ' - G C A  GTT CAA AAT GGT TGT C G -3 '

VM2 5 '- T G G C C A C T T T A A  ACA A A C A G C -3 '

VM3 5' -  GCG GTA TTA TGA TGT TTG TTG C -3 '

VM4 5 ' -  AAT CAC TTT TTG CAA GGT T G G -3 '
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Com petent bacterial cells (100 |.il), prepared as described above, were m ixed with 

between 10 ng and 1 jig o f  plasm id DNA and incubated on ice for 10 min. The cells 

were then transferred to a 42°C  water bath and incubated for 90 s, thus inducing the 

uptake o f  the DNA. Cells were im m ediately transferred to ice. Follow ing a 1 min 

incubation on ice, the cells were m ixed with 1 ml o f  pre-w arm ed SOC broth and 

incubated at 37°C for 1 h to allow  expression o f  plasm id-borne antibiotic resistance 

genes. A liquots o f  50 [il and 1 ml o f  the transform ation m ixture w ere then spread on 

selective L agar plates and incubated overnight at 37°C. A lternatively, com petent cells 

( £  coli NEB 5-alpha and T7 Express / ')  were purchased from  N ew  England Biolabs 

(NEB) and transform ed according to the m anufacturer’s instructions. Transform ants 

were single colony purified on fresh L agar plates containing appropriate antibiotics.

2.2.1.2 Transformation of E. coli strains by electroporation

A 3 ml culture o f  the strain to be m ade electrocom petent was inoculated from a single 

colony into L broth and incubated overnight with shaking. This culture was then 

diluted 1:100 in 100 ml o f  fresh L broth and grown to an ODeoonm o f  betw een 0.4 and 

0.6. The cultures were then incubated on ice for 20 min before the bacteria were 

harvested by centrifugation at 6000 x ^  at 4°C for 8 min. The pellet was resuspended in 

100 ml o f  sterile ice-cold w ater and the bacteria were then harvested as before. The cell 

pellet was resuspended in 50 ml ice-cold sterile w ater and harvested again. The pellet 

w as then resuspended in 4 ml sterile ice-cold 10% (v/v) glycerol, harvested and 

resuspended again in ice-cold 10% (v/v) glycerol to a final volum e o f  400 j^l. 40 [al 

aliquots w ere stored at -80°C .

E lectro-com petent bacteria (40 [,d) were m ixed with betw een 10 ng and 2 (ig o f  DNA 

(in a volum e not exceeding 4 |_il) and im m ediately transferred into a cold electroporation 

cuvette (B ioSm ith, 0.2 cm electrode width). The electroporation w as carried out in a 

Bio-Rad gene pulser at 12.5 kV cm '', 25 |j,F and 200 Q. The bacteria were then mixed 

with 1 ml o f  pre-w arm ed SOC broth and incubated at 37“C for 1 h to allow  expression 

o f  plasm id-borne antibiotic resistance m arkers. A liquots o f  50 |al and 1 ml quantities o f 

the transform ation m ixture were spread on selective L agar plates and transform ants 

were single colony purified onto fresh L agar plates follow ing grow th overnight at 

37“C.
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2.2.2 X Red-mediated allele replacement

The inactivation of chromosomal genes was achieved using an allele-replacement 

system based on the gene products of the X phage red operon (75). This system is based 

on the ability of the gam, bet and exo gene products to inhibit the Exonuclease V 

activity of RecBCD, allowing the transformation of linear DNA fragments, and 

promoting homologous recombination at regions of homology between the 

chromosome and the transformed linear DNA fragment. The ?^-phage red'^^a operon 

was located on the pKOBEG plasmid (56) under the control of the L-arabinose- 

inducible VaraBAo promoter. This plasmid has a temperature sensitive pSClOl replicon, 

which permits plasmid replication at 30°C but not at higher temperatures. The plasmid 

also confers resistance to the antibiotic chloramphenicol. Use of the X Red allele 

replacement system enabled the transfer of a mutated hns allele, amplitled from the 

chromosome o f E. coli strain PD32, to the genome of ETEC strain LMCIO (see Chapter 

6).

2.2.2.1 X Red mediated allele replacement in ETEC strain LMCIO

The E.coli strain PD32 was used as the source of an hns gene interrupted by the 

insertion of an ampiciliin resistance cassette (80). A linear DNA fragment containing 

the interrupted gene, plus -400 bp of flanking DNA, was produced by PCR 

amplification of the desired region from a chromosomal preparation of PD32. The 

linear fragment was isolated and purified from an agarose gel (Section 2.2.4.2) and 

concentrated by Pellet Paint®-precipitation (Section 2.2.4.5).

ETEC strain LMCIO bacteria harbouring the pKOBEG plasmid were grown to mid- 

logarithmic phase at 30°C in the presence of 30 |i,g/ml chloramphenicol. Expression of 

the Red a , |3 and y proteins was induced by addition of 0.2% L-arabinose. The induced 

bacteria were grown for a further 2 h and made electrocompetent (Section 2.2.1.2). 

These electrocompetent bacteria were then transformed with approximately 1 |o,g of the 

purified linear DNA containing the disrupted gene. Following the 37°C expression step 

of the transformation procedure, the bacteria were spread on agar plates containing 

ampicillin (to select for the interrupted gene) but not chloramphenicol. All subsequent 

steps were carried out at 37°C in the absence of chloramphenicol to ensure rapid loss of 

the pKOBEG plasmid. Putative mutants were single-colony purified twice and then
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screened for the presence o f  the novel m utant allele by PCR and appearance on 

M acC onkey salicin agar. Loss o f  the pK O BEG  plasm id was confirm ed by testing for 

chloram phenicol sensitivity on agar containing the antibiotic.

2.2.3 Purification o f  plasmid and chromosomal DNA

2.2.3.1 Small-scale purification o f  plasmid DNA

The H iY ield Plasm id M ini Kit (Real Biotech Corporation) was used for the routine 

purification o f  plasm id D N A  from  overnight bacterial cultures. Purification was carried 

out according to the m anufacturer’s instructions using a m odified alkaline lysis method. 

Briefly, depending on plasm id copy-num ber, bacteria from a 3-10 ml overnight culture 

w ere harvested and lysed in an alkaline solution containing SDS (to denature proteins) 

and RN ase (to degrade RNA). The alkaline conditions also denatured both the 

chrom osom al and plasm id DNA which were released upon cell lysis. The solution was 

then rapidly neutralised causing the plasm id DNA to re-anneal and the chrom osom al 

DNA to precipitate. The lysate was then cleared by centrifugation to rem ove cellular 

debris and chrom osom al DNA and the soluble plasm id DNA was purified using a mini 

cation-exchange colum n. The purified DNA was eluted from  the colum n in a 

Tris/ED TA  buffer follow ing a desalting and w ashing step.

2.2.3.2 Large-scale purification o f  plasmid DNA

The Fast Ion Plasm id M idi Kit (Real B iotech Corporation) w as used to purify plasm id 

DNA from  50-100 ml overnight bacterial cultures according to the m anufacturer’s 

instructions using a m odified alkaline lysis m ethod sim ilar to that described above. 

Bacteria w ere lysed as before and the cleared lysate was passed through a cation- 

exchange colum n, w hich binds the re-natured plasm id DNA. The colum n with bound 

DNA w as w ashed repeatedly and the DNA was eluted in a high-salt buffer. The DNA 

was then further purified and desalted by precipitation w ith isopropanol and 

resuspended in Tris/ED TA  buffer.
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2.2.3.3 Purification of total genomic DNA

Chromosomal DNA was purified using the Puregene genomic DNA purification kit 

(Centra Systems). Briefly, bacteria from a 0.5 ml overnight culture were harvested by 

centrifugation, resuspended in a cell lysis solution, containing Tris [hydroxymethyl] 

aminomethane, EDTA and SDS and incubated at 80“C for 5 min to lyse the bacteria. 

Contaminating RNA was removed by treatment with RNase and cellular proteins were 

removed by protein precipitation using ammonium acetate. The remaining DNA was 

then precipitated with isopropanol and resuspended in a Tris/EDTA buffer.

2.2.4 / / I  v/Vro manipulation o f DNA

2.2.4.1 Restriction endonuclease digestion of DNA

All restriction digests were carried out using enzymes supplied by NEB according to 

the m anufacturer’s instructions. Briefly, 0.1-2 |ag o f purified DNA was incubated with 

10-20 units o f restriction enzyme in the appropriate NEB buffer for 2 h at the 

appropriate temperature. Digests with multiple enzymes were carried out in the 

recommended double digest buffer or in an appropriate buffer in which all enzymes had 

100% activity. Where no suitable buffer was available sequential digests were 

performed.

2.2.4.2 Purification of DNA fragments

Following PCR amplification or digestion with restriction endonucleases, linear DNA 

fragments were purified directly from solution using the High Pure PCR Product 

Purification Kit (Roche) or from an agarose gel slice using the Geneclean II Kit (Q Bio 

gene). To purify DNA from solution, 5 volumes o f Binding Buffer was added and 

mixed thoroughly. Binding Buffer contains the chaotropic salt guanidine thiocyanate, 

which denatures proteins. The solution was then added to a spin column where the 

DNA fragments bind to a glass fibre matrix. The bound DNA was then purified in a 

series o f ethanol based wash steps to remove salts, enzymes and unincorporated 

nucleotides. The purified DNA was eluted from the column in Tris Buffer. Purification 

o f DNA from an agarose gel slice was achieved by melting the gel slice at 55°C in the
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presence o f 4.5 volumes o f 6 M sodium iodide and 0.5 volumes o f TBE modifier, a 

concentrated salt solution. Once the gel slice had melted and the DNA was in solution, 

5-10 ,ul o f Glassmilk, an aqueous suspension o f silica particles, was added and the 

mixture was incubated for 5 min at 55°C. The DNA bound to the silica particles was 

harvested by centrifugation at 15,800 x g  for 10 s and resuspended in New Wash, an 

ethanol based wash solution. The wash step was performed twice more after which the 

pellet was air-dried and the bound DNA then eluted with Millipore grade water.

2.2.4.3 Ligation of DNA fragments

The T4 DNA Ligase was used to catalyse the formation o f a phosphodiester bond 

between the exposed 5' phosphate and 3' hydroxyl groups o f linear DNA fragments in 

an ATP-dependent fashion (114). These ligations were carried out using the Quick 

Ligation kit (NEB) and were routinely used for the cloning o f DNA fragments into 

appropriate plasmid vectors. 50 ng o f digested vector DNA was mixed with a three-fold 

molar excess o f digested insert in a total volume o f 10 ,ul and mixed with 10 [.d o f 2X 

Quick Ligation Reaction Buffer. 1 |a1 o f Quick T4 DNA Ligase was added and the 

reaction was incubated at room temperature for 10 min. The ligated DNA molecules 

were then transformed into either calcium-chloride competent NEB 5-alpha cells or 

electrocompetent E. coli XL-1 Blue cells. Where calcium-chloride competent cells 

were used, 10 |al o f the ligation reaction was directly transformed. For 

electrocompetent cells, the ligated DNA was first purified as previously described 

(Section 2.2.4.2) and then concentrated by pellet-paint precipitation (Section 2.2.4.5) 

prior to electroporation.

2.2.4.4 Agarose gel electrophoresis

DNA samples were separated on a 0.8-2% agarose gel, depending on the size o f the 

DNA. Briefly, for a 1% gel, 1 g o f agarose was added to 100 ml o f 0.5X TBE buffer 

(44.5 mM Tris borate, pH 8.3, 1 mM EDTA) and microwaved to dissolve the agarose. 

Ethidium bromide was added to a final concentration o f  1 jig/ml and the molten gel was 

poured into a gel mould and allowed to set. DNA samples were prepared by adding an 

appropriate volume o f 5X sample loading buffer (25 mM Tris pH 7.6, 30% (v/v) 

glycerol, 0.125% (w/v) bromophenol blue) and these samples were subjected to
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electrophoresis through the gel at 135 V for 45 min in 0.5X TBE buffer. The separated 

DNA fragments were photographed while illuminated under UV light.

2.2.4.5 Purification of DNA samples from solution by ethanol precipitation

Ethanol precipitation o f DNA was routinely used for the preparation o f desiccated 

DNA samples for DNA sequencing. Ethanol is added to the aqueous DNA sample to 

deplete the hydration shell surrounding the DNA molecules exposing the negatively 

charged phosphate groups. A cation is then added to mask this charge and allow a 

precipitate to form. Sodium acetate was routinely used as the source o f the cation 

(Na^). Briefly, the DNA sample was mixed with 2.5 volumes o f ethanol followed by 

0.1 volumes o f  3 M sodium acetate (pH 5.2) and incubated at -80°C  for 1 h to allow a 

precipitate to form. The precipitated DNA was then recovered by centrifugation at 

21,000 X g  for 15 min, washed with 500 fxl o f 70% ethanol to remove contaminating salt 

and centrifuged again as before. The precipitated DNA was then dried at 55°C for 10 

min. If an aqueous DNA solution was required, the precipitated DNA was dissolved in 

Millipore grade water at 55°C for 10 min.

For concentrating dilute DNA samples. Pellet Paint® Co-Precipitant was routinely 

used. Pellet Paint® Co-Precipitant is a visible dye-labeled carrier formulated specifically 

for use in alcohol precipitation o f nucleic acids. 2 fxl o f Pellet Paint® Co-Precipitant 

was added to the DNA solution followed by 0.1 volume o f 3 M Sodium Acetate and 2 

volumes o f ethanol. The samples were vortexed briefly and incubated at room 

temperature for 2 min. Precipitated DNA was collected by centrifugation at 21,000 x g 

for 5 min. DNA was subsequently washed with 70% ethanol and air-dried. The dried 

DNA pellet was resuspended in an appropriate volume o f Millipore grade water.

2.2.5 Polymerase chain reaction

The polymerase chain reaction (PCR) was used for the amplification o f specific DNA 

fragments for use in cloning reactions and for the confirmation o f constructed plasmids 

and mutant alleles. PCR is based on the ability o f certain thermostable DNA 

polymerases to synthesise a new DNA strand complementary to a provided single

stranded, denatured DNA template when primed with specific complementary 

oligonucleotides (342). The procedure involves successive rounds o f  thermal
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denaturation o f  a double-stranded DNA template, hybridization o f two complementary 

oligonucleotides (primers) and synthesis o f the new DNA strand by the DNA 

polymerase. The primers are designed to be complementary to opposite strands at 

either end o f the fragment to be amplified and orientated such that their 3' ends face 

each other. The new DNA strand is synthesised from provided dNTPs by the DNA 

polymerase in the presence o f Mg^^. Each new strand acts as a template in further 

rounds o f amplification and the procedure thus results in exponential amplification of 

the desired DNA fragment.

2.2.5.1 Amplification o f  DNA by polymerase chain reaction

Two different DNA polymerases were used for the routine amplification o f DNA 

fragments. Taq DNA polymerase (NEB), a recombinant purified thermostable 

polymerase from Thermus aquaticus YT-1, which is highly efficient but lacks the 3'-5' 

exonuclease activity necessary for error correction (proof-reading), was used in PCR 

reactions where the sequence accuracy o f the amplified DNA was not critical; for 

example, screening recombinant plasmids for inserts or screening for mutant alleles in 

purified chromosomal DNA. Where a high degree o f  sequence fidelity was required, 

for example to generate DNA fragments for cloning reactions, Phusion"^ High Fidelity 

DNA Polymerase (Finnzymes) was used. Phusion"^ is also highly processive but

retains the 3'-5' exonuclease activity necessary for proof-reading resulting in a

significant decrease in the rate o f nucleotide misincorporation.

P husion '^  PCR reactions were carried out according to the manufacturer’s 

instructions in an MJ Research PTC-200 peltier thermal cycler. Briefly, 10 |al o f 5X 

Phusion HF buffer (containing 1.5 mM M g C y  was mixed with 0.2 mM o f each dNTP, 

0.5 o f each primer, 1 pg-10 ng o f template DNA, 1 unit o f P h u s i o n a n d  ddH20 to 

a final volume o f 50 |ul. The PCR reactions were transferred to the thermal cycler and 

incubated as follows:

1 Denaturation: 98“C for 30 s

2 Denaturation: 98°C for 10 s

3 Oligonucleotide annealing: a temperature corresponding to the lowest 

melting temperature o f the primer pair for 30 s

4 Extension: 72“C for 15 s per kilobase o f expected DNA product
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6

Repeat steps 2-4 for an additional 29 cycles 

Final Extension: 72“C for 10 min

Taq PCR reactions were carried out as above with some exceptions. Tag buffer 

(10 mM Tris-HCl, 50 mM KCl, 1.5 mM M gCl:, pH 8.3) was substituted for Phusion HF 

buffer in the reaction mixture and 1 unit o f Taq polymerase was added to each reaction. 

In the thermal cycler, denaturation was carried out at 94°C for 2 min initially and for 30 

s during the cycling steps and extension was conducted at 72°C for 1 min per kilobase 

o f expected DNA product.

Purified plasmid DNA, genomic DNA or cell lysates were used as templates in PCR 

reactions. Cell lysates were prepared by transferring a single bacterial colony to a PCR 

tube containing 20 jaI M illipore grade water using a sterile pipette tip and incubating at 

100“C for 5 min. 1 ^1 o f this crude lysate was used in each PCR reaction.

2.2.6 Mutagenesis

2.2.6.1 Pentapeptide scanning mutagenesis

The GPS-LS linker-scanning system (NEB) was used to introduce 15 bp insertions at 

random positions throughout the rns open reading frame (ORF). This system involves 

the random insertion o f a transposon derivative (transprimer) into the target gene 

followed by removal o f most o f the transprimer by restriction digest. Subsequent 

religation o f the target backbone results in a 15 bp insertion remaining in the gene o f 

interest (30). In most cases the mutated genes now encode proteins with pentapeptide 

insertions. The activity o f these mutant proteins can then be assessed to determine the 

effect, if any, o f the pentapeptide insertion.

The mutagenesis procedure was carried out according to the m anufacturer’s 

instructions. The target rns encoding plasmid (pSS2192 or pHisRns) was mixed with 

the transprimer donor plasmid (pGPS5 or pGPS4), TnsABC* transposase, GPS buffer 

and start solution (magnesium acetate). After incubation at 37“C for 1 h followed by 

inactivation by heating at 75°C for 10 min, the mutagenised plasmids were transformed 

into E. coli XL-1. Colonies containing target plasmids with transprimer insertions were 

isolated by selecting for both the resistance marker o f the target plasmid and that o f the
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transprimer. All o f the several thousand resultant colonies were pooled and grown with 

relevant antibiotic selection overnight. Plasmid DNA was prepared from this overnight 

culture and subsequently digested with Pme\ to remove the bulk o f the transprimer. The 

transprimer-free backbone was religated and transformed into E. coli XL-1 to amplify 

the library o f plasmids containing 15 bp insertions. Plasmid DNA was prepared from a 

pool o f the resultant colonies and then transformed into E. coli XL-1 containing a 

reporter plasmid (pCooGFP or pCooGFP-2). Thus bacteria harbouring mutant m s  

genes could be easily discerned by observing their fluorescence under UV light. 

Colonies with altered fluorescence (relative to that seen with wild type Rns) were 

selected and the presence o f a 15 bp insertion in their rns gene was verified by a 

PCR7restriction endonuclease screen. The precise sequence and location of the 

insertion was determined by DNA sequencing.

2.2.6.2 Random  mutagenesis

To generate random mutations the rns gene was amplified from pHisRns by PCR 

using Taq DNA polymerase. The mutation frequency associated with using the low- 

fidelity polymerase Tuq was increased by reducing the final concentration o f dCTP 

present in the PCR reaction from 200 |aM to 20 |iM  and adding 200 |iM of dITP in 

place o f the depleted dCTP (220). The products o f several such PCR reactions were 

purified and cloned into pBSKll+ to produce a pool o f plasmids containing random 

mutations within the rns gene. A 520 bp fragment corresponding to the N-terminal 

domain o f Rns was removed by restriction enzyme digest from the plasmids and 

subcloned into the pHisRns background to produce a second pool o f plasmids 

containing random mutations only within the first half o f the rns gene. This pool of 

plasmids was transformed into E. coli X L-l/pCooGFP-2 cells to identify mutants 

unable to activate the coo promoter in pCooGFP-2 thus resulting in non-fluorescent 

cells.

2.2.6.3 Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuikChange kit (Stratagene) 

according to the manufacturer’s instructions. In this system a target plasmid containing 

the DNA region o f interest is combined in a PCR reaction with two oligonucleotide
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primers that are complementary to opposite strands o f the target and contain the desired 

mutation. During the PCR reaction the primers are extended by the Pfu high fidelity 

DNA polymerase. Incorporation o f the primers produces a mutated plasmid containing 

staggered nicks. After the PCR reaction, the resultant product is treated with Dpn\. As 

Dpn\ is specific for methylated and hemimcthylated DNA, it digests only the parental 

DNA and not the newly synthesised mutation-containing DNA. This mutated nicked 

vector DNA is then repaired in vivo when transformed into E. coli XL-1 cells.

2.2.6.4 M utagenesis by inverse PCR

Inverse PCR was used to eliminate and to replace portions o f the rns gene. In this 

technique a plasmid encoding the gene o f interest was combined in a PCR reaction with 

specially designed primers. These primers flank the area that is to be deleted or 

replaced and are divergent, i.e. their 3' ends face away from each other instead of 

towards each other. When a new portion o f DNA was to be introduced, the nucleotides 

encoding the novel fragment were incorporated into the primers. When the PCR 

reaction was complete, it was treated with Dpn\ to digest parental plasmid DNA. The 

PCR product was then gel purified and ligated as described in Section 2.2.4.3 before 

transformation into NEB 5-alpha cells.

2.2.7 Preparation and analysis of RNA

During isolation and handling o f RNA, several precautions were taken to minimise 

the risk o f contamination with exogenous RNases. These precautions included wearing 

gloves, working in a designated RNA handling area that had been cleaned with 

RNaseZAP® (Sigma) and working with designated tips, tubes, pipettes and 

electrophoresis tanks. Additionally, where possible, all steps in the handling o f RNA 

were performed expediently and on ice.

2.2.7.1 Isolation o f RNA

Total RNA was isolated from bacterial cultures using the RiboPure™ -Bacteria kit 

(Ambion). Briefly, 6 ml o f a mid-logarithmic phase bacterial culture was harvested by 

centrifugation. Where several RNA isolations were to be performed simultaneously, the
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harvested cell pellets were resuspended in 1.5 ml (Am bion) and stored at

4‘’C until all sam ples were ready. Cell pellets, collected by centrifugation from a mid- 

logarithm ic phase culture or from  an R N A /a/er™  suspension, were resuspended in 

RNAm'/z, a com bination o f  phenolic, detergent and chaotropic denaturants that inhibit 

RNases and stabilise RNA. The bacterial cell walls were disrupted by vortexing this 

suspension in the presence o f  Z irconia beads. The resultant bacterial lysate was m ixed 

with chloroform  and centrifuged to retrieve the RN A -containing upper aqueous phase. 

This crude RN A preparation was diluted w ith ethanol and bound to a silica filter. After 

several w ash steps to rem ove contam inants, the RN A was eluted in a low ionic strength 

solution. C ontam inating genom ic DNA was rem oved by DN asel treatm ent. RNA 

concentration (A 260nm) and purity (A260nm:A280nnm ratio) was assessed using a 

NanoDrop® N D -8000 spectrophotom eter (N anoD rop Technologies). RNA samples 

were stored at - 8 0 ‘'C.

1 2 .1.2 Reverse transcriptase PCR

Reverse transcriptase PCR (RT-PCR) was perform ed using the Q iagen OneStep RT- 

PCR kit. B riefly, 20 ng o f  tem plate total RNA was m ixed with 5 ,ul o f  5X Qiagen 

O neStep RT-PC R buffer, 0.4 mM o f  each dNTP, 0.6 (iM o f  each prim er, 1 |il o f  Qiagen 

O neStep RT-PC R  enzym e mix (contains O m niscrip t"^  reverse transcriptase, 

Sensiscript^*^ reverse transcriptase and HotStarTaq® DNA polym erase) and RNase-free 

water to a final volum e o f  25 |a1. The reactions were transferred to an M J Research 

PTC-200 peltier therm al cycler and incubated as follows:

1. Reverse transcription: 50°C for 30 min

2. A ctivation o f  HotStarTaq® DNA polym erase: 95°C for 15 min

3. Denaturation: 94“C for 30 s

4. O ligonucleotide annealing: a tem perature corresponding to 5“C 

below  the m elting point o f  the prim er pair for 30 s

5. Extension: 72”C for 1 min

6. Repeat steps 3-5 for an additional 34 cycles

7. Final extension: 72°C for 10 min

The PCR products were visualised on a 2%  agarose gel (Section 2.2.4.4).
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2.3 Analysis and manipulation of proteins

2.3.1 SDS-PAGE

Proteins were separated on discontinuous denaturing polyacrylamide gels by the 

method of Laemmli (222). Using this method, proteins are denatured in SDS and |3- 

mercaptoethanol and separated on the basis o f their size as they travel through a 

polyacrylamide gel towards the anode. SDS binds to most proteins in a constant weight 

ratio, masking their natural charge with its own negative charge and giving each protein 

a similar m assxharge ratio allowing separation on the basis o f size rather than charge. 

The discontinuous gel is formed using buffers o f  differing composition and pH to firstly 

focus the separating proteins into narrow well-defined bands and then separate these 

focused proteins on the basis o f their size.

2.3.1.1 Preparation o f  total cellular extract for SD S-PAG E analysis

The ODeoonm o f an overnight culture was measured and 1 ml o f the culture was then 

harvested by centrifugation at 15,800 x g  for 1 min. The pelleted bacteria were 

resuspended in an appropriate volume o f Laemmli buffer (75 mM Tris-HCl, pH 6.8, 

20% (v/v) glycerol, 2% (w/v) SDS, 2% (v/v) (3-mercaptoethanol, 10 fig/ml 

bromophenol blue) such that the final concentration was 10 ODeoonm units/ml. Samples 

were stored at -2 0 ”C. Prior to electrophoresis the samples were heated at 100°C for 5 

min to denature all proteins.

2.3.1.2 Preparation of heat shock samples

Heat released extracts o f ETEC strain LMCIO were prepared using the method of 

Smyth (374) with slight modifications. Bacteria, from solid or liquid culture, were 

resuspended in 0.15 M NaCl at a concentration o f  50 ODeoonm units/ml. The suspension 

was incubated at 65°C for 15 min after which whole cells were removed by 

centrifugation at 10,000 x g  for 10 min. The supernatant fraction was collected and 

stored at -20°C. For SDS-PAGE analysis, 1 volume o f heat shock sample was 

combined with 1 volume Laemmli buffer, the mixture was heated at 100°C for 5 min 

and 20 îl was subjected to electrophoresis.
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2.3.1.3 Electrophoresis of protein samples

Discontinuous gels were prepared using standard protocols (12), and 8, 10, 12 and 

15% polyacrylamide gels were routinely used. Typically, 10 (xl o f each boiled Laemmli 

sample was loaded per well and broad range (NEB) or low range (Favorgen Biotech 

Corp) protein molecular weight markers were included on all gels. Electrophoresis was 

carried out in a Bio-Rad Mini-Protean III gel tank and was usually performed at 200 V 

for 55 min. Gels were stained using Coomassie brilliant blue R-250 (0.25% Coomassie 

brilliant blue R-250, 45% (v/v) methanol, 10% (v/v) acetic acid) and destained using 

Coomassie destain solution (45% (v/v) methanol, 10% (v/v) acetic acid) or transferred 

to nitrocellulose or PVDF membranes for use in W estern immunoblots (see Section 

2.3.3).

2.3.2 Purification o f  proteins and production o f  antiserum

The pMRns5 plasmid (373) had previously been constructed using the pMAL protein 

fusion and purification system (NEB). It contains the rns gene fused in-frame to the 3' 

end o f the malE  gene, which encodes maltose-binding protein (MBP). The fusion gene 

is transcribed under the control o f an IPTG-inducible ?,ac promoter. The Q W express 

system (Qiagen) was used to construct a plasmid (pHisRns) in which the rns gene was 

tagged at the 5' end with six histidine codons. This plasmid was used to produce Rns 

protein tagged with six histidine residues at the amino terminus. M utant forms o f rns 

were subcloned into pMRns5 and pHisRns from pSS2I92 derivatives (Table 2.2). 

Alternatively, the plasmids themselves were subjected to mutagenesis (see Section 

2.2.6) to generate plasmids that expressed mutant derivatives o f Rns protein.

The pHNSHIS plasmid was constructed by cloning the hns gene plus nucleotides 

encoding six histidine residues at its 3' end into the expression vector pET3b. This 

plasmid was used for overexpression o f C-terminal His-tagged HNS using the T7 RNA 

polymerase system (395).

Each o f the above described plasmids were used to produce large amounts o f His- 

tagged or MBP fusion protein allowing generation o f  anti-Rns antiserum and 

purification o f the tagged or fusion protein.
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2.3.2.1 Large-scale purification o f His-tagged Rns (or mutant derivatives) and 

His-tagged H-NS

His'Bind® Quick Cartridges (Novagen) were used for rapid purification o f His-tagged 

protein by immobilised metal affinity chromatography. The His-Tag sequence (six 

consecutive histidine residues) binds to divalent cations (Ni‘^) immobilised on 

His'Bind® resins. After unbound proteins are washed away, the target protein is 

recovered by elution with imidazole. This system enables the purification o f proteins 

under non-denaturing conditions.

A 10 ml overnight culture o f E. coli KSIOOO containing the plasm ids pRare and 

pHisRns was grown in L-broth and then used to inoculate 500 ml fresh prewarmed L 

broth. The culture was grown to an ODeoonm o f 0.6 at which point expression o f His- 

tagged Rns was induced by addition o f IPTG to a final concentration o f 1 mM. The 

culture was incubated for a further 5 h and then harvested by centrifugation at 6,000 x g  

for 10 min. The cell pellet was resuspended in 6 ml binding buffer (0.5 M NaCl, 5 mM 

imidazole, 20 mM Tris-HCl, pH 7.9). Lysis o f the bacterial cells was achieved by 

freezing the cell suspension at -2 0 “C overnight followed by thawing and sonication. 

After sonication the insoluble material was removed by centrifugation at 21,000 x at 

4°C for 30 min. The soluble supernatant was made up to a volume o f 50 ml with 

binding buffer. A His»Bind® Quick 900 cartridge (Novagen) was equilibrated with 6 ml 

binding buffer. Using a 20 ml syringe, the soluble cell extract was passed through the 

cartridge at a rate o f 2 drops/s. Unbound protein and cellular debris were removed by 

washing with 20 ml binding buffer. The column was then washed with 10 ml wash 

buffer (binding buffer with the addition o f 60 mM imidazole). Bound, His-tagged Rns 

was subsequently eluted in 2.5 ml elution buffer (binding buffer with the addition o f 1 

M imidazole).

Expression o f His-tagged H-NS protein was conducted as described above with the 

following alterations. Several freshly transformed colonies o f  E. coli T7 Express f  

harbouring pHNSHIS were transferred to 3 ml Luria broth and grown for 30 min. This 

starter culture was then used to inoculate 500 ml fresh prewarmed Luria broth. The 

culture was grown at 30°C until an ODeoonm o f 0.5 was reached. Expression o f His- 

tagged H-NS was then induced by addition o f IPTG to a final concentration o f 0.5 mM 

followed by 2 further hours o f growth at 30°C. The bacteria were then harvested and 

cell lysis and protein purification was carried out as described above.
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Large-scale purified H is-tagged proteins were transferred into storage buffer (50 mM 

sodium  phosphate, 0.3 M N aC l, 50% (v/v) glycerol, pH 8 or 6) using PDIO buffer 

exchange colum ns (A m ersham  Biosciences) and stored in single use aliquots at -80°C .

2.3.2.2 Small-scale purification o f  His-tagged Rns (or mutant derivatives) and 

His-tagged H-NS

Sm all-scale rapid purification o f  His-tagged proteins was perform ed using HIS- 

Select^"^ Spin Colum ns (Sigm a). The spin colum ns contain silica particles derivafized 

with a chelate charged w ith nickel. The colum ns are selective for recom binant proteins 

with histidine tags.

Expression o f  H is-tagged Rns (or m utant derivatives) for sm all-scale purification was 

carried out tw o ways. Initially, a 5 ml culture o f  E. coli KSlOOO/pRare containing the 

plasm id encoding the protein o f  interest was grown overnight in L broth and then used 

to inoculate 100 ml fresh L broth. This sub-culture was grow n to an ODeoonm o f  0.6 and 

was then induced with 1 mM final concentration IPTG and grow n for a further 5 h 

before harvesting. During later purifications the expression step was conducted using 

OnEx"^^ m edium  (see Section 2.1.1.2). A 10 ml overnight culture o f  E. coli 

KSlOOO/pRare containing the plasm id encoding the protein o f  interest was grown in 

O nE x"^ m edium  and harvested the next m orning. Expression o f  His-tagged H-NS for 

sm all-scale purification was achieved as described in Section 2.3.2.1, except it was 

carried out in 100 ml Luria broth. In all cases, once the cells w ere harvested they were 

resuspended in 3 ml equilibration buffer (50 m M  sodium  phosphate, 0.3 M NaCl, 10 

mM  im idazole, pH 8.0) and lysed by a freeze-thaw  cycle follow ed by sonication. The 

cell lysate was then centrifuged at 21,000 x g  at 4°C for 30 m in to enable collection o f 

the soluble fraction. The H IS-Select spin colum n was equilibrated with equilibration 

buffer. The soluble cell extract was then loaded onto the colum n. U nbound protein was 

washed from  the colum n with two passages o f  w ash buffer (50 mM  sodium  phosphate, 

0.5 M N aC l, 10 mM im idazole, pH 8.0). Finally protein was eluted from the colum n in 

150 [.il e lution buffer (50 m M  sodium  phosphate, 0.3 M N aC l, 250 mM  im idazole, pH 

8.0). W here required, sm all-scale purified H is-tagged proteins were subjected to 

ultrafiltration using V ivaspin 500 colum ns (M W  cu t-o ff 10,000 and 100,000) as 

described by the m anufacturers (Sartorius). Prior to cross-linking experim ents (Section 

2.3.5.2), protein sam ples were dialysed into storage buffer (50 mM  sodium  phosphate.
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0.3 M NaCl, 50% (v/v) glycerol, pH 8) using Slide-A-Lyzer® mini dialysis units, 3,500 

MWCO (Pierce). Small-scale purified His-tagged proteins were stored at 4°C.

2.3.2.3 Large-scale purification of MBP-Rns (or mutant derivatives)

Purification o f M BP-fusion proteins involves preparing a cell extract in which the 

protein o f interest has been over-expressed. This crude cell extract is then passed over a 

column containing an agarose resin derivatised with amylose, a polysaccharide 

composed o f maltose subunits. Due to the affinity o f MBP for amylose the fusion 

protein will bind to the column. Unbound proteins are removed from the column by 

washing after which the fusion protein is eluted from the column with free maltose. 

MBP has a higher affinity for maltose than amylose so it preferentially binds to the 

maltose as it passes through the column and in this way it is removed from the 

immobilised amylose.

A 20 ml overnight culture o f E. coli KSlOOO/pRare harbouring the plasmid encoding 

the MBP fusion protein o f interest was grown in OnEx"^ medium. Bacteria were 

harvested and resuspended in 1 ml sonication buffer (50 niM Tris-HCl (pH 7.5), 10% 

(v/v) sucrose, 100 mM NaCl, 1 mM EDTA) and then frozen at -80°C  for 2-3 h. The 

cell suspensions were thawed on ice and then lysed by sonication. The insoluble 

material was removed by centrifugation at 21,000 x g at 4°C for 30 min. The soluble 

supernatant was collected and made up to a volume o f 50 ml in column buffer (20 mM 

Tris-HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4). An MBP affinity column was 

prepared by pouring 1 ml o f amylose resin into a 2.5 x 10 cm column. The column bed 

was washed with 10 ml column buffer. The soluble lysate was loaded onto the column 

at a rate o f approximately 1 ml/min using a peristaltic pump. Unbound proteins were 

removed by washing the column with 20 ml column buffer. The bound MBP-fusion 

protein was eluted from the column in 5 ml column buffer supplemented with 10 mM 

maltose and collected in approximately 0.5 ml fractions. The elution fractions were 

analysed by SDS-PAGE to identify those that contained protein. Protein containing 

fractions were divided into single use aliquots and stored at -80°C .
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2.3.2.4 Quantitation of protein

The concentration o f  proteins in solution was estim ated by A 280nm on a NanoDrop® 

N D -8000 spectrophotom eter (N anoD rop Technologies) or using the Bradford reagent 

(39). In the Bradford assay, proteins form a com plex with B rilliant B lue G dye causing 

a shift in the m axim um  absorbance from  465 to 595 nm. The am ount o f  absorbance at 

595 nm  is proportional to the am ount o f  protein present. A protein concentration 

dilution series w as m ade using bovine serum  album in (BSA) diluted in PBS. 5 jil o f 

each dilution in the series, o f  PBS alone and o f  the protein sam ple o f  interest was added 

to 95 )il o f  B radford reagent, in duplicate, in a 96 well plate. The absorbance at 595 nm 

was read and recorded. A standard protein concentration curve w as constructed using 

the BSA dilution series. The concentration o f  the protein o f  interest was then 

extrapolated from  the standard curve.

2.3.2.5 Rns antiserum

An anti-Rns antiserum  was generated by im m unising a specific pathogen free rabbit 

with purified P^is-tagged Rns. The initial im m unisation consisted o f  250 (.ig protein in 

F reund 's com plete adjuvant. This was followed by two further boosts o f  125 |^g protein 

in Freund’s incom plete adjuvant adm inistered 21 and 42 days after the first 

im m unisation. A high antibody titre was detected in a blood sam ple taken from the 

rabbit on day 59. A final boost o f  125 fxg protein in F reund’s incom plete adjuvant was 

adm inistered on day 70 and the rabbit was exsanguinated on day 76.

The resultant antiserum  was absorbed against a lysate o f  E. coli 

K S1000/pR are/pT rc99a to rem ove cross-reacting antibodies. The lysate w as prepared 

from a 500 ml culture that was harvested by centrifugation, resuspended in 5 ml 

sonication buffer and subsequently lysed by sonication. The lysate w as divided in two, 

and one h a lf  was heated at 100“C for 5 min. The heated and unheated lysates were 

com bined, m ixed w ith 7 ml antiserum  and incubated overnight at 4°C w ith continuous 

mixing. Insoluble m aterials, including protein-antibody com plexes, w ere rem oved by 

centrifugation at 21,000 x g  for 30 min. The supernatant w as collected  and the 

rem aining anti-R ns antibodies present in this supernatant w ere precip itated  by adding an 

equal volum e o f  saturated am m onium  sulfate, pH 7.0. The precipitate w as collected by 

centrifugation and resuspended in 0.3 volum es o f  PBS. The absorbed antiserum  was
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then dialysed against 6 L PBS at 4°C overnight. After dialysis the antiserum was 

centrifuged at 4,000 x g  for 30 min and the supernatant was stored in aliquots at -2 0 ‘’C.

2.3.3 Western immunoblotting

2.3.3.1 Electro-transfer of separated proteins

Proteins were separated on SDS-polyacrylamide gels and transferred to nitrocellulose 

membranes using a Biometra Fastblot semi-dry transfer apparatus, or to PVDF 

membranes using a Bio-Rad Mini Trans-Blot wet transfer apparatus. For transfer to 

nitrocellulose membranes, the polyacrylamide gel and the membrane were equilibrated 

in transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol) and blotting was 

carried out according to the manufacturer’s instructions at 5 mA/cm^ for 20 min. Where 

higher sensitivity of detection was required, Immobilon-P PVDF membrane (Millipore) 

was used. Prior to the wet transfer, the PVDF membrane was activated by soaking in 

100% methanol. It was then rinsed in Millipore grade water before equilibration, along 

with the polyacrylamide gel, in transfer buffer (25 mM Tris, 192 mM glycine, 10% 

(v/v) methanol). The wet transfer was performed according to the manufacturer’s 

instructions. Following transfer all membranes were stained with Ponceau S stain 

(0.5% (w/v) Ponceau S, 1% (v/v) acetic acid) to visualise the transferred proteins. 

Excess Ponceau S stain was removed by washes with Millipore grade water before 

subsequent manipulation of the membranes. Nitrocellulose membranes were blocked 

by incubation in blocking buffer (5% non-fat powdered milk in phosphate-buffered 

saline plus 0.05% Tween-20) at 4°C overnight or for 1 h at room temperature with 

shaking. Immobilon-P PVDF membranes were blocked by incubation in blocking 

buffer (3% non-fat powdered milk in phosphate-buffered saline plus 0.05% Tween-20) 

for 1 h at room temperature with shaking.

2.3.3.2 Detection of bound proteins

Blocked membranes were incubated with antiserum diluted in blocking buffer for 1 h 

at room temperature. Blocking buffer was composed of non-fat powdered milk, 5% 

(w/v) for nitrocellulose membranes or 3% (w/v) for PVDF membranes, in PBS
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containing 0.05% (v/v) Tween-20. Typical antibody dilutions were 1:1,000 for anti-Rns 

antiserum, 1:400 for anti-CSl antiserum and 1:15,000 for anti-MBP antiserum. The 

membrane was then washed three times for 15 min with PBS containing 0.05%) Tween- 

20 and incubated with a secondary HRP-linked anti-rabbit antibody diluted 1:20,000 in 

blocking buffer for 1 h. The blot was then washed as before and bound antibody was 

detected using the SuperSignal West Pico chemiluminescent HRP substrate (Pierce). 

Chemiluminescence was detected using BioMax Light Film (Kodak) and films were 

developed manually using standard Kodak developer and fixer solutions according to 

the manufacturer’s instructions. The length o f exposure was varied to adapt for the 

signal strength. If a greater sensitivity o f detection was necessary then the alternative 

chemiluminescent substrate SuperSignal® West Femto Maximum Sensitivity Substrate 

was used. In such cases it was necessary to reduce the antibody dilutions to 1:10,000 

for anti-Rns antiserum and 1:50,000 for the secondary HRP-linked anti-rabbit antibody 

and to increase the number o f washes after the antibody incubations from 3 to 6.

2.3.4 Electrophoretic mobility shift assay (EMSA)

The binding o f purified MBP-Rns (or mutant derivatives) and His-tagged H-NS to the 

coo and rns promoter regions was analysed by the electrophoretic mobility shift assay 

(EMSA) using the LightShift® Chemiluminescent EMSA kit (Pierce). This assay is 

based on the fact that the migration o f DNA-protein complexes in a native 

polyacrylamide gel is slower than that o f non-bound DNA thus causing a “shift” in 

migration o f the labelled DNA band. To generate DNA probes for EMSAs, a 195 bp or 

a 431 bp region o f the coo promoter was ampHfied by PCR from pCooGFP-2 or from 

the mutant derivatives o f pCSl (see Table 2.2), and a 434 bp region o f the rns promoter 

was amplified by PCR from pSS2192. The primers in these PCR reactions (VMl & 2, 

CSBSl & CSBS2 and VM3 & 4 respectively, see Table 2.3) had been biotinylated at 

their 5' ends; therefore they produced biotin-end labelled PCR products. The PCR 

products were gel purified as described above (Section 2.2.4.2). Approximately 20 or 

40 pg o f biotinylated DNA probe was incubated with a range o f protein concentrations 

at 37°C for 10 min in a reaction buffer. Unless stated otherwise, the reaction buffer 

consisted o f 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, 0.1 ^g BSA/pil, 

0.025%) (v/v) Nonidet P-40, 6.5%o (v/v) glycerol and, except where noted differently, 2
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ng poly(dI.dC)/|il. For com petition experiments, the first protein was incubated with 

the biotinylated DNA probe in reaction buffer at 37°C for 10 min after which time the 

binding reactions were challenged with the addition o f the second protein and incubated 

at 37°C for a further 10 min. Binding reactions were separated on 5% non-denaturing 

polyacrylamide gels at 100 V for 65 min (for reactions using 195 bp DNA probes) or 

90-120 min (for reactions using the 434 bp DNA probe) and then transferred to a nylon 

membrane at 80 V for 1 h. After the transfer, DNA was cross-linked to the membrane 

at 120 mJ/cm using a UV-light cross-linker (Uvitec). The biotinylated DNA was 

detected with a streptavidin-horseradish peroxidase conjugate and a chemiluminescent 

substrate as directed by the LightShift® Chemiluminescent EMSA kit protocol (Pierce).

2.3.5 Protein-protein cross-linking

2.3.5.1 In vivo cross-linking

The method used was essentially that described by Adams et al. (2). Briefly, 

overnight cultures o f E. coli containing a Rns expressing plasmid or an empty vector 

negative control were harvested by centrifugation. The cell pellets were washed with 

0.9% (w/v) NaCl and resuspended in 125 mM HEPES (pH 7.3) at an ODeoonm o f 1.0. 1 

ml o f  cell suspension was treated with 1.0 or 0.1 mM dithiobis(succinimydylpropionate) 

(DSP) (Pierce) at room temperature for 15 min. The reaction was quenched with 50 ^1 

o f 1 M Tris-HCl (pH 8.0). The cells were then incubated on ice for 5 min before being 

collected by centrifugation and resuspended in Laemmli buffer (see Section 2.3.1.1) 

without (3-mercaptoethanol. The samples were heated at 100°C for 10 min prior to 

separation on a 15% SDS polyacrylamide gel. Protein complexes were detected by 

Western immunoblotting.

2.3.5.2 In vitro cross-linking

Where in vitro cross-linking was carried out with purified His-tagged Rns, the zero- 

length chemical cross-linker l-ethyl-3-(3'-dimethylaminopropyl) carbodiimide (EDC) 

and the catalyst A^-hydroxy-succinimide (NHS) were added to 1 |ig o f protein. The 

reaction volume was made up to 20 with ddHiO. The final concentrations o f  EDC 

and NHS were 50 mM and 200 mM respectively (79, 431). The reaction mixture was
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incubated at room temperature for 60 min. The reaction was stopped by the addition of 

an equal volume o f Laemmli buffer. The samples were then incubated at 60-100°C for 

5 min. Alternatively the reaction was stopped by the addition o f Laemmli buffer and 

urea (final concentration 4 M) after which the samples were incubated at room 

temperature for a further 10 min. Portions o f samples were then loaded onto an SDS 

polyacrylamide gel and protein complexes were detected by Western immunoblotting.

Where in vitro cross-linking was carried out with purified M BP-fusion proteins, the 

procedure was conducted as described above with some exceptions. 1.25 iig of protein 

was used and the reaction volume was made up to 20 (j.1 with 7 mM MES buffer (pH 6). 

The reaction was stopped by treating the samples with urea using a modified form o f the 

method described by Soulie et al. (381, 382). Briefly, a master mix was prepared in 

which 15 îl (per sample to be treated) o f a mixture containing 6.7% (w/v) SDS and

4.6 M (3-mercaptoethanol was added to 12.5 mg (per sample to be treated) o f  crystalline 

ultra-pure urea. The mixture was then vortexed for 2 min to solubilise the urea. 22.5 |j,l 

o f this master mix was added to each cross-linking reaction and the samples were then 

heated at 100°C for 70 s. Following a brief centrifugation, 20 ^1 o f each sample was 

loaded onto an 8% SDS polyacrylamide gel. The entire process from dissolving the 

urea until loading the gel took less than 10 min. Protein complexes were detected by 

Western immunoblotting.

2.3.6 Gel filtration chromatography

Gel filtration chromatography o f purified MBP-Rns was carried out collaboratively by 

Dr. Robert Fagan at Imperial College London. MBP-Rns (0.5 ml at approximately 

5mg/ml) was passed through a Superdex 200 10/30 column (GE Healthcare) and eluted 

with PBS at a flow rate o f 0.4 ml/min. The protein content o f each fraction was 

measured spectrophotometrically at a wavelength o f 280 nm. The column was 

calibrated with six high and low molecular weight calibration standards (Sigma) ranging 

in size from 29 to 669 kDa to obtain a calibration graph for determination o f the 

molecular weight o f the eluted protein.

Eluted fractions were lyophilised and then analysed by this researcher to verify the 

presence o f MBP-Rns by SDS-PAGE and Western immunoblotting.
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2.4 Gene expression analysis

2.4.1 Assay of P-galactosidase activity

A DNA fragment containing the rns promoter was cloned upstream o f  the lacZ  gene 

in the vector pRW -50 to create the transcriptional fusion reporter plasmid pRnsLacZ-2. 

Therefore, the lacZ  gene in pRnsLacZ-2 is transcribed from the rns promoter but is 

translated from its own ribosome binding site. In bacterial cells the lacZ  gene product, 

(3-galactosidase, cleaves the (3-galactoside linkage o f  lactose. The colourless synthetic 

substrate ONPG contains the (3-galactoside linkage and therefore can also be cleaved by 

(3-galactosidase. Cleavage o f  ONPG produces galactose and o-nitrophenol, which is 

yellow. Determining the levels o f  o-nitrophenol gives an indication o f  the levels o f  (3- 

galactosidase present which in turn provides a measure o f  the level o f  activity o f  the 

promoter controlling the lacZ  gene.

The (3-galactosidase activity was measured using a standard Miller assay (259). 

Briefly, cultures were grown to mid-logarithmic phase in duplicate. 100 1̂ o f  each 

culture was added, in duplicate, to a 2 ml tube containing 900 i.il o f  Z buffer (60 mM 

NajHPOa-THzO, 40 mM NaH 2P0 4 .H2 0 , 10 mM KCl, 1 mM M gS0 4 .7 H2 0 , 50 mM f3- 

mercaptoethanol). After addition o f  50 j.il o f  chloroform and 50 fil o f  0.1% (w/v) SDS 

the mixture was vortexed vigorously to permeabilise the bacterial cells and then placed 

at 28°C for 5 min. 200 jil o f  the chromogenic substrate ONPG (4 mg/ml in Z buffer) 

was added to start the reaction and the reaction was allowed to progress at 28°C for 

approximately 5 to 10 min. When sufficient yellow  colour had developed the reaction 

was stopped by addition o f  500 [.il o f  1 M Na2C03  and the tubes were centrifuged at 

21,000 X g  for 10 min to pellet cellular debris. The optical density o f  the supernatant at 

420 nm was then determined. The level o f  (3-galactosidase activity was calculated using 

the following equation;

P'galactosidase activity 
(M iller Units)

1000 X O P 4 2 0 n m  

/  X V X OD600nm'600 i im

where t is the duration (in min) o f  the reaction and v is the volume (in ml) o f  culture 

used in the reaction.
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2.4.2 Spectrofluorimetry

Areas o f the coo promoter were cloned upstream of the promoterless gfp+ gene in the 

vector pZepOS. This created transcriptional fusion reporter constructs in which the gfp+ 

gene is transcribed from the coo promoter fragment but retains its own ribosome 

binding site. The amount o f green fluorescent protein (GFP, specifically the GFP+ 

allele) produced by cells harbouring such constructs was a measure o f the activity of the 

coo promoter fragment that was present. GFP levels were measured as followed: E. coli 

cultures were grown in duplicate to mid-logarithmic phase in L broth and then placed 

on ice for 20 min. Alternatively, cultures were grown overnight on L agar. In the case 

o f L agar grown cultures, bacterial growth was collected from the plates and emulsified 

in 1 ml o f L broth. All cultures to be analysed were adjusted to a similar OD6oonm- 

Duplicate 200 [-il aliquots o f each culture were transferred to 1.5 ml tubes and the cells 

were pelleted by centrifugation. The cell pellets were washed by resuspension in 200 îl 

PBS and then pelleted again. The cells were lysed by resuspension in 500 ^1 IX 

CelLytic B, a non-denaturing detergent (Sigma). Duplicate 100 (il aliquots of each cell 

lysate were dispensed to a black, flat-bottomed 96 well plate. Fluorescence levels were 

measured in a Wallac 1420 Victor^ multilabel counter set at an excitation wavelength o f 

485 nm and an emission wavelength o f 535 nm. The values obtained were standardised 

with respect to optical density and expressed per ml o f culture. The final values were 

expressed as an average o f all o f the readings obtained for each strain.
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Chapter 3 Mutational analysis of the Rns 

transcriptional regulator of ETEC
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3.1 Introduction

Rns, like most other AraC family members, has two predicted HTH motifs in its C- 

terminal domain (267). The HTH m otif is the most common DNA binding m otif It is 

approximately 20 residues long and is composed o f two a-helices linked by a turn of 

about four residues. The second a-helix within the m otif is called the recognition helix 

as it inserts into the major groove o f the DNA where it engages in base-specific DNA 

contacts (210). Among AraC family members, there is a low level o f sequence 

conservation at the first predicted HTH m otif (H TH l). This may represent involvement 

o f HTHl in the recognition o f the different target sites o f each member (139). In 

contrast, the sequence o f the second predicted HTH m otif (HTH2) o f the family was 

found to be much less variable, provoking the suggestion that this m otif may be 

involved in a common role other than DNA binding, such as forming contacts with 

RNA polymerase (139). Indeed reports on the role o f HTH2 in members o f the AraC 

family have been somewhat varied. A study o f the effects o f mutations in the predicted 

second HTH of AraC itself was unable to demonstrate a specific HTH-like interaction 

occurring at this region (42). Analysis o f the crystal structure o f the AraC family 

protein Rob in complex with its micF  promoter revealed that the protein only inserted 

its first HTH into the major groove o f its binding site while the second H'FH merely lay 

on the surface o f the DNA helix making contacts with the DNA backbone (221). 

However, the crystal structure o f the AraC family member MarA complexed with its 

DNA binding site revealed that the recognition helices o f both HTHl and 2 o f the 

protein were inserted into adjacent major grooves o f  the DNA where they made 

sequence specific interactions (327). This supported the findings o f a study that had 

concluded that the second HTH m otif o f AraC does contribute to DNA binding by the 

protein (280). More recently, mutational analysis o f the AraC family members ToxT 

and XylS revealed that each o f their HTHs are important for DNA binding, indeed the 

relative contribution o f HTH2 o f ToxT to DNA binding is even greater than that o f its 

HTHl (57, 87). Therefore some AraC proteins use both o f their HTH motifs in DNA 

binding. While this is also thought to be the case for Rns it has not yet been confirmed. 

In fact, aside from its primary sequence, much is unknown about Rns such as which 

areas o f the protein are required for DNA binding and for activation o f the coo and rns 

promoters. The discovery o f such information would benefit the study o f Rns itself and 

that o f other AraC family members.
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Scanning linker mutagenesis (SLM) is a valuable method for studying the functional 

organisation o f proteins (175). It has been used on a range o f proteins from several 

different species to both correlate the known structure o f  certain proteins to their 

function, for example the (3-lactamase o f  pBR322 (167) and the XerD recombinase o f 

Salmonella enterica  serovar Typhimurium (hereafter referred to as S. Typhimurium) 

(47), and to characterise proteins o f largely unknown structure, for example the McrA 

endonuclease o f  E. coli (9). SLM involves the generation and analysis o f  proteins 

containing random peptide insertions. One form o f SLM is based on the random 

insertion o f a transprimer, a derivative o f the bacterial transposon Tn7, into a cloned 

target gene (30). The reaction is performed in vitro using a mutant form o f the 

transposase TnsABC (TnsABC*) that has lost its target site selectivity and thus 

promotes insertion at random locations (391). The transprimer contains rare 8 bp long 

cleavage sites for the restriction endonuclease Pmel 5 bp from each o f its outer ends. 

During the transposition process, 5 bp o f target site DNA are duplicated at the insertion 

point (Fig. 3.1). Therefore, after transposition, Pmel digestion followed by religation o f 

the target DNA will remove the bulk o f the transprimer and result in a 15 bp insertion 

remaining in the gene o f interest. This 15 bp insertion comprises 5 bp from each end of 

the transprimer plus the 5 bp o f duplicated target DNA (175). In most cases the 15 bp 

insertion produces a five amino acid, or pentapeptide, insertion in the protein encoded 

by the target gene. As the 15 bp insertion contains variable duplicated target site DNA, 

the composition o f the pentapeptide insertion will not be constant (175). However, in 

two o f the six possible frames o f insertion the sequence o f  the Pmel site within the 15 

bp insertion encodes a stop codon meaning that the resultant protein will be a truncate 

(30). The effects o f the disruption caused by the insertions on protein activity will vary 

depending on the insertion location. Insertions that interrupt areas critical to protein 

function, for example areas o f secondary structure, have deleterious effects on protein 

activity while insertions within surface exposed loops or unstructured regions are 

generally tolerated (174).

The various studies that used pentapeptide scanning mutagenesis to unravel protein 

structure-function relationships have found that the insertions introduced by the system 

can be small enough to enable the isolation o f mutants with relatively subtle phenotypes 

(175). However, random mutagenesis is an even subtler tool used to gain structural and 

functional information about little understood proteins. Random mutagenesis o f the 

gene o f interest can be achieved by amplifying the gene using an error prone PCR
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Fig. 3.1. Schem atic representation o f the pentapeptide scanning m utagenesis 
procedure. For simplicity, only the top strand o f DNA of the transprimer and target are 
depicted. The Tn7-derived transprimer is shown at the top o f  the figure. Only the nine 
nucleotides present at the ends o f  the transprim er are shown. Pme\ sites are indicated 
and over-lined. Coloured residues (blue, red, green and pink) denote transprim er- 
derived sequences that form part o f the 15 bp insertion. The target sequence nucleotides 
are represented as Ni N 2 N 3 etc. Insertion can occur in three possible reading frames 
depicted as (a), (b) and (c). The five nucleotides duplicated during insertion are boxed 
in a thick black line. The 15 bp insertions after N 5 , N& and N? encode different sets o f 
amino acids represented in bold. Some o f the inserted amino acids are determined by 
the transprim er-derived sequence while others (denoted as “?”) vary depending on the 
target sequence. The insertion in frame (c) introduces a stop codon (represented by an 
asterisk) and therefore results in a premature truncation o f the protein. Adapted from 
Hallet et al. (167).



method. This method is based on both the intrinsic error frequency o f Taq DNA 

polymerase, and the principle that when the concentration o f  one o f  the four nucleotides 

in a PCR reaction is reduced, incorporation of any o f the other three nucleotides in its 

place is preferred (220). Both the low efficiency o f  such a PCR amplification, and the 

mutation frequency, can be increased by adding dlTP to the reaction in place o f the 

limiting nucleotide (384). During amplification, dITP will be incorporated instead of 

the depleted nucleotide and in the following PCR cycle one o f the other three 

nucleotides (or dlTP itself) will be incorporated as a com plement to dITP, thus creating 

mutations, most commonly point mutations but occasionally insertions and deletions 

(220).

The aim o f the study presented in this chapter was to use the techniques o f scanning 

linker mutagenesis and random mutagenesis to gain insights into the structure-function 

relationship o f the Rns protein. The activities o f  mutated proteins were tested to 

identify areas o f Rns that can withstand mutation and remain functional, and areas that 

are critical for the functioning o f Rns and thus cannot tolerate any disruption.
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3.2 Results

3.2.1 Generation and screening o f  mutant forms o f Rns

3.2.1.1 Generation o f  a library o f  15 bp insertions in pSS2192

The first step in the characterisation of the Rns protein was to use the GPS-LS linker 

scanning system (NEB) to mutagenise the m s  encoding plasmid pSS2192 (Table 2.2 

and Fig. 3.2 (A)). This mutagenesis system is based on that described by Biery et al. 

(30). The pSS2192 plasmid was chosen as the mutagenesis target because like the wild 

type m s  encoding plasmid, it has a low copy number (approximately four copies per 

cell). As described in Sections 2.2.6.1 and 3.1, pSS2192 was initially mutagenised by 

the random insertion of a kanamycin-resistant derivative of the bacterial transposon Tn7 

(transprimer) from the donor plasmid pGPS5. The mutagenised plasmids were digested 

with the restriction endonuclease Pme\ to remove the majority of the transprimer and 

then religated to produce a collection of pSS2!92 derivatives containing 15 bp 

insertions at random positions. Insertions within the spectinomycin resistance marker 

and critical regions o f the origin of replication of pSS2192 are selected against; 

therefore a library of plasmids harbouring 15 bp insertions predominantly throughout 

the m s  ORF and the area upstream of the ORF had been created.

3.2.1.2 Isolation o f  mutants with insertions affecting the activity, or expression, of  

Rns

The transcriptional fusion reporter plasmid pCooGFP contains the coo promoter fused 

to a promoterless gfp+ gene, which encodes green fluorescent protein (OFF) (Table 2.2 

and Fig. 3.2 (B)). Wild type Rns can activate expression of GFP from the coo promoter 

on this plasmid. The library of pSS2192 plasmids containing 15 bp insertions was 

transformed into E. coli XL-l/pCooGFP. This allowed the isolation of pSS2192 

derivatives with insertions affecting the expression or activity o f Rns as colonies 

containing these plasmids displayed increased or decreased GFP expression (and 

therefore fluorescence under UV light) relative to those containing unmutagenised
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Fig. 3.2. Structures of plasmids pSS2192 and pCooGFP and appearance of 
bacterial colonies irradiated with UV light. (A) Map o f the plasmid pSS2192. 
Important features such as the rns gene and pSClOl origin are indicated. Relevant 
restriction endonuclease sites are marked. (B) Map of the plasmid pCooGFP. The 
location of the coo promoter fused to the promoterless gfp (encodes green fluorescent 
protein, GFP) gene is shown. Relevant restriction endonuclease sites are marked. (C- 
F) Images of typical fluorescent and non-fluorescent colonies. Shown are cultures of E. 
coli XL-l/pCooGFP harbouring pSS2192 {ms encoding plasmid, positive control) (C), 
pCL1920 (empty vector plasmid, negative control) (D), or pSS2192 derivatives 
encoding the Rns mutants provisionally titled A3 (E) and E3 (F).



pSS2192 (Fig. 3.2 (C-F)). O f approximately 5,000 colonies, the vast majority (>75%) 

were non-fluorescent under UV light while a small proportion (-1% ) were highly 

fluorescent under UV light. A selection o f these non-fluorescent and highly fluorescent 

colonies found to be sensitive to kanamycin (i.e. free o f the transposon) were chosen for 

further analysis. At this time the insertion mutants were given provisional names such 

as A l-14 , B l - l Oa n d E l - 15 .

3.2.1.3 Screening pSS2192 derivatives to identify 15 bp insertions in the rns ORF

The rns ORF contains three Dra\ sites (TTT/AAA) located 7 bp, 249 bp and 784 bp 

downstream from the translation start site (Fig. 3.3 (A)). I'herefore, Dral digestion o f 

the 798 bp wild type rns ORF produces two large fragments (easily detectable after 

agarose gel electrophoresis) o f 242 bp and 535 bp, and two small fragments o f 9 bp and 

12 bp. The 15 bp insertion generated by the GPS-LS linker scanning system includes a 

rare Pme\ site (GTTT/AAAC), which also contains a Dral site. Therefore, Dral 

digestion o f a mutant rns ORF harbouring a 15 bp insertion will produce a different set 

o f fragments to that found for digestion o f wild type rns, as the enzyme will also cut at 

the insertion site. Thus, to confirm that the altered fluorescence phenotypes described 

above were due to insertions in the rns ORF (and not elsewhere in pSS2192) and to 

determine the approximate location of the insertions, the rns ORF o f the mutated 

pSS2192 plasmids within the chosen 48 non-fluorescent colonies was amplified by PCR 

using the primers Rns-F and Rns-19r (Table 2.3). The PCR products were subjected to 

Dral digestion and the resulting fragments were then separated by agarose gel 

electrophoresis. A representative gel is shown in Fig. 3.3 (B). As expected, Dral 

digestion o f wild type rns produced a band o f 798 bp corresponding to uncut DNA and 

two other bands o f 535 bp and 242 bp. There were also bands o f 251 bp and 547 bp due 

to incomplete digestion at the sites at the ends o f the PCR products. Four mutants had 

the same pattern o f digestion fragments as wild type rns and therefore did not appear to 

have an insertion within the rns ORF. DNA fragments were not detected for some 

mutants, A2 and A9 for example. This could have been due to the 15 bp insertion 

occurring within the binding sites of the primers thus preventing PCR amplificafion o f 

these mutants. However, examination o f the Dral digestion products o f most mutants 

revealed the presence o f additional fragments not seen in the digest o f wild type rns. 

This confirmed that these mutants had a 15 bp insertion within the rns ORF. In many
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cases an extra band o f between 250 bp and 500 bp could be seen, indicating that the 

insertion had occurred within the 535 bp fragment o f rns. This was not surprising as 

this fragment encodes the C-terminal domain o f the Rns protein that contains the two 

predicted HTH motifs, so insertions here would be expected to disrupt the activity o f 

Rns thus resulting in decreased GFP expression within the E. coli X L-l/pC ooG FP 

background. Based on the results o f the Dral digests, a selection o f  the mutant rns 

ORFs were sequenced to identify the precise location and sequence o f  the insertion. In 

addition, the secondary structure o f Rns was predicted to gain a better understanding o f 

the regions where the insertions had occurred and to relate this to the effects o f the 

insertions on Rns activity. At the time o f writing, a tertiary structure o f Rns or a close 

homologue was not available, therefore the jpred and PROF programmes were used to 

obtain a predicted secondary structure (64, 338). Both programmes predicted a 

consensus o f features within Rns (Fig. 3.4) as they have previously done for the AraC 

family member ToxT (57). O f the mutant genes sequenced, seven encoded Rns proteins 

with pentapeptide insertions w'ithin or in the vicinity o f one o f the protein’s predicted 

HTH motifs, one encoded a Rns protein with a pentapeptide insertion in the N-terminal 

domain o f the protein, and six encoded truncated forms o f Rns (Table 3.1). Some o f the 

independently isolated mutants contained identical insertions. Once the mutant proteins 

had been characterised they (and the pSS2192 derivatives encoding them) were 

formally named by the amino acid residue to the N-terminal side o f the insertion 

position (Table 3.1). Truncates were indicated by a delta symbol (A).

3.2.1.4 Screening pSS2192 derivatives to identify 15 bp insertions in the region 

upstream of the nts ORF

The pSS2192 plasmids from the selected 15 highly fluorescent colonies were also 

screened for 15 bp insertions within the rns ORF as described above. However the 

fragments produced by the Drul digests o f the rns ORF o f these mutants exactly 

matched that o f wild type rns (results not show'n). Therefore the 15 bp insertions within 

these mutants must be located outside o f the rns ORF, possibly within the upstream area 

o f the gene that is also present in pSS2192. To test this possibility, the primers Rns- 

UpF and Rns-UpR (Table 2.3) were used to amplify by PCR a 773 bp fragment of 

pSS2192. This fragment consists o f the first 132 bp o f the rns ORF (including the first 

Drci\ site) in addition to 641 bp o f DNA found immediately upstream o f the ORF (Fig.
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Fig. 3.3. Dral digestion of rns and mutant rns genes. (A) Diagram of the 2.0 kb rns- 
containing insert o f pSS2192. The rns ORF is represented by an open arrow. The 
location of the rns promoter (P) and the Dral sites are shown. The primers used to 
amplify the rns ORF and the upstream area o f rns are represented as red and blue 
arrows (respectively), while the PCR products resulting from such amplifications are 
represented as red and blue lines (respectively). The lengths of the fragments produced 
by Dral digestion o f the PCR products are indicated. Screening pSS2192 derivatives 
for 15 bp insertions within the rns ORF (B) and within the upstream area of rns (C). 
Wild type pSS2192 and selected pSS2192 derivatives were subjected to PCR 
amplification of the 798 bp rns ORF (B) or a 773 bp fragment o f rns consisting of 641 
bp upstream of the rns ORF and the first 132 bp of the ORF (C). The PCR products 
were digested with D ral and then separated on a 2% (wt/vol) agarose gel. The 
provisional names o f the mutants encoded by the pSS2192 derivatives are indicated 
above each lane. The bands expected from Dral digestion o f wild type rns DNA are 
indicated by arrowheads on the left. The presence o f any other bands indicates that the 
mutant contains a 15-bp insertion within the screened area. DNA molecular size 
standards (in base pairs) are indicated on the right.
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Fig. 3.4. Predicted secondary structure of the Rns protein. The numbered amino 
acid sequence o f Rns is shown on the top line. Secondary structure predictions from 
jpred and PROF are shown in the second and third lines, respectively, (h = a-helix, e = 
|3-strand). The consensus prediction is depicted on the bottom line ( a  = a-helix, |3 = (3- 
strand). Helices predicted to be involved in the helix-turn-helix motifs are shown in 
grey. There was no consensus prediction for the extrem e N -term inus o f Rns but 
subsequent analysis has revealed that this area is predicted to be unstructured or 
disordered (see Chapter 4).



TABLE 3.1. Rns derivatives resulting from mutagenesis o f pSS2192

Formal

name"

Provisional

name

Pentapeptide

insertion

Predicted structure at insertion 

site*

RnsI17A" A1 IVOch^TI Unstructured

RnsH20A A8 KYVOchT Unstructured

RnsC102 C12 RCLNS Unstructured

RnsI192A A ll VOchTEl Recognition helix o f HTHl (a6)

RnsR195A B5 NVOchTR Recognition helix o f HTHl (a6)

RnsL198 A4, C3 FKQRL Recognition helix o f HTHl (a6)

RnsF205 A5 MFKHF Helix between HTHl and 2 (a7)

RnsL221 C2 CLNIL Helix between H TH 1 and 2 (a7)

RnsQ227 A3 CLNNQ First helix ofFITH2 (a8)

RnsS239 A13 CENTS Turn ofH TH 2

RnsS239A D4 VOchTSS Turn ofH TH 2

RnsY242 AlO CLNTY Recognition helix o f HTH2 (a9)

RnsV253A A6, D9 VOchTGV Helix downstream of HTH2 (a  10)

RnsK256 DIO CLNTK Helix downstream o f HTH2 (a  10)

“M utant Rns proteins are nam ed by the am in o  acid residue to the N -term inal sid e  o f  the insertion position  

^Stucture pred ictions from  jpred and PR O F, see  Fig. 3 .4 . A reas not predicted  to be o f  either a  or p 

structure are d esign ated  as unstructured  

‘Truncates are ind icated  by a delta  sy m b o l (A)

‘̂ Ocli, ochre stop codon

3.3 (A)). The PCR products amplified from each o f the mutants were digested with 

Dra\ and the resulting fragments were analysed by agarose gel electrophoresis as before 

(Fig. 3.3 (C)). The set o f digestion products for several o f the mutants (E2, E4, E5, E6, 

E8, ElO, E l5) was identical to that obtained for wild type rns, i.e. fragments o f 650 bp 

and 123 bp. Therefore, these mutants do not harbour the 15 bp insertion in the rns ORF 

or the 641 bp upstream of the ORF. The insertion may be located elsewhere in 

pSS2192 and may have led to an increase in the plasmid copy number such that the 

levels o f Rns protein were increased thus resulting in elevated GFP expression in the E. 

coli X L-l/pCooGFP background. Previous studies have found that mutations in the 

pSClOl replicon, which is present in pSS2192, result in plasmids with copy numbers 

four to eight-fold greater than wild type. These mutations map to the rep gene that
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encodes a protein involved in the regulation o f plasmid replication (420, 436).

For two mutants (E l and E7) no DNA fragments were detected. As described earlier 

this was probably due to a lack o f PCR amplification. However, the digests o f the 

remaining six mutants produced fragments not seen in the digest o f the wild type rns 

PCR product. Sequencing o f four o f these mutants confirmed that they contained the 15 

bp insertion in the 641 bp o f DNA upstream of the m s  ORF. For three independently 

isolated mutants (E3, E l 1 and E l 3) the 15 bp insertion had occurred 45 bp downstream 

o f the rns transcription start site (named rnsA5). In one case, mutant E9, the 15 bp 

insertion was 36 bp downstream of the rns transcription start site (named rns36).

3.2.1.5 Screening for expression of Rns insertion mutants

It was essential to establish that the 15 bp insertions within the rns ORF were not 

mitigating against expression o f the encoded Rns protein. This would rule out the 

possibility that the lack o f activation o f  the coo promoter in the OFF based screen 

described above was due to an absence o f Rns protein rather than the inability o f a 

mutant form o f Rns to function. The simplest method to monitor protein expression 

would be to perform Western immunoblot analysis, using anti-Rns antiserum, on strains 

harbouring the mutant constructs. However this was complicated by the discovery that 

even expression o f  wild type Rns from pSS2192 could not be detected using standard 

Western immunoblot methods, possibly due to the low copy number o f  the plasmid. 

The presence o f Rns in whole-cell lysates o f E. coli X L -l/pSS2I92 could be detected 

when an extremely sensitive enhanced chemiluminescent substrate (SuperSignal® West 

Femto Maximum Sensitivity Substrate, Pierce) was used to probe immunoblots. This 

substrate enables the detection o f femtogram amounts o f antigen. However, when the 

same immunoblot procedure was performed on whole-cell lysates o f overnight cultures 

o f E. coli XL-1 harbouring a selection o f the mutant derivatives o f pSS2192, mutant 

Rns proteins were not detected (Fig. 3.5 (A)). This does not necessarily indicate that 

Rns protein is not expressed from the mutant pSS2192 derivatives. Rns produced from 

pSS2192 is expressed from its native promoter, which is positively autoregulated. 

Insertions that may adversely affect Rns function at the coo promoter, as was seen in the 

GFP screen, may also adversely affect its function at the rns promoter. Therefore it is 

possible that pSS2192 derivatives with 15 bp insertions within the rns ORF produce 

Rns derivatives with pentapeptide insertions, but unlike wild type Rns these mutant
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Fig. 3.5. Expression of nis and mutant rns genes. (A) Western immunoblot analysis 
of the presence of Rns in whole-cell lysates of E. coli XL-1 harbouring the indicated 
plasmids. The positions of protein molecular mass markers are shown on the left. An 
asterisk indicates the position of Rns. A non-specific cross-reactive band migrating 
alongside the 66.4 kDa marker (indicated by an arrow on the right) serves as a loading 
control. (B) RT-PCR analysis performed using total RNA isolated from cultures of E. 
coli XL-1 (harbouring the indicated plasmids) and primers specific for the rns transcript 
or the gapA transcript as indicated. Lane 2 contains an RNA-free negative control. The 
positions o f selected DNA molecular size standards are indicated on the left.



proteins may not then be able to activate the rns promoter to produce the even greater 

levels o f protein that can be detected by Western immunoblotting.

While it was not possible at this time to show that the insertion mutations had not 

prevented protein expression, it was possible to investigate whether the mutants were at 

least transcribed. This was done by isolating total RNA from mid-logarithmic phase 

cultures o f E. coli XL-1 harbouring the empty vector control pCL1920, the positive 

control pSS2192 or a selection o f the pSS2192 derivatives containing 15 bp insertions 

within the rns ORF. The presence o f rns transcripts in the cultures was detected by 

performing a one-step end-point RT-PCR assay using the isolated total RNA as 

template. This assay involves the reverse transcription o f the RNA to produce cDNA, 

which then serves as the template in a standard PCR amplification that was conducted 

with the primers rt-rnsF and rt-rnsR (Table 2.3). These primers are designed to amplify 

a 311 bp area present in the rns transcript. Control RT-PCR assays were 

simultaneously carried out using primers rt-gapF and rt-gapR (Table 2.3) that are 

specific for the constitutively expressed housekeeping gene gapA (261). An equal 

amount o f product was obtained from each o f the RNA containing samples when RT- 

PCR was conducted with the rt-gapF and rt-gapR primers (Fig. 3.5 (B)). This confirms 

that there was minimal variance between the samples, i.e. the RNA preparations were of 

good quality and an equal amount o f RNA was used in each reaction. When RT-PCR 

was conducted with the rt-rnsF and rt-rnsR primers no product was detected for the 

pCL1920 sample as this is the empty vector negative control and does not contain the 

rns gene. An equal amount o f product was detected for the pSS2192 sample and the 

selection o f pSS2192 insertion containing derivatives however. This confirms that the 

presence o f the 15 bp insertions does not prevent transcription o f the mutant rns genes.

3.2.1.6 Generation and screening of a library of 15 bp insertions in pHisRns

While the initial round o f mutagenesis on pSS2192 had been successful, it was 

evident that this low copy number plasmid system was challenging to work with. For 

example it was necessary to grow large volumes o f bacterial cultures harbouring the 

pSS2192 derivatives in order to purify sufficient amounts o f plasmid DNA. In addition, 

it would not be possible to purify the mutant proteins expressed by the pSS2192 

derivatives. Therefore it was decided to conduct another round o f mutagenesis with the 

higher copy number (an estimated 20 copies per cell) plasmid pHisRns (Table 2.2, Fig.
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3.6 (A)). This plasmid allows high-level expression o f Rns under the control o f an 

inducible T5 promoter and, as it encodes Rns protein with six histidine residues at its 

amino terminus, any insertion mutants created in this plasmid could then be easily 

purified. The mutagenesis procedure was carried out as described above, this time 

using a chloramphenicol-resistant derivative o f the bacterial transposon Tn7 (from the 

donor plasmid pGPS4). The random insertion o f this transprim er into pHisRns was 

followed by Pme\ digestion and then ligation to obtain a library o f pHisRns plasmids 

containing 15 bp insertions.

As both the pHisRns plasmid and the pCooGFP reporter plasmid carry ampicillin 

resistance and have ColEl based origins o f replication they are not compatible and 

consequently cannot be present simultaneously in the same bacterial cell. Therefore it 

was necessary to construct a GFP reporter plasmid that would be compatible with 

pHisRns to enable screening o f the 15 bp insertion containing pHisRns plasmids. A 1.6 

kb region o f DNA that contains the coo promoter fused to the promoterless gfp+ gene 

was excised from pCooGFP by digestion with Sma\ and BsaAl and this blunt-ended 

fragment was cloned into the plasmid pACYC177 that had been digested with HinCW. 

The resulting transcriptional fusion reporter plasmid, named pCooGFP-2 (Table 2.2, 

Fig. 3.6 (B)), carries kanamycin resistance and has a pl5A -based origin o f replication. 

The library o f pHisRns plasmids containing 15 bp insertions was transformed into E. 

coli XL-l/pCooGFP-2. Out o f approximately 2,000 colonies, 65 displaying reduced or 

no fluorescence were screened for the presence o f a 15 bp insertion within the rns ORF 

o f their pHisRns derivative by the PCR and Dral digestion screen as described above. 

To determine the areas o f Rns that can tolerate insertions and remain functional at the 

coo promoter, 95 colonies displaying wild-type levels o f  fluorescence were also 

selected and screened for the presence o f 15 bp insertions in the rns ORF o f the 

pHisRns derivative they contained. O f the pHisRns derivatives within the non- 

fluorescent colonies, 13 found to contain insertions in the rns ORF were then screened 

for expression o f full length Rns protein by Western immunoblotting. Three were 

found to produce full length Rns (results not shown) and were sequenced to determine 

the precise location o f their insertions. One was found to encode a pentapeptide 

insertion after the threonine residue at position 23 o f Rns, the second encoded a 

pentapeptide insertion after the cysteine at position 30 o f Rns and the third encoded a 

pentapeptide insertion after the lysine residue at position 51 o f Rns. The mutant 

plasmids and proteins were named accordingly (i.e. pHisRnsT23 and RnsT23 etc).
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Fig. 3.6. Structures o f the plasmids pHisRns and pCooG FP-2. (A) Map o f the
plasmid pHisRns. The position o f  the his-rns  gene fusion is noted along with other 
relevant features and restriction endonuclease sites important for cloning. (B) M ap o f 
the plasmid pCooGFP-2. The location o f the coo  promoter fused to the prom oterless 
gfp  (encodes GFP) gene is shown.



O f the pHisRns derivatives within the colonies displaying wild-type levels o f 

fluorescence, 13 were found to contain 15 bp insertions within the m s  ORF. 

Sequencing revealed the exact sequence and location o f the insertions (Table 3.2) and 

that only ten were unique as three insertions had been independently isolated twice.

The three-dimensional structure o f Rns is not known but both the jpred and PROF 

secondary structure prediction programs predict that the N-terminal region is o f 

primarily (B-structure while the C-terminal domain is mainly a-helical (Fig. 3.4). 

Combining the results o f the mutagenesis on both pSS2192 and pHisRns it could be 

surmised that pentapeptide insertions that cause Rns to be non-functional at the coo 

promoter mainly occurred in the a-helical C-terminal half o f the protein, while tolerated 

insertions clustered in the (3-strand rich N-terminal half o f the protein.

TABLE 3.2. Functional insertion mutants resulting from mutagenesis o f pHisRns

Formal name" Provisional name Pentapeptide

insertion

Predicted structure at 

insertion site*

RnsElO b35 CLNKE Unstructured

RnsTl 1 a42 CLNKT Unstructured

RnsK13 a20 CLNIK |3-strand ((31)

R iisll? a4 CLNNI Unstructured

RnsI34 a l9 , b24 CLNNI (3-strand ((33)

RnsKlOS b36 CLNRK a-helix  (a2 )

R nsL llS b27 CLNTL a-helix  (a2 )

RnsL119 a9 FKHLL a-helix  (a2)

RnsS127 a23, b l l LFKHS Unstructured

RnsN130 a46,b43 CLNNN Unstructured

"Mutant Rns proteins are named by the amino acid residue to the N-terminai side o f  the insertion position  

^Stucture predictions from jpred and PROF, see Fig. 3.4. Areas not predicted to be o f  either a or p 

structure are designated as unstructured

3.2.1.7 Random mutagenesis of rns

The rns ORF was subjected to random mutagenesis as a follow up to the pentapeptide 

scanning mutagenesis and in an attempt to isolate more non-functional mutations in the 

N-terminal half o f Rns. The rns ORF was amplified from pHisRns by PCR using Taq

11



DNA polymerase and the primers Ranmut3 and RnsKpn (Table 2.3). The prim ers 

Ranmut3 and RnsKpn have £coR l and Kpnl sites incorporated into them respectively. 

The concentration o f  dCTP in the PCR reaction was reduced to limiting amounts w hile 

0.2 M of dlTP was added in its place to increase the frequency o f  mutations arising in 

the PCR products. Several PCR reactions were performed. The PCR products were 

purified, digested with fco R I and Kpn\ and then ligated into the pBSKII+ vector that 

had also been digested with EcoKl and Kpnl. This produced a pool o f plasm ids 

containing random mutations within the rns ORF. The plasmid library was digested 

with £coRl and BglW to isolate a 520 bp fragment encoding the N-terminal half o f Rns. 

This fragment was ligated into the pHisRns backbone from which the equivalent 

fragment had been excised by digestion with £coRI and BglW. This resulted in a library 

o f plasmids containing random mutations only within the first half o f  the rns ORF. 

These plasmids were transformed into E. coli X L-l/pCooGFP-2 to identify mutants 

unable to activate the coo promoter. Out o f approximately 2,000 colonies screened, 131 

displaying reduced fluorescence were selected. Overnight cultures o f  each were set up 

and were induced with 1 niM IPTG for two hours prior to harvesting. Whole cell 

lysates o f each o f the cultures were screened for the presence o f full length Rns protein 

by Western immunoblotting (Fig. 3.7). O f the 131 potential mutants, four were found 

to express full length Rns and the rns gene present in each was amplified by PCR and 

sequenced to determine what mutation was present. Three o f  the mutations were not 

random point mutations but 15 bp insertions thought to be the remnants o f a 

transposition event. On a previous occasion. Insertion Element 10 (IS 10) had been 

found to transpose into pHisRns. IS 10 forms part o f the composite tetracycline 

resistance transposon TnlO, which is present in the F plasmid o f E. coli XL-1. UV 

light, used to identify fluorescent and non-fluorescent colonies containing mutated 

pHisRns, has been shown to induce IS 10 transposition in E. coli (106). These mutants 

were not studied further. The remaining mutation was identified as the point mutation 

C473T, which results in the amino acid substitution S158F.

78



1 2 3 4 5 6 7 8 9 10 11 12 13
6 6 .4 k D a — ► — - 1 ^ -------------

36.5 kDa- 

26.9kDa-

20.0 kDa- w
Fig. 3.7. Expression of Rns and putative random mutants. Representative Western 
inimunoblot analysis (using anti-Rns antiserum) o f  whole-cell lysates o f  E. coli XL- 
l/pCooGFP-2 harbouring pHisRns (lane 1) or pHisRns derivatives containing rns  
inserts that had been subjected to random mutagenesis. The positions o f  protein 
molecular mass markers are shown on the left. A non-specific cross-reactive band 
migrating alongside the 66.4 kDa marker serves as a loading control. An arrow on the 
right indicates the position of full-length Rns. Other bands are most likely truncates 
(lanes 6 and 13) or break down products. The mutant in lane 2 (RnsS158F) is expressed 
as full-length protein.



3.2.2 Analysis of the activity of mutant Rns proteins

3.2.2.1 Transactivation of the coo promoter by Rns and mutant derivatives

As detailed above, the mutant derivatives o f pSS2192 and pHisRns had been 

transformed into E. coli XL-1 containing a reporter plasmid (pCooGFP or pCooGFP-2) 

to provide an indication o f the ability o f the mutant Rns proteins to activate the coo 

promoter. It was now necessary to quantify the amount o f GFP expression in such 

cultures and thus accurately determine the level o f activity o f the Rns mutants. Cultures 

were subjected to fluorimetric analysis as described in Section 2.4.2. The fluorescence 

values obtained in the analyses were expressed as a percentage o f the fluorescence 

detected in cultures containing wild type Rns. Mutations were considered to be 

tolerated, i.e. not significant, if the fluorescence levels in cultures containing the 

mutants were within two-fold o f the fluorescence levels in cultures containing wild type 

Rns. Cultures encoding Rns proteins containing pentapeptide insertions within, or in 

the vicinity of, either o f the protein’s predicted HTH motifs (i.e. RnsL198, RnsF205, 

RnsL221, RnsQ227, RnsS239, RnsY242, and RnsK256) had extremely low levels o f 

fluorescence, less than 5% of that detected in the presence o f wild type Rns (Fig. 3.8 

(A)). This was also true for the two truncates tested, RnsS239A and RnsV253A. The 

fluorescence levels o f cultures containing the pentapeptide insertion mutants 

llisRnsT23, HisRnsC30 and HisRnsLSl and the point mutant FlisRnsS158F were 

equally low (Fig. 3.8 (B)). These fluorescence levels were similar to those in cultures 

harbouring the rns free controls pCL1920 or pQE-30. This indicates that there were 

negligible levels o f GFP in each o f these cultures and therefore these Rns mutants were 

unable to activate the coo promoter.

The mutant protein RnsC102 retained an intermediate level o f activity at the coo 

promoter. Bacteria expressing this protein were 12% as fluorescent as those expressing 

wild type Rns (Fig. 3.8 (A)). Therefore the pentapeptide insertion after C l02 seems to 

have a less dramatic effect on Rns activity than insertions in the HTH regions.

The fluorimetric analysis confirmed that the insertion mutants isolated from 

fluorescent colonies o f E. coli XL-l/pCooGFP-2 harbouring pHisRns derivatives (Table 

3.2) were functional at the coo promoter (Fig. 3.8 (C)). The fluorescence levels in 

cultures containing these mutants ranged from 76% to 178% o f the level o f fluorescence 

in the presence o f wild type HisRns. These pentapeptide insertions were not considered
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to have had a significant effect on protein activity and therefore had not occurred in 

critical regions o f Rns. The resultant mutants could tolerate the insertions and largely 

retain their ability to activate the coo promoter.

The fluorescence levels in cultures containing the mutants rns36 and rns45 were 1.6- 

fold and 3.7-fold higher (respectively) than that in cultures possessing wild type rns 

(results not shown). As the fluorescence detected for rns36 was less than two-fold 

greater than wild type levels, only the insertion in rns45 was considered to have had a 

significant effect. This insertion 45 bp downstream o f the rns transcription start site 

may have resulted in increased levels o f Rns, which in turn drove the expression o f 

increased levels o f GFP from the coo promoter on the reporter plasmid.

3.2.2.2 Purification o f  His-tagged Rns and subcloning o f  pSS2192 based 

mutations into pHisRns

Further characterisation o f Rns mutants would require purified protein. However, the 

mutant Rns proteins encoded by the pSS2192 derivatives (Table 3.1) could not be over

expressed or readily purified. It is possible to over-express and purify His-tagged Rns 

protein from cultures o f E. coli KSIOOO harbouring the plasmids pRare and pHisRns. 

The E. coli strain KSIOOO is deficient in the production o f Tsp protease (370) and this 

has been shown to improve expression o f the Rns protein (373). The pRare plasmid 

encodes tRNAs for codons that rarely occur in E. coli. Such codons occur frequently in 

the rns gene and this can reduce the translation o f Rns in the cell. The combined use of 

the KSIOOO strain and the pRare plasmid enables the expression o f sufficient amounts 

o f soluble Rns protein for purification. Over-expression o f His-tagged Rns was induced 

with the addition o f IPTG to logarithmic-phase cultures o f  KSlOO/pRare/pHisRns, or by 

growing the cultures overnight in Overnight Express"^ Instant TB Medium (Novagen). 

Whole cell lysates o f induced cultures were separated into soluble and insoluble 

fractions by centrifugation. His-tagged Rns was purified by passing the soluble fraction 

through a nickel column and then eluting the protein from the column. An example of 

purified His-tagged Rns analysed by SDS-PAGE, along with samples o f the uninduced 

and induced cultures, and the insoluble and soluble fractions, is shown in Fig. 3.9 (A).

Several o f the insertion mutations present in the pSS2192 derivatives (Table 3.1) were 

chosen to be subcloned into the pHisRns background. In each o f the plasmids pL198, 

pF205, pY242 and pV253A, the 15 bp insertions are located between BglW and Kpn\
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Fig. 3.9. Expression and purification of His-tagged Rns and mutant derivatives.
SDS-PAGE analysis of uninduced (unind, grown in L broth) and induced (Ind, grown 
in Overnight Express medium) cultures, as well as insoluble (Insol) and soluble (Sol) 
fractions o f  the induced cultures of E. coli KSlOOO/pRare harbouring pHisRns (A), 
pHisQ227 (B) or pHisC102 (C). Also included are the purified proteins themselves 
(indicated by an asterisk on the right) and selected protein molecular mass markers 
(MW, sizes indicated on the left). (D) Western immunoblot analysis of induced cultures 
o f  E. coli KSlOOO/pRare harbouring the indicated plasmids, and the insoluble and 
soluble fractions o f  the induced cultures. An asterisk on the right indicates the position 
of Rns.



sites. These plasm ids were digested with BglW and Kpn\ to isolate the insertion 

containing fragm ents, which were then ligated into a pH isRns backbone that had also 

been digested w ith BglW and Kpnl to rem ove the equivalent wild type rns fragment. 

The resulting plasm ids were nam ed pHisL198, pH isF205, pH isY 242 and pHisV253A 

(Table 2.2). The 15 bp insertion in pC102 is located betw een two N sil sites. The 302 

bp fragm ent resulting from  N sil digestion was excised from  pH isRns and replaced with 

the equivalent fragm ent derived from Nsil digestion o f  pC102 to create pHisC102 

(Table 2.2). A diagnostic restriction digest was carried out to confirm  that the newly 

inserted fragm ent was in the correct orientation. Finally, a B glll-H ind lll DNA fragm ent 

was excised from pFlisRns and replaced w ith a B gH l-H indlll fragm ent containing the 

15 bp insertion encoding the Q227 pentapeptide insertion to create pH isQ 227 (Table 

2 .2 ).

All o f  these pH isRns derivatives, along with the plasm ids pHisT23, pHisL51 and 

pH isSl 58F that had been isolated by perform ing m utagenesis directly on pFIisRns, were 

transform ed into E. coli KSlOOO/pRare. Using the procedure described above and in 

Section 2.3.2.2 it was possible to purify His-tagged RnsQ 227 and H is-tagged RnsC102 

protein (Fig. 3.9 (B) and (C)). This confirm ed that the 15 bp insertions in these m utants 

had not disrupted protein expression. However, when the procedure was conducted 

using pH isL198, pH isF205, pHisY 242, pHisV253A, pH isT23, pH isLSl and pHisS158F 

purified protein was not recovered in the material eluted from  the nickel colum ns. The 

expression o f  Flis-RnsT23, H is-RnsC30, His-RnsL51 and H is-R nsS158F had already 

been confirm ed by W estern im m unoblotting while these m utants were being screened. 

Sam ples o f  induced E. coli KSlOOO/pRare cultures harbouring pH isT23, pHisL51, 

pH isL198, pH isF205, pH isY 242 and pHisV253A, and o f  the insoluble and soluble 

fractions prepared from these cultures during the attem pted purification procedures 

were analysed by W estern im m unoblotting to determ ine if  the m utant proteins had been 

expressed (Fig. 3.9 (D)). The W estern im m unoblots confirm ed that on induction the 

proteins were expressed. Therefore, while it had not been possible to detect these 

proteins when they were expressed from the native rns prom oter in pSS2192, they could 

be easily detected when they were expressed from the T5 prom oter in a m edium  copy 

num ber plasm id. Flowever the m utant proteins were predom inantly present in the 

insoluble fraction o f  the whole cell lysates. The severely reduced am ount o f each o f 

these proteins in the soluble fraction is the likely reason why they could not be purified.
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3.2.2.3 Further quantification of the ability of Rns mutants to activate 

transcription at the coo promoter

It was not possible to obtain purified His-tagged Rns insertion mutants L I98, F205, 

Y242 or the truncate V253A for use in in vitro assays o f protein function. However, 

now that they were encoded by pHisRns based plasmids it had been demonstrated that 

each o f these mutant proteins, and His-tagged RnsC102 and RnsQ227, were expressed 

in vivo. Therefore the fluorimetric analysis o f these mutants was repeated using their 

pHisRns based plasmids and the pCooGFP-2 reporter plasmid in E. coli XL-1 (Fig. 

3.10). Again the mutant containing an insertion after position C l02 exhibited partial 

activity at the coo promoter, cultures containing pHisC102 were 27% as fluorescent as 

those containing pHisRns. This was a higher level o f activity than that detected when 

the protein was encoded by the pSS2192 derivative pC102. This could be due to the 

greater levels o f  mutant Rns protein in cells containing the medium copy number 

pHisC102 rather than the low copy number pC102 where protein expression is driven 

by the native rns promoter.

As before, the fluorescence levels o f cultures expressing the truncate RnsV253A or 

mutants with insertions in or near either of the predicted HTH regions o f Rns were 

similar to the levels found in cultures containing the rns free control pQE-30. However 

it is now known that the lack o f activation o f the coo promoter in cultures containing 

these mutants is not simply caused by the Rns mutants not being expressed. Therefore 

the lack o f expression o f GFP in cultures containing these mutants is due to the 

insertions causing a defect in the activity o f Rns at the coo promoter.

3.2.2.4 Activation of C Sl expression by Rns and mutant derivatives in ETEC

LMCIO is a strain o f enterotoxigenic E. coli that carries the plasmid containing the 

CSl fimbrial genes but lacks the plasmid harbouring the rns gene. To test the ability of 

a selection o f the mutant Rns proteins to activate the coo promoter in its natural 

environment (i.e. as the promoter o f CSl fimbrial expression), the pSS2192 and 

pHisRns derivatives o f interest were transformed into LMCIO. Transformants were 

restreaked and then grown overnight in CFA broth as this has been shown to lead to 

optimal CSl expression. Heat released extracts (heat shocks) o f the overnight cultures 

were prepared as described in Section 2.3.1.2 and analysed by SDS-PAGE to test for the 

presence o f CooA, the 15.2 kDa major subunit o f CSl fimbriae.
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The results obtained for cultures containing the pHisRns derivatives were unusual. 

The transformation efficiency had been low, the resultant colonies had been smaller 

than usual, and on SDS-PAGE analysis CooA was not even detected in the samples 

prepared from cultures containing the positive control pHisRns (results not shown). 

The reason for these unusual findings is likely due to the powerful T5 promoter present 

in pHisRns plasmids and their derivatives. The extremely high transcription rate 

initiated at this promoter is only repressed and regulated by the presence of high levels 

of the lac repressor encoded by lad . The E. coli XL-1 strain carries the lacP mutation 

that results in overproduction of the lac repressor, yet even in that strain the level of 

basal transcription that occurred in the absence of induction with IPTG was sufficient to 

perform fluorimetric analysis using the pHisRns based constructs. Although the exact 

genotype of the ETEC strain LMCIO is not known, it is described as a lac deletion 

strain therefore it is likely that it does not contain the la d  gene. If the T5 promoter is 

not repressed during transformation or cell growth, even low levels of expression from 

the promoter can reduce the transformation efficiency and select against the desired 

transformants. The plasmids in transformants that do grow often contain deletions and 

mutations. Therefore it was not possible to work with the pHisRns derivatives in 

LMCIO.

The pSS2192 derivatives were tolerated in the LMCIO strain; therefore it was 

possible to reliably assess the ability of the proteins encoded by these derivatives to 

activate CSl expression (Fig. 3.11). As expected, no CooA was present in the heat 

shock of the LMCIO culture containing the negative vector control pCL1920 while a 

large amount of CooA had been produced in the culture containing the positive control 

pSS2192. CSl expression in the presence of the RnsC102 mutant was much lower than 

in the presence of wild type Rns. As determined by densitometry, the amount of CooA 

in the heat shock of the culture expressing RiisC 102 was five-fold less than that in the 

sample expressing wild type Rns. This confirms the earlier result that the pentapeptide 

insertion at Cl 02 reduced, but did not eliminate, the activity of Rns at the coo promoter.

The SDS-PAGE analysis demonstrated that the two truncates tested, RnsS239A and 

RnsV253A, and all of the mutant proteins with insertions in or near to either of the 

predicted HTH motifs of Rns failed to activate CSl expression. A band corresponding 

to CooA was not detectable in the heat shocks of the LMCIO cultures in which they 

were contained. This verifies the fluorimetric analysis that found these mutants to be 

inactive at the coo promoter.
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The level o f CooA expression in E. coli LMCIO containing the rnsA5 mutant was 

determined by analysing whole-cell lysates o f overnight cultures by SDS-PAGE (results 

not shown). This mutant had been found in the fluorimetric analysis to cause highly 

elevated levels o f expression from the coo promoter. While CooA protein was present 

in the lysate o f the LMCIO culture containing rnsA5, it was found by densitometry to be 

equivalent to the amount present in the lysate o f the culture containing wild type Rns. 

The likely explanation for this is that the LMCIO cells had reached saturation levels of 

CSl expression.

3.2.2.5 Binding of His-tagged Rns to coo promoter DNA

While the fluorimetric analyses conducted with the reporter plasmids pCooGFP and 

pCooGFP-2 had been useful to study the activity o f Rns and its mutant derivatives at 

the coo promoter in vivo, it was also desirable to study the binding o f Rns to the coo 

promoter in vitro. This was done by performing electrophoretic mobility shift assays 

(EMSAs) with purified Rns protein and a purified fragment o f coo promoter DNA. In 

EMSAs, the protein and a labelled DNA probe o f interest are incubated together and 

then subjected to non-denaturing PAGE. If  the protein has bound to the DNA probe, it 

will cause the probe to migrate more slowly in the gel than unbound DNA. This 

reduced electrophoretic mobility is observed as a “shift” o f the DNA band when the 

labelled DNA probes are detected. To construct the probe for use in EMSAs, a 195 bp 

region o f DNA, comprising the area o f the coo promoter from bp -196 to bp -2 (relative 

to the transcription start site) and including the two Rns binding sites previously 

identified by DNase I footprinting (Fig. 1.6) (268), was amplified by PCR using the 5'- 

biotinylated primers VM l and VM2 (Table 2.3) and pCooGFP as a template. In initial 

EMSAs, the incubation o f His-tagged R b s  with the coo promoter DNA probe was 

performed in a basic reaction buffer consisting o f 10 mM Tris (pH 7.5), 50 mM KCl, I 

mM dithiothreitol and 3 mM magnesium chloride. Using these conditions, specific 

complexes resulting from protein binding to DNA v/ere occasionally detected, but non

specific protein-DNA complexes that had not migrated beyond the wells o f the gel were 

frequently observed (Fig. 3.12 (A)). The composition o f the reaction buffer was then 

modified in order to increase the specificity o f complex formation. The presence o f 

magnesium chloride was found to have no effect on complex formation (results not 

shown) so it was omitted, while poly(dl.dC) and BSA were added to the reaction buffer.
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Fig. 3.12. Interaction of His-tagged Rns with coo promoter DNA. (A) EMSAs were 
carried out with approximately 40 pg of a biotinylated coo promoter DNA probe and 
increasing concentrations of His-tagged Rns, as shown across the top of the figure, in 
the presence of the basic reaction reaction buffer consisting of 10 mM Tris (pH 7.5), 50 
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of the basic reaction reaction buffer plus poly (dl.dC) and BSA and without magnesium 
chloride. The unbound DNA fragments and specific protein-DNA complexes are 
indicated on the right.



Poly(dl.dC) is a form o f non-specific competitor DNA that has been found to reduce 

non-specific interactions in EMSAs and thus improve the detection o f complexes of 

interest. Similarly, non-specific proteins such as BSA have been found to enhance the 

formation and detection o f specific protein-DNA complexes in EMSAs (216). The 

resolution o f protein-DNA complexes was much improved using these optimised 

conditions. Several distinct and specific protein-DNA complexes were detected when 

EMSAs were performed with His-tagged Rns and the coo promoter DNA fragment, 

confirming that Rns binds to this region (Fig. 3.12 (B)). The complexes detected when 

protein concentrations o f 130 nM, and higher, were incubated with 40 pg o f DNA could 

be due to His-tagged Rns occupying each o f its binding sites individually at first (i.e. 

Rns bound to site I alone and Rns bound to site II alone), and then binding to both sites 

I and II, and then perhaps even greater amounts o f  Rns binding co-operatively to both 

sites. In the presence o f 1 |iM  His-tagged Rns, less than 10% o f the coo promoter DNA 

probe remained unbound when compared with the amount o f free DNA observed in the 

absence o f His-tagged Rns.

Although the result shown in Fig. 3.12 was reproducible, it was found that even using 

the optimised reaction conditions it was not possible to achieve reliable EMSAs on 

every occasion. This seemed to be due to lot-to-lot variation in the protein used in the 

assays. In addition, the DNA binding activity o f His-tagged Rns appeared to diminish 

over time on storage. This would complicate the routine comparison o f coo promoter 

binding by His-tagged Rns and the mutant proteins. At this point it was decided to 

investigate the use o f a maltose binding protein (MBP) Rns fusion in EMSAs as an 

alternative to His-tagged protein.

3.2,2.6 Purification of MBP-Rns and subcloning of pSS2192 based mutations into 

pMRnsS

As an alternative to utilising His-tagged protein, the fusion protein MBP-Rns was 

employed. This protein was expressed from pMRnsS (Table 2.2 and Fig. 3.13 (A)) 

(373). The maltose binding protein, MBP, has been found to improve the solubility of 

target proteins when fused to their amino-terminus (203). This is extremely useful for 

analysing AraC family proteins, which are notoriously insoluble (139). The fusion 

proteins can then be conveniently purified on an amylose resin affinity column (205). 

Additionally, it has been shown that the fusion o f MBP to the amino terminus o f Rns
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does not interfere with the activity o f the protein in vivo or in vitro (268). SDS-PAGE 

analysis o f induced cultures o f E. coli KSlOOO/pRare containing the pMRns5 plasm id 

revealed one major inducible protein corresponding to MBP-Rns (Fig. 3.13 (B)). Thi:s 

protein was not present in cultures o f E. coli KSlOOO/pRare containing the vectoir 

control pMALc-2. MBP-Rns was purified on an amylose resin column and eluted in  

several fractions that were also analysed by SDS-PAGE. Purified MBP-Rns could be  

reliably stored long term in single use aliquots at -80°C.

At this point it was decided to focus on two o f the pentapeptide insertion mutants.. 

The RnsQ227 mutant was chosen as a representative o f the mutants with insertions in  

the vicinity o f the predicted HTH regions, and the RnsC 102 mutant was chosen as both 

its insertion site and its status o f  retaining a partial level o f activity were unique. DNA 

fragments containing the 15 bp insertions encoding these mutations were isolated by 

restriction digest from their pSS2192 derivatives and inserted into the pMRnsS 

background. This was done by excising from pMRnsS the 302 bp fragment that results 

from Nsi\ digestion and replacing it with the equivalent fragment produced by N sil 

digestion o f pC102 to create pM-C102 (Table 2.2). A diagnostic restriction digest w as 

conducted on pM-C102 to verify that the newly inserted fragment was in the correct 

orientation. The insertion-containing fragment o f pQ227 was isolated by digesting the 

plasmid with Mfe\ and Xbal, and was then ligated into a pMRnsS backbone from which 

the equivalent fragment had also been removed by digestion with Mfe\ and Xbal. The 

resuhing plasmid was named pM-Q227 (Table 2.2).

The plasmids pM-C102 and pM-Q227 were transformed into E. coli KSlOOO/pRare 

and it was confirmed that it was possible to over-express and purify MBP fusions o f  

both mutant proteins. Further analysis o f RnsQ227 is discussed in the following 

sections o f this chapter, while further study o f RnsC 102 is discussed in Chapter 4.

3.2.2.7 Investigation of the interaction of MBP-Rns and MBP-RnsQ227 with the 

coo promoter

Binding o f  Rns, and the mutant RnsQ227, to the coo promoter was again analysed by 

performing EMSAs using the biotinylated 195 bp fragment o f coo promoter DNA 

described earlier as the target. On this occasion, however, the protein used was purified 

MBP-Rns and MBP-RnsQ227. In addition, the reaction conditions were further 

optimised by including the non-ionic detergent Nonidet P-40 (NP-40) in the reaction
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buffer at a final concentration o f 0.025% (v/v). The inclusion o f non-ionic detergents 

has been found to increase the affinity o f protein-DNA binding in EMSA reactions 

(171). When EMSAs were performed with approximately 20 pg o f biotinylated coo 

promoter DNA and a range o f concentrations o f MBP-Rns, three major protein-DNA 

complexes were detected (Fig. 3.14). Formation o f the first complex was apparent even 

in the presence o f a concentration o f MBP-Rns as low as 3 nM. The amount of 

unbound DNA probe was vastly reduced in the presence o f 34 nM MBP-Rns and at this 

protein concentration the second, higher molecular weight complex was also formed. 

These complexes may result from Rns occupying binding sites 1 and II at the coo 

promoter. This phenomenon is examined further in Chapter 5. The DNA probe was 

completely bound in the presence o f 171 nM MBP-Rns. At the highest protein 

concentration tested, 514 nM, the first complex was no longer present and a third 

complex o f very low mobility appeared. This low mobility complex was also detected 

when EMSAs were performed with 514 nM M BP-RnsQ227 (Fig. 3.14). However no 

other complexes were formed by MBP-RnsQ227. The amount o f unbound DNA probe 

that remained in the presence o f 171 nM MBP-RnsQ227 was equal to the amount of 

free probe in the protein free control (as determined by densitometry). Therefore the 

mutant RnsQ227 does not appear to bind to coo promoter DNA. This implies that the 

inactivity o f RnsQ227 at the coo promoter is caused by the inability o f the mutant to 

bind there. This lack o f binding could result from the pentapeptide insertion at position 

Q227 disrupting the second HTH m otif o f Rns. It is likely that the low mobility 

complex formed in the presence o f 514 nM MBP-Rns and MBP-RnsQ227 is due to 

non-specific interactions o f the probe when proteins are present in high concentrations.

3.2.2.8 Measurement of RnsQ227 activity at the rns promoter

In addition to activating expression from the coo promoter, Rns also positively 

regulates its own promoter (134). To assess the ability o f the mutant RnsQ227 to 

activate the rns promoter, a plasmid containing a transcriptional fusion o f the rns 

promoter to the lacZ  reporter gene (encodes (3-galactosidase) was constructed. This was 

accomplished using the vector pRW50 (Table 2.2), a 16.9 kb low-copy-number plasmid 

that carries a promoterless lacZ  gene downstream from a multiple cloning site. The 

reporter plasmid was constructed in a two-step process to reduce the complications 

involved in working with such a large vector. A 728 bp region o f DNA, containing the
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rns promoter and comprising tlie 709 bp located immediately upstream o f the rns ORF, 

in addition to the first 19 bp o f the ORF, was amplified by PCR using the primers 

New_Prns-EcoRl and Prns-H indlll (Table 2.3) and the plasmid pSS2192 as a template. 

The primers New_Prns-EcoRI and Prns-Hindlll have EcoKl and HindlW sites 

incorporated into them, respectively. The PCR product was digested with £coRI and 

HindlW and ligated into the pBSKII+ vector also digested with the same enzymes. The 

resulting plasmid, named pPrns2 (Table 2.2), was sequenced to confirm the DNA 

sequence o f the insert. The m s  promoter-containing insert o f pPrns2 was isolated by 

digesting the plasmid with ^coR I and HindlW and was then ligated into the pRW50 

vector digested with the same enzymes to create the reporter plasmid pRnsLacZ-2 

(Table 2.2 and Fig. 3.15 (A)). In pRnsLacZ-2, the rns promoter controls transcription 

o f the lacZ  gene, therefore the level o f |3-galactosidase activity in cells containing this 

reporter plasmid is a measure o f the activity o f the rns promoter.

The pRnsLacZ-2 plasmid, along with pMALc2, or pMRns5, or pM -Q227, was 

transformed into the ETEC lac deletion strain LMCIO. The levels o f  (3-galactosidase 

activity in each o f these cultures were measured as described in Section 2.4.1 (Fig. 3.15 

(B)). The levels o f  (3-galactosidase activity in cells containing the positive control 

pMRnsS were consistently 1.6-fold higher than the levels in cells containing the 

negative empty vector control pMALc2. This is due to positive regulation o f the rns 

promoter by the MBP-Rns protein encoded by pMRns5. However, the (3-galactosidase 

activity levels in cells containing pM-Q227 were similar to those in cells containing 

pMALc2. Therefore, in addition to its inactivity at the coo promoter, the mutant 

RnsQ227 appears to be unable to activate transcription from the rns promoter.

3.2.2.9 Interaction of MBP-Rns and MBP-RnsQ227 with the rns promoter

To determine if  the lack o f activation o f the rns promoter by RnsQ227 is due to an 

inability o f the mutant protein to bind there, EMSAs were performed using a DNA 

probe containing the rns promoter region. The probe was produced by PCR 

amplification o f a 434 bp area o f  rns promoter DNA using the 5'-biotinylated primers 

VM3 and VM4 (Table 2.3) and the plasmid pSS2192 as a template. This 434 bp 

fragment o f DNA (bp -305 to bp +129 with respect to the transcription start site o f rns) 

includes the three sites shown, by DNase I footprinting, to be bound by Rns (Fig 1.7) 

(269). Three protein-DNA complexes were observed when EMSAs were performed
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with this probe and a range o f concentrations o f MBP-Rns (Fig. 3.16 (A)). Formation 

o f the first, highest mobility, complex was detected when only 3 nM of MBP-Rns was 

present. When the concentration o f MBP-Rns in the binding reaction was increased to 

17 nM even more o f this first complex was formed in addition to the formation o f a 

second lower mobility complex. When 68 nM o f MBP-Rns was added no DNA probe 

remained unbound and a third complex o f even lower mobility was formed while the 

presence o f the first complex had reduced dramatically. In the presence o f 171 nM 

MBP-Rns only the third, lowest mobility, complex was detected. These results confirm 

that Rns binds to three sites in the area o f DNA that was used. It can be postulated that 

the complexes are a result o f Rns binding to one site initially, then at higher protein 

concentrations to two sites and finally binding to all three sites at even higher protein 

concentrations.

Protein-DNA complexes were not detected when the EMSAs were repeated with 

MBP-RnsQ227 (Fig. 3.16 (B)). The DNA probe remained unbound even in the 

presence o f 171 nM MBP-RnsQ227. Thus the pentapeptide insertion after position 

Q227 o f Rns results in a mutant protein that has lost the ability to bind to DNA at the 

rns promoter region and therefore it cannot activate transcription from the promoter.
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binding to three sites near the rns promoter (269). The 15 bp insertion in rnsA5 occurs 

within the second o f these sites. This raises the possibility that Rrs binds there during 

autoactivation to displace a repressor. Therefore the 15 bp insertior may have disrupted 

the repressor binding site, eliminating the need for Rns binding and causing the 

apparent upregulation o f Rns expression seen for rnsA5. An issue with this explanation 

is that the authors o f the report that identified these binding sites suggest that the region 

downstream o f the rns promoter does not appear to contain any repressor binding sites 

(269). However, they also state that the role o f binding site 2 is urclear and additional 

investigation is needed to better understand it. The effect o f the 15 bp insertion in this 

area adds a further element o f complexity to this already unusual regulatory system.

O f the 14 Rns mutants containing pentapeptide insertions in the N-terminal domain of 

the protein, 10 were found by the fluorimetric analysis to tolerate ihe insertion as they 

retained 76-178% o f wild type activity at the coo promoter. A similar result was found 

for the Rns-related AraC family member PerA o f EPEC; several mutations in the N- 

terminal region o f this protein also had little effect on its activation function (311). The 

most striking similarity o f the PerA analysis to this study is that the insertion after 

position KI08 o f Rns did not affect protein activity, while mutation of the 

corresponding conserved residue K108 o f PerA was also found to have no effect on 

protein function (311). Therefore this area o f Rjis, and related proteins, appears to be 

tolerant o f alteration.

The insertions after positions ElO, T i l ,  117, SI 27 and N130 o f Rns are in regions of 

the protein that are not predicted to be either a-helices or (3-strands. These mutants 

remained functional at the coo promoter, thus supporting previous reports that insertions 

in unstructured areas o f  proteins are less deleterious than those in regions o f secondary 

structure (175). However, the insertions in the functional mutants RnsK13 and Rnsl34 

occurred in the first and second predicted |3-strands, and the insertions after positions 

LI 18 and LI 19 o f Rns are in the second predicted a-helix  o f  Rns. Therefore it appears 

that these disrupted secondary structure elements may not be required for Rns to 

activate expression from the coo promoter. Mutations in an equivalent helical region of 

PerA were also found not to affect protein function (311).

As so many insertions in the |3-strand rich N-terminal region o f Rns were tolerated, it 

is tempting to speculate that this area o f the protein is insensitive to disruption. 

However, while the activity o f most N-terminal mutants was essentially unaffected, four

91



mutants were isolated with insertions in this region that adversely affected their 

function. RnsC102 retained a reduced ability to activate expression from the coo 

promoter in the GFP reporter plasmids and in ETEC strain LMCIO and is discussed 

further in Chapter 4. A more serious effect was caused by the insertions after T23, C30 

and L51 of Rns. Although these mutant proteins were expressed, they did not activate 

the coo promoter. These insertions may have affected essential secondary structural 

elements of Rns. Rns is predicted to have |3-strands in the areas around residues T23 

and L51 (Fig. 3.4). Several mutations in predicted P-strand regions in the N-terminus of 

ToxT of V. cholerae also rendered the protein inactive (57) while mutations within the 

(3-strand rich N-terminal region of PerA severely compromised protein function (311). 

It is possible that the area of Rns disrupted by the insertions at T23, C30 and L51 forms 

a structure that is critical for some aspect of transcriptional activation, possibly even 

forming contacts with RNA polymerase. Unfortunately additional analysis was 

restricted by an inability to purify the proteins. While little is known about the structure 

or function of the N-terminal domain of this class of AraC-like proteins, a recent study 

found it to be crucial for Rns activity. Deletion analysis of Rns revealed that in the 

absence o f its N-terminal 60 amino acids the protein was unable to activate or repress a 

selection of Rns-regulated promoters in vivo, and removal of the first 80 amino acids of 

Rns prevented it from binding DNA in vitro (19). The study also isolated two N- 

terminal point mutants, Rnsll4T and RnsN16D that were unable to activate the rns 

promoter. The authors suggest that these residues may be involved in an interaction 

between the N- and C-terminal domains of Rns and that the DNA binding ability of Rns 

may depend on such an interaction (19). It is possible that the pentapeptide insertions in 

the mutants RnsT23, RnsC30 and RnsL51 could have disrupted this proposed 

interaction. The inability of these mutants to activate the coo promoter provides further 

evidence that regions of the N-terminal domain of Rns are critical for its function.

A single mutant, RnsS158F, was isolated following random mutagenesis. This could 

be due to the fact that the area of the rns gene encoding the N-terminal half of the 

protein alone was randomly mutagenised and only non-functional mutants were 

screened for. As described above, the N-terminal domain of Rns was found to be 

largely tolerant of pentapeptide insertions so it is possible that very few point mutations 

in this region would cause the protein to become inactive. Also, only mutants encoding 

full length Rns protein were selected for further analysis. The rns gene contains 

numerous stretches of A and T residues so it is likely that many point mutations could
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have introduced a premature stop codon. Indeed, during screening it was found that a 

large number o f  the mutants were truncates. Nevertheless, the RnsS158F mutant was 

confirmed to be expressed as a full-length protein and to be unable to activate 

expression from the coo promoter. The serine at position 158 o f Rns is very well 

conserved in closely related AraC family proteins including CfaD and CsvR of ETEC, 

AggR o f EAEC, VirF o f S. flexneri and PerA (Fig. 1.8). Additionally it lies in one of 

the well-conserved regions o f  the N-terminal domain. Therefore it is likely that this 

area is important in the functioning o f these proteins and the effect o f the mutation at 

S I58 o f Rns on protein activity confirms this. The mutation is a non-conservative 

substitution from a serine residue with an uncharged polar side chain to a phenylalanine 

residue with a non-polar bulky aromatic side chain. A similar mutation in the same area 

o f VirF, S150A, also abolished activity o f that protein (309). It is possible that the 

S158F mutation in Rns eliminated an interaction made by the wild type residue or that 

this area is key to the structural integrity o f Rns. It was not possible to purify the mutant 

protein to examine it further.

In all seven incidences o f pentapeptide insertions within the C-terminal domain of 

Rns, the insertion had a severe negative effect on the ability o f the protein to activate 

expression from the coo promoter in the GFP reporter plasmids and in the ETEC strain 

LMCIO. It could be confirmed that each o f these mutants were transcribed but 

expression o f the mutant proteins from their pSS2192-derived plasmids could not be 

demonstrated. As this lack o f demonstrable expression could have been caused by the 

rns autoactivation mechanism enhancing the negative effects o f the mutations when the 

proteins were expressed from their native promoter, several were re-cloned downstream 

of the T5 promoter in the pHisRns plasmid background. It was then possible to show 

that the mutant proteins were expressed and a reassessment o f their ability to activate a 

coo promoter-g-^ fusion confirmed that they were non-functional. Most o f the proteins 

had reduced solubility compared to wild-type Rns and therefore could not be purified.

One o f the C-terminal insertions had occurred in the first o f  the predicted HTH motifs 

o f Rns. The insertion after position L I98 is likely to have disrupted the recognition 

helix o f this potential HTH domain and therefore eliminated its function, i.e. it may 

have prevented the DNA binding that this area o f Rns is predicted to be involved in. 

Mutation o f  the corresponding neighbouring residue, E l96, in VirF also reduced the 

activity o f this protein (309). The importance o f HTH 1 in the function o f AraC family 

proteins has been well documented. Mutations o f several residues within the first HTH
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o f AraC itself reduced the abiHty o f  the protein to bind to, and activate transcription 

from, the araBAD  promoter (42, 53, 133). Mutations in H TH l o f  the Rns-related 

regulators VirF and PerA also reduced or abolished the activity o f  these proteins (309, 

311) while DNA binding by the AraC family members MarA and SoxS was especially 

sensitive to alterations in the first HTH m otif (143, 159). Thus, the loss o f  function o f 

RnsL198 is unsurprising and provides further confirmation o f  the importance o f H TH l.

The pentapeptide insertions in the mutants RnsF205 and RnsL221 had occurred in a 

predicted long a-helix  situated between HTHl and 2 o f  Rns. An equivalent helix was 

observed in the crystal structure o f the AraC family protein Rob where it was found to 

fix the relative orientations o f its two HTH motifs (221). Therefore it is possible that 

insertions in this potential a-helix  o f Rns could alter DNA binding indirectly by 

disrupting the conformation o f the protein such that the potential DNA-binding helices 

are no longer in the proper alignment with the DNA. The mutant proteins would then 

no longer be able to bind to and activate the coo promoter. M utations in the 

corresponding predicted a-helix  o f PerA also led to an inactive protein (311). An 

alternative explanation for the inactivating effect o f the insertions at F205 and L221 is 

that a coiled coil structure is predicted between residues 195 and 222 o f Rns by the 

COILS program. Coiled coil domains are a common structural element involved in 

protein oligomerisation (240). If  this area o f Rns is involved in oligomerisation, which 

Rns may require for its activity, then disruption o f this potential coiled coil could cause 

the protein to be non-functional. The possible oligomerisation o f  Rns is discussed 

further in Chapter 4.

The inactivity o f  Rns proteins with insertions in the predicted second HTH motif 

implies that this region has an important function. Three insertions in the area o f HTH2 

were characterised. The insertion in RnsS239 occurs at the end o f the turn o f the second 

HTH, an area that typically does not tolerate distortions (10). The insertion in RnsY242 

occurs within the recognition helix o f the HTH m otif Both o f these pentapeptide 

insertions are likely to have greatly disrupted these critical elements o f  HTH2 and thus 

prevent the DNA interaction this region o f Rns is predicted to be involved in. In each 

case the residue after which the insertion occurs is well conserved among the Rns- 

related regulators. M utation o f the residue corresponding to S239 in VirF reducec 

protein function while m utation o f the residues equivalent to Y242 in both VirF anc 

PerA also com pletely abolished protein activity (309, 311). The insertion in RnsQ227 

was immediately upstream o f HTH2. As it was possible to purify this mutant protein ii
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was chosen for further analysis as a representative o f the HTH insertion mutants. 

RnsQ227 was shown to be incapable o f activating the coo  promoter in the GFP reporter 

plasmids and in ETEC strain LMCIO, and to also have no activity at the rns promoter, 

therefore the insertion had affected a vital aspect o f Rns function. When EMSAs were 

performed, wild type Rns was shown to bind both coo and rns promoter DNA 

fragments, forming several complexes reflecting its multiple binding sites at each. 

RnsQ227 did not bind at either promoter thus confirming the prediction that HTH2 of 

Rns is required for DNA binding and the inactivity o f this HTH mutant at least, is due 

to the insertion disrupting this binding.

The insertion in the mutant RnsK256 had occurred in the final predicted a-helix  o f the 

protein, downstream o f HTH2. Mutations in the equivalent region o f the AraC family 

member XylS also rendered the protein inactive (243). This suggests an important 

function for this region at the C-terminus o f the protein. It is possible that, like the a -  

helix between the two HTH motifs, it is required to stabilise or correctly orientate these 

predicted DNA binding domains and is therefore intolerant o f  disruption.

All truncates isolated during this study were unable to activate the coo promoter. This 

is unsurprising for RnsI17A and RnsH20A as over 90% o f the protein is missing in each, 

and for Rnsll92A  and RnsH95A as most o f the predicted DNA binding domain has 

been lost. These truncates were not analysed further. The truncation in RnsS239A 

occurred just after the turn in HTH2. That this mutant was unable to activate expression 

from the coo promoter is further proof that HTH2 is critical for Rns activity. However 

it must be considered that the loss o f 26 amino acids in this truncate may disrupt the 

folding o f the entire C-terminal domain o f Rns, thus causing the loss o f function. The 

fact that RnsV253A was inactive is intriguing as only the last 12 residues o f Rns are 

missing in this truncate. This further supports the theory that the final predicted a-helix 

downstream of HTH2 plays an essential role in the functioning o f Rns.

In summary this mutational analysis has defined regions critical for the activity o f the 

Rns protein. The predominantly a-helical C-terminal domain was found to be vital for 

Rns function and disruption o f the predicted HTH motifs was demonstrated to prevent 

DNA binding. In contrast, the (3-strand rich N-terminal domain o f Rns was largely 

tolerant o f insertions. These results have both provided novel information on the 

structure-function relationship of Rns and supported the findings o f similar studies on 

related proteins.
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Chapter 4 Rns is a dimer and requires a central 

flexible region for full activity
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4.1 Introduction

It is a well established concept that a folded, three-dim ensional structure is a 

prerequisite for protein function. How ever, there is increasing recognition that this 

view  may need to be re-assessed as many proteins contain areas that are predicted to be 

disordered yet carry out im portant functional roles (434). There is no standard 

definition o f  protein disorder, but disordered areas can be described as non-globular 

regions lacking regular secondary structure and displaying a high level o f  flexibility in 

the polypeptide chain (434). M any proteins containing such regions are involved in 

m olecular recognition and their disordered segm ents have been found to undergo a 

transition to an ordered state upon binding their ligand or DNA target (102). For other 

proteins the function o f  these regions is dependent on their disorder, for exam ple they 

act as flexible linkers (99). Flexible linkers are im portant for connecting separate 

functional dom ains o f  proteins, and may play an active role in the positioning o f the 

dom ains relative to each other. A lternatively these linkers can sim ply act as passive 

spacers, tethering adjacent dom ains w ithin a certain distance o f  one another. 

B iochem ical and genetic techniques were used to determ ine that am ino acids 171-177 

w ithin an unstructured area o f  AraC act as a linker betw een the pro tein ’s N-terminal 

dom ain (required for dim erisation and ligand binding) and its C-term inal domain 

(involved in DNA binding and transcription activation) (119). Recently, sim ilar linkers 

were also identified in the AraC fam ily m em bers RhaS and RhaR (212). The linkers o f 

all three proteins w ere subjected to m utational analysis (120, 212). The results revealed 

that the identity o f  the individual amino acids w ithin the linkers is not critical and that 

the linkers do not play a direct role in the activity o f  the proteins but m erely serve to 

flexibly connect their tw o dom ains (120, 212).

The subfam ily o f  A raC-like proteins involved in the regulation o f  stress response, 

such as M arA and Rob, are m onom ers while several o f  the m em bers o f  the AraC family 

that are involved in regulating the m etabolism  o f  sugars are active as dim ers (248). The 

AraC protein itse lf functions as a dim er in solution in both the presence and absence o f 

arabinose (430), and it also binds to DNA as a dim er (176). The crystal structure o f  the 

d im erisation/arabinose-binding dom ain o f  AraC revealed that the protein dim erises via 

an antiparallel coiled coil form ed betw een an a -h e lix  located at the end o f  the N- 

term inal dom ain o f  each m onom er (378). The ends o f  this coiled coil are anchored by 

three critical leucine residues that pack together in a “knobs-in to-holes” m anner (378).
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This mode o f  packing is the defining characteristic o f  coiled coil dom ains (240). 

M utagenesis revealed that corresponding conserved leucines in U reR  and XylS are also 

critical for the d im erisation o f  these AraC fam ily m em bers (306, 339).

It is not yet know n w hether the AraC fam ily m em bers that regulate virulence act 

prim arily as m onom ers or oligom ers (248). A m ongst the Rns-related regulators it has 

been suggested, based on genetic evidence, that VirF o f  S. flexn er i  is a dim er (309) and 

PerA is a m onom er (193) while a recent report suggested that it was not possible to 

detect dim erisation o f  the Rns N -term inal dom ain in vivo  or o f  full-length Rns in vitro 

(19).

Many different approaches, including the use o f  gene fusion system s, chem ical cross

linkers and gel filtration chrom atography, are available to m onitor protein-protein 

interactions and determ ine w hether a protein o f  interest oligom erises. Gene fusion 

system s typically take advantage o f  the dom ain structure o f  transcriptional regulators 

such as the LexA  repressor or the X phage repressor, cl (69, 82, 184). Both o f  these 

repressors contain dim erisation and DNA binding dom ains and are only functional as 

dimers. Their native dim erisation dom ain can be rem oved and replaced with the protein 

o f  interest. I f  this protein is capable o f  dim erising it will restore function to the DNA 

binding dom ain o f  the repressor. This is assessed by m onitoring the transcription o f  a 

reporter gene located dow nstream  o f  a prom oter regulated by the repressor. A nother 

m ethod for assessing the oligom eric state o f  proteins involves the use o f  chem ical cross

linkers; reagents that react w ith functional groups on closely associated proteins to form 

a covalent linkage betw een them. Cross-linking treatm ents can be carried out on 

purified proteins in vitro  or, i f  the cross-linker is m em brane-perm eable, on intact cells 

expressing the protein o f  interest. The cross-linking reaction physically  links the 

protein com plexes such that they survive separation by SD S-PA G E and can then be 

detected by Coom assie staining or W estern im m unoblotting. Thus it can be determ ined 

if  the protein o f  interest m igrated as a m onom er or higher order oligom er. Gel filtration 

chrom atography is a m ethod used to m easure the m olecular w eight o f  proteins. The 

elution profile o f  proteins passed through a gel filtration colum n can be com pared to 

profiles o f  protein m olecular w eight standards to determ ine if  the size o f  the protein o f  

interest corresponds to the size expected for a m onom er or an oligom er.

The aims o f  the study presented in this chapter were to assess w hether there is a role 

for protein disorder in Rns and to use several different m ethods to establish if  Rns form s 

oligom ers.

98



4.2 Results

4.2.1 Analysis of the C102 containing region of Rns

4.2.1.1 Site-directed mutagenesis of amino acids C102 and R103 of Rns

As described in Chapter 3, the insertion mutant RnsC102 was found to have retained a 

partial level o f activity at the coo promoter. The insertion had occurred in an 

uncharacterised area o f Rns that was not predicted to be a-helical or o f |3-structure (Fig. 

3.4). In addition, the pentapeptide insertion within RnsC102 was not predicted to have 

introduced an a-helix  or P-sheet in the protein. To gain a better understanding o f why 

the insertion had reduced but not abolished protein activity, it was decided to create 

more subtle point mutations in the vicinity o f the C l 02 residue and assess their effect on 

Rns function. Alanine-scanning mutagenesis, a technique in which the individual 

amino acids o f a protein are changed to alanine, is an approach that is frequently used to 

identify residues critical for protein function. Therefore the C l02 residue itself and the 

neighbouring residue R103 were individually changed to alanine (there is already a 

naturally occurring alanine residue at position 101 o f Rns). This was done by 

performing site-directed mutagenesis on the plasmid pHisRns using the QuikChange kit 

(Stratagene) and the primer pair C102-F and C102-R or the primer pair R103-F and 

R103-R (Table 2.3). The rns ORF o f the resulting plasmids pHisC102A and 

pHisR103A was sequenced to verify each mutation. Since it was possible to purify the 

mutant proteins (results not shown) it was confirmed that they were expressed and 

soluble. The pHisC102A and pHisR103A plasmids were transformed into E. coli XL- 

l/pCooGFP-2 and the resultant colonies were found to be at least as fluorescent as those 

containing pHisRns (see Section 4.2.1.4 for further analysis). Therefore a pentapeptide 

insertion after position C l 02 o f Rns resuhed in a mutant with reduced levels o f activity 

at the coo promoter, while the C l02A and R103A point mutations appeared to have no 

effect on the ability o f Rns to activate expression from the coo promoter.
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4.2.1.2 A predicted area o f disorder around position C102 of Rns

Secondary structure predictions could not provide a reason for the effects o f the 

mutations in the area around the C 102 residue o f Rns. Therefore alternative prediction 

programmes were employed. GlobPlot (http://globplot.embl.de) is a web-based tool 

that plots the tendency o f  protein sequences to be ordered (globular) or disordered (non- 

globular). It has been found to successfully identify disordered regions in well 

characterised proteins (230). The primary sequence o f Rns was analysed by the 

GlobPlot programme. In addition to correctly detecting the potential twin HTH motifs 

in the C-terminal domain o f Rns (the defining characteristic o f AraC family members), 

the GlobPlot analysis revealed that the extreme N- and C-termini o f Rns and the region 

encompassing residues 100 to 104 are predicted to be disordered (Fig. 4.1). Spritz 

(http://distill.ucd.ie/spritz) and DRIP-PRED (http://www.sbc.su.se/~maccallr/disorder), 

two other computational methods for protein disorder prediction, also predicted that an 

area o f disorder is present around residues 100-104 o f Rns (419). When the GlobPlot 

analysis was performed on the sequence o f Rns including the pentapeptide insertion 

after position C l02 however, the disorder in this region was no longer predicted to be 

present. In contrast, the single amino acid changes o f C102A and R103A were not 

predicted to disrupt the disorder in this area (results not shown). It is possible that for 

full activity, the Rns protein may have a requirement for disorder in the area including 

residues 100 to 104. This would explain why the disorder eliminating pentapeptide 

insertion after C l02 caused a reduction in Rns activity while the alanine substitutions at 

positions C l02 and R103, that had no affect on this disorder, were tolerated.

4.2.1.3 Deletion of the NACRS sequence of Rns

To determine the importance o f predicted protein disorder for Rns activity a mutant 

protein was produced in which the amino acid sequence NACRS, that comprises the 

predicted disordered region between positions 100 to 104, was deleted. A deletion 

mutant rns ORE encoding such a protein was created in both the pHisRns and pMRnsS 

backgrounds. This was achieved by performing inverse PCR using the divergent 

primers InvPCR-I and InvPCR-2 (Table 2.3) that flank the region to be deleted, and the 

pHisRiis or pMRnsS plasmid as a template. The inverse PCR amplification generated 

linear DNA fragments that lack the nucleotides encoding the NACRS sequence. These 

linear fragments were ligated to create the plasmids pHisANACRS and pM-ANACRS
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Fig. 4.1. GlobPlot analysis o f  the amino acid sequence of Rns. The prim ary 
sequence o f Rns was analysed by GlobPlot, a web service that plots the tendency within 
a protein sequence for order/globularity and disorder. Putative globular domains 
(GlobDoms) are shown in green. Disorder propensity is indicated by an upward slope 
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family C-terminal twin HTH motifs are predicted to be present between amino acids 
177 and 259 o f Rns and are indicated by yellow hatching. GlobPlot predicts three 
regions o f disorder within Rns: amino acids 1-10, 100-104 and 259-265.



( Table 2.2). The rns OPIF within both plasmids was sequenced to verify that the 

deletion had occurred. Since it was possible to purify both the His-tagged and MBP 

fusion forms o f the Rns deletion mutants this confirmed that these proteins were 

expressed and soluble.

4.2.1.4 Activity of the NACRS sequence mutants at the coo promoter

Fluorimetric analysis was performed to quantify the ability o f the Rns mutants to 

activate transcription from the coo promoter. The fluorescence levels in cultures o f E. 

coli XL-1 harbouring both the reporter plasmid pCooGFP-2 and a pHisRns based 

plasmid encoding one o f the mutants were measured as described in Section 2.4.2 (Fig. 

4.2). As before, the RnsC102 pentapeptide insertion mutant displayed partial activity. 

Cultures containing pHisC102 were -26%  as fluorescent as those containing the 

positive control pHisRns. Cultures containing the alanine substitution mutant R103A 

were as fluorescent as cultures containing wild type Rns, while the fluorescence levels 

in cultures containing the mutant C102A were 1.3-fold greater than those seen for wild 

type Rns, which was not considered significant. These results confirm what had been 

observed when simply viewing colonies o f E. coli X L-l/pCooGFP-2 harbouring 

pHisC102A or pHisR103A. However, the fluorescence levels in cultures containing the 

deletion mutant encoded by pHisANACRS were similar to those in cultures harbouring 

the rns free control pQE-30. Thus single alanine substitutions in the NACRS sequence 

o f Rns did not have an adverse effect on the ability o f the protein to activate the coo 

promoter. Conversely, a pentapeptide insertion in this putative disordered area reduced 

protein activity and deletion o f the area eliminated Rns activation o f the coo promoter.

The reduced activities o f the RnsC102 insertion mutant and RnsANACRS deletion 

mutant could be due to deficiencies in their ability to bind to DNA at the coo promoter. 

To determine if  this was the case, EMSAs were performed with the coo promoter DNA 

probe and purified MBP fusions o f each o f the mutants (Fig. 4.3 (A)). MBP-RnsC102 

was found to be proficient for binding to the coo promoter. The insertion mutant 

formed the same set o f complexes as wild type Rns, however it did so with less affinity 

(Fig. 4.3 (B)). At a protein concentration o f 3 nM there was noticeably less o f the first, 

highest mobility, protein-DNA complex formed by MBP-RnsC102 compared with the 

amount formed by MBP-Rns. Greater concentrations o f  MBP-RnsC102 were required 

to completely bind the DNA probe. Approximately 20% (as determined by
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densitometry) o f probe remained unbound in the presence o f 171 nM MBP-RnsC102 

while at the same concentration o f MBP-Rns no free probe remained. Finally, MBP- 

RnsC102 displayed a greater tendency than wild type Rns to form the low mobility non

specific protein-DNA complex. In the presence o f 514 nM M BP-RnsC102 only the 

non-specific complex was formed but at the same concentration o f MBP-Rns, in 

addition to the non-specific complex, one o f the specific protein-DNA complexes was 

still present. In contrast to MBP-RnsC102, MBP-RnsANACRS did not specifically 

bind the coo promoter DNA probe. Even at the highest concentration o f  the deletion 

mutant tested, the majority o f the probe remained unbound and only a small amount of 

the non-specific complex had been formed. Therefore the EMSA results help to explain 

the activity levels o f  the RnsC102 and RnsANACRS mutants at the coo promoter. The 

pentapeptide insertion after position C l02 o f Rns caused the mutant protein to bind to 

the promoter with less affinity, thus contributing to its reduced activity there. 

Elimination o f the NACRS sequence o f Rns has a more deleterious effect; it results in a 

mutant protein that is incapable o f binding to the coo promoter and consequently cannot 

activate transcription.

4.2.1.5 Activity of MBP-RnsC102 and MBP-RnsANACRS at the rns promoter

The ability o f the RnsC102 and RnsANACRS mutants to activate the rns promoter 

was also assessed. (3-Galactosidase levels in ETEC strain LMCIO cells carrying the 

pRnsLacZ-2 reporter plasmid along with pM-C102 or pM-ANACRS (or control 

plasmids) were measured (Fig. 4.4). The RnsC102 insertion mutant activated 

transcription from the rns promoter, but to a level lower than wild type Rns. The (3- 

galactosidase expression levels in cells containing MBP-RnsC102 were approximately 

1.3-fold less than those in cells containing MBP-Rns (P < 0.005). The RnsANACRS 

deletion mutant was completely defective in its ability to activate transcription at the rns 

promoter. The level o f (3-galactosidase expression in cells harbouring pM-ANACRS 

was equivalent to that in cells containing the negafive vector control pMALc2.

To follow up these measurements o f rns promoter activity in vivo, EM SAs were 

performed to determine the ability o f MBP-RnsC102 and MBP-RnsANACRS to bind to 

the rns promoter DNA probe in vitro (Fig. 4.5 (A)). The results were similar to those o f 

the EMSAs performed with the coo promoter DNA probe. M BP-RnsCI02 is capable of
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Fig. 4.3. Interaction of MBP-Rns and mutant derivatives with coo promoter DNA.
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binding to tlie m s  promoter probe but does so with less affinity than wild type MBP- 

Rns (Fig. 4.5 (B)). In the presence o f 17 nM MBP-Rns all three protein-DNA 

complexes were formed and at 68 nM MBP-Rns no DNA probe remained unbound. 

However, in the presence o f 17 nM MBP-RnsC102 only the first protein-DNA complex 

was formed and at 68 nM MBP-RnsC102 approximately 40% (as determined by 

densitometry) o f the rns probe remained unbound. Protein-DNA complexes were not 

detected when EMSAs were performed with MBP-ANACRS, thus the deletion mutant 

also appears to be unable to bind to rns promoter DNA. Therefore disruption of the 

NACRS sequence o f Rns impairs the functioning o f the protein at both the coo and rns 

promoters.

4.2.1.6 Replacement o f  the NACRS sequence with an alternative disordered 

peptide

The results o f the previous experiments suggested the possibility that in order for Rns 

to be fully functional there is a requirement for a region o f disorder around residues 

100-104. In addition, it appeared that as long as this disorder is present, the identity of 

the amino acids in the region is not critical. To test these possibilities further a mutant 

derivative o f Rns was created in which LENSASR, the seven-residue linker sequence of 

the AraC family member RhaS o f E. coli, was substituted for Rns residues 100-104 

(NACRS). The RhaS linker was selected for several reasons. It its native setting the 

LENSASR sequence has been suggested to function only to flexibly link the two 

functional domains o f RhaS. Furthermore, a derivative o f the RhaR protein containing 

the RhaS linker in place o f its own linker sequence was functional with only small 

defects in its activity (212). Finally, GlobPlot analysis revealed that within the Rns 

amino acid sequence, replacing the deleted NACRS residues with the RhaS linker 

LENSASR restored the predicted disorder in this region (results not shown).

A mutant rns ORF encoding the Rns derivative with the RhaS linker substitution was 

created in the pMRns5 background by performing inverse PCR using the divergent 

primers Linker-1 and Linker-2 (Table 2.3). These primers flank the region 

corresponding to NACRS and each have 5' extensions comprising nucleotides encoding 

a portion o f the LENSASR sequence. Thus the inverse PCR amplification produced 

linear DNA fragments containing the nucleotides that code for the LENSASR sequence 

in place o f those encoding NACRS. These linear fragments were ligated to create the
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plasmid pM -RhaSLinker (Table 2.2). The rns ORF within the plasmid was sequenced 

to verify that the correct substitution had occurred. It was possible to purify the MBP 

fusion form o f the mutant protein. This confirmed that it was expressed and soluble.

4.2.1.7 Activity of MBP-(Rns with RhaS linker) at the coo and rns promoters

The ability o f the Rns derivative carrying the RhaS linker to activate transcription 

from the coo promoter in pCooGFP-2 was assessed using fluorimetric analysis. 

Cultures o f E. coli X L-l/pCooG FP-2 harbouring pM -RliaSLinker were found to be as 

fluorescent as those containing pMRnsS, (the relative fluorescence levels o f the cultures 

were 108% ± 3 and 100% ± 3, respectively). Therefore the Rns derivative containing 

the RhaS linker appeared to be fully functional at the coo promoter. To confirm this, 

EMSAs were performed to study the binding o f the Rns derivative to the promoter. 

MBP-(Rns with RliaS linker) was found to bind the coo promoter DNA probe and form 

the specific protein-DNA complexes at a similar rate to wild type MBP-Rns (Fig. 4.6 

(A)). To establish whether the RhaS linker Rns derivative was also as proficient as wild 

type Rns at binding to the rns promoter, a second set o f EMSAs were conducted. Once 

again the MBP fusion o f  the derivative was found to complex with the rns promoter 

DNA probe in a manner similar to that observed for M BP-Rns (Fig. 4.6 (B)).

Therefore, replacement o f the NACRS sequence with an alternative putative 

disordered region produced a form o f Rns that displayed wild type activity at both the 

coo and rns promoters. This supports the theory that Rns activity is dependant on the 

presence o f an area o f disorder in the vicinity o f residues 100-104.

4.2.2 Ascertaining the oligomeric state of Rns

4.2.2.1 A LexA-based genetic system to analyse Rns dimerisation in vivo

To gain an improved understanding o f the Rns protein it is important to establish if it 

exists as a monomer or perhaps as a dimer like some other members o f  the AraC family 

o f proteins. A LexA-based genetic system was employed as a first step towards 

ascertaining the oligomeric state o f  Rns. LexA, a protein involved in the control of 

SOS response genes, regulates expression o f the sulA gene by binding to the snIA
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promoter region and repressing transcription. Although the LexA DNA-binding 

domain (DBD) alone can recognise the sulA operator, the repressor is functional only as 

a iimer. Thus the ability o f a protein to dimerise can be evaluated by determining 

whether a fusion o f this protein and the LexA DBD is capable o f repressing 

transcription o f a chromosomal sulAv.lacZ fusion in the E. coli reporter strain SUlOl 

(F:g. 4.7 (A)). The vector pSR660, in which a lac promoter controls expression o f a 

portion o f the lexA gene encoding the DNA-binding domain o f LexA alone, was used to 

construct a plasmid encoding a fusion o f Rns and the LexA DBD. The rns ORF was 

amplified by PCR using the primer set LexA-1 and RnsKpn (Table 2.3) and the 

pSS2192 plasmid as a template. The LexA-1 and RnsKpn primers have an Xhol and a 

Kpnl site incorporated into them, respectively, resulting in a PCR product with an Xhol 

site at its 5' end and a Kpnl site at its 3' end. The PCR product was digested with Xhol 

and Kpnl and ligated in frame with the LexA DBD in the pSR660 vector that had also 

been digested W \\hXhol and Kpnl. The resulting recombinant plasmid, named pRns660 

(Fig. 4.7 (B)), was sequenced to confirm that the insert was correct and in frame with 

the LexA DBD-coding sequence.

Initially it was verified that pRns660 expressed the LexA DBD-Rns fusion when 

induced. Whole cell lysates o f E. coli D H 5a, harbouring pSR660 or pRns660 and 

grown to logarithmic phase in the presence o f IPTG were analysed by Western 

immunoblotting using anti-LexA DBD antibody (Santa Cruz Biotechnology). Proteins 

corresponding to the LexA DBD alone and the LexA DBD-Rns fusion were detected in 

the samples obtained from E. coli DH5a/pSR660 and E. coli DH5a/pRns660 

respectively (Fig. 4.8 (A)). Next it was necessary to confirm that Rns remained 

functional when fused to the LexA DBD. The pSR660 and pRns660 plasmids were 

transformed into E. coli MC4100 cells harbouring the reporter plasmid pCooGFP-2. 

While cultures containing pSR660 were non-fluorescent, the fluorescence levels in 

cultures o f E. coli MC4100/pCooGFP-2 containing pRns660 were three-fold greater 

than those in cultures containing pMRnsS (Fig. 4.8 (B)). Therefore the LexA DBD-Rns 

fusion was functional.

As the LexA DBD-Rns fusion had been shown to be both expressed and active it was 

now possible to assess whether it formed homodimers. This was performed by 

measuring the repression o f  (3-galactosidase activity in induced cells o f E. coli strain 

SUlOl harbouring pSR660 and comparing it to the repression levels in cells containing
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pSR660 or p660AraC (Fig. 4.8 (C)). The p660AraC plasmid encodes a LexA fusion tO' 

the known homodimer AraC and therefore serves as a positive control. The reporter 

strain SUlOl constitutively transcribes lacZ  from the strong sulA promoter. 

Consequently, prior to measuring p-galactosidase activity, it was necessary to grow 

both the starter overnight cultures and the subsequent subcultures o f each strain in the 

presence o f 1 mM IPTG. This ensured that the plasmids expressing the LexA DBD 

fusions had been induced for several hours and any pre-existing p-galactosidase had 

been degraded. The LexA DBD-AraC fusion and the LexA DBD-Rns fusion were 

found to repress (3-galactosidase activity by 97%, and 67% respectively, compared to E. 

coli SUlOl with the LexA DBD alone. Percent repression relative to the control 

cultures o f SU101/pSR660 was calculated as [1.0 -  (M iller units o f  sample/M iller units 

o f control)] x 100 (69). Therefore, these results imply that the Rns protein appears to 

homodimerise in vivo.

4.2.2.2 Cross-linking of His-tagged Rns in vivo

A  cross-linking method was employed to further assess the possibility that Rns ma>' 

form dimers in vivo. E. coli KSIOOO harbouring the plasmids pRare and pHisRns were 

grown overnight in Overnight Express"^ Instant TB Medium (Novagen) to induce 

expression o f His-tagged Rns. Samples o f the bacteria were then treated with 0, 0.1 or 1 

mM of the membrane-permeable, thiol-cleavable, amine-reactive cross-linker 

dithiobis(succinimidylpropionate) (DSP) as described in Section 2.3.5.1. Following 

DSP treatment, the samples were denatured by heating at 100°C for 10 min in the 

presence o f Laemmli buffer lacking the thiol 13-mercaptoethanol (see Section 2.3.1.1). 

The samples were then analysed by SDS-PAGE and Western immunoblotting using an 

anti-His tag probe (Pierce). A band corresponding to monomeric His-tagged Rns (-30  

kDa) was detected following treatment with 0 or 0.1 mM DSP (Fig. 4.9). This band 

was also present following treatment with 1 mM DSP but it was significantly reduced. 

The reduction o f monomeric Rns protein in the presence o f an increased concentration 

o f the cross-linking reagent suggested that Rns could be an oligomer. However, 

oligomeric cross-linked complexes o f His-tagged Rns were not detected. Additional 

cross-linking experiments were necessary to investigate this inconsistency.
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Fig. 4.8. Analysis of the LexA DBD-Rns fusion. (A) Western immunoblot analysis 
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Laemmli buffer (lacking (3-mercaptoethanol) and analysed by Western immunoblotting 
using an anti-His tag probe. The positions of molecular mass markers are indicated on 
the left. An arrow on the right indicates the position o f  monomeric His-tagged Rns.



4 .2 .23  Cross-linking of His-tagged Rns in vitro

Subsequent cross-linking studies were conducted in vitro with purified Rns protein. 

Experiments were initially performed with His-tagged Rns. The E. coli nucleoid- 

associated protein, H-NS, served as a positive control as it has previously been 

demonstrated to exist as a dimer (127). His-tagged Rns and His-tagged H-NS were 

purified as described in Section 2.3.2.2. To eliminate the imidazole used in the 

purification procedure and to stabilise the proteins during storage, the purified proteins 

were dialysed into a sodium phosphate buffer containing 50% (v/v) glycerol (see 

Section 2.3.2.2). The His-tagged proteins were subjected to an A^-hydroxy-succinimide 

(NHS) catalysed l-ethyl-3-(3'-dimethylaminopropyl) carbodimide (EDC) cross-linking 

reaction. EDC is a carboxyl and amine-reactive zero-length cross-linker. The products 

o f the cross-linking reactions were denatured by heating at 100°C for 5 min in the 

presence o f Laemmli buffer and then separated by SDS-PAGE (Fig. 4.10 (A)). After 

treatment with EDC and NHS, the amount o f monomeric His-tagged H-NS present was 

reduced and a band corresponding to the approximate expected size o f an H-NS dimer 

(-32  kDa) was detected. The monomeric form o f His-tagged Rns was also significantly 

reduced following cross-linking treatment. As was found with the in vivo assay, 

however, a high molecular weight complex corresponding to a possible oligomeric form 

o f Rns was not detected. It was evident that the cross-linking procedure was having an 

effect on Rns, but what exactly was occurring was unclear. To examine this further 

both a control sample and a sample o f EDC-NHS cross-linked His-tagged Rns were 

analysed by Western immunoblotting with anti-Rns antiserum (Fig. 4.10 (B)). Despite 

the enhanced sensitivity o f detection provided by the Western immunoblot procedure, 

there was no evidence o f the presence o f Rns oligomers in the cross-linked sample. 

There was, however, the first indication o f a potential explanation o f why bands 

corresponding to Rns monomers were much reduced or no longer detected following 

cross-linking treatment. The anti-Rns antiserum had reacted with a mass at the top of 

the Western immunoblot, i.e. at the location o f the interface between the stacking and 

resolving gel components o f the SDS polyacrylamide gel. It is possible that this mass 

corresponded to a large aggregate o f Rns protein that had not migrated beyond the 

stacking gel. If so, instead o f revealing the presence o f oligomeric forms o f Rns, cross- 

linking could cause any Rns protein that had not aggregated to associate with the 

aggregate and remain in the stacking gel. This would explain the apparent
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disappearance o f Rns after cross-linking. As a standard procedure, the stacking gel was 

routinely removed after SDS-PAGE analysis and only the resolving gel was used in 

Coomassie staining or Western immunoblotting. Therefore the potential existence o f 

this aggregate had not been noticed previously.

4.2.2.4 Ultrafiltration, and subsequent cross-linking, of His-tagged Rns in vitro

To explore the possibility that an aggregate may be present in samples o f His-tagged 

Rjis, the purified protein was subjected to ultrafiltration in a Vivaspin column with a 

molecular weight cut-off (M W CO) o f 100 kDa. The MWCO was chosen such that 

soluble protein would pass through the filter (into the filtrate) while potential aggregate 

forms would be retained (in the retentate). Samples o f retentate and filtrate were 

denatured and analysed by SDS-PAGE (after which the stacking gel was not removed) 

and Western immunoblotting using anti-Rns antiserum (Fig. 4.11 (A)). In addition to a 

band corresponding to monomeric Rns, a high molecular weight mass that had not 

migrated beyond the stacking gel was detected in the retentate sample. Monomeric Rns 

was also present in the filtrate, however the large mass was significantly reduced in this 

sample. Even less o f the mass was detected when the filtrate was not heated at 100°C 

before loading onto the gel. Heating o f samples in Laemmli buffer prior to SDS-PAGE 

analysis can increase protein aggregation (341). Thus, the findings that the mass had 

not passed through the 100 kDa MWCO ultrafiltration column, and that its formation 

was reduced when the sample was not heated, indicate that it is likely to be a large 

aggregate o f Rns. However, it appeared that ultrafiltration o f His-tagged Rns resulted in 

a filtrate comprising soluble protein that was largely free o f the potential aggregate. 

Therefore the His-tagged Rns present in such a filtrate sample was used in EDC-NHS- 

catalysed cross-linking reactions. In addition, after cross-linking the samples were 

denatured either by heating (at 60, 80 or 100°C) for 5 min in the presence o f Laemmli 

buffer or by incubation at room temperature for 5 min in Laemmli buffer plus 4 M urea. 

The samples were then analysed by SDS-PAGE (after which the stacking gel was not 

removed) and Western immunoblotting using anti-Rns antiserum (Fig. 4.11 (B)). It was 

evident that the method o f denaturation used had an effect on His-tagged Rns. Less Rns 

was detected as the denaturation temperature increased and a mass was present in the 

stacking gel for several o f the samples denatured by heating. Regardless o f 

denaturation method however, for each set o f samples the amount o f monomeric Rns
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Fig, 4,10. Cross-linking of His-tagged Rns in vitro. (A) SDS-PAGE analysis of 
purified His-tagged Rns and His-tagged H-NS incubated with (+) or without (-) EDC- 
NHS cross-linking reagents. Prior to electrophoresis the protein samples were 
denatured by heating at 100°C for 5 min in the presence o f Laemmli buffer. The 
positions o f protein molecular mass markers (MW) are indicated on the right. 
Monomeric His-tagged Rns is indicated by an arrowhead on the left. Monomeric and 
dimeric His-tagged H-NS are indicated by black and red asterisks, respectively. (B) 
Western immunoblot analysis (using anti-Rns antiserum) o f purified His-tagged Rns 
incubated with (+) or without (-) EDC-NHS cross-linking reagents. Prior to 
electrophoresis the protein samples were denatured by heating at 100°C for 5 min in the 
presence of Laemmli buffer. The positions o f protein molecular mass markers are 
indicated on the right. Monomeric His-tagged Rns is indicated by an arrowhead on the
left.
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Fig. 4.11. Ultratiltration and cross-linking of His-tagged Rns in vitro. (A) Western 
immunoblot analysis (using anti-Rns antiserum) o f  samples o f  the retentate (lane 1) and 
the filtrate (lanes 2 and 3) produced following ultrafiltration o f  purified His-tagged Rns 
in a column with a molecular weight cut-off o f  100 kDa. Lanes 1 and 2 contain 
retentate and filtrate, respectively, mixed with an equal volume o f  Laemmli buffer and 
heated at 100°C for 5 min prior to electrophoresis. Lane 3 contains filtrate mixed with 
an equal volume o f  Laemmli buffer and electrophoresed without heating. The portion 
o f  the Western immunoblot that corresponded to the stacking gel is indicated on the 
right, as are the positions o f  protein molecular mass markers. (B) Western immunoblot 
analysis (using anti-Rns antiserum) o f  samples o f  purified His-tagged Rns incubated 
with (+) or without (-) EDC-NHS cross-linking reagents. Prior to electrophoresis the 
protein samples were denatured by heating at the indicated temperatures for 5 min in the 
presence of Laemmli buffer or by incubation at room temperature for 5 min in Laemmli 
buffer plus 4 M urea. The portion of the Western immunoblot that corresponded to the 
stacking gel is indicated on the right, as are the positions o f  protein molecular mass 
markers. The position of monomeric His-tagged Rns is indicated by an arrowhead on 
the left. Asterisks indicate the positions o f  bands potentially corresponding to dimeric 
His-tagged Rns.
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detected was reduced following cross-linking. Most importantly, in the samples 

denatured by heating at 60°C or by treatment with urea, a novel band that had migrated 

above the 66.4 kDa molecular marker was present after cross-linking. This band may 

correspond to a dimer o f Rns and it was observed on several occasions when cross- 

linking o f His-tagged Rns was repeated. However, detection o f this putative Rns dimer 

was not consistently reproducible. As mentioned in Chapter 3, the DNA-binding ability 

o f His-tagged Rns was found to be variable while MBP-Rns performed more reliably. 

Therefore ensuing cross-linking experiments were performed with MBP fusion proteins.

4.2.2.5 Cross-linking of MBP-Rns, and mutant derivatives, in vitro

MBP is a monomer (387), and did not interfere with cross-linking o f an MBP fusion 

of XylS, an AraC family member (339). Therefore purified MBP-Rns protein was used 

in NHS-catalysed EDC cross-linking reactions in vitro. The purified proteins MBP- 

paramyosinASal (a fusion o f MBP to a fragment o f the multimeric protein paramyosin 

from Dirofilaria immitis) and MBP (NEB) were included as positive and negative 

controls, respectively. After cross-linking, one set o f protein samples was denatured 

using the standard method o f heating at 100°C for 5 min in the presence o f Laemmli 

buffer. Another set o f samples was denatured using a modified urea-based method (see 

Section 2.3.5.2) demonstrated to reduce protein aggregation (381, 382). All samples 

were then analysed by SDS-PAGE and Western immunoblotting using anti-MBP 

antiserum. When the samples were denatured by heating in Laemmli buffer, cross- 

linking was found to result in: a reduced amount o f the MBP monomer, the detection of 

an oligomeric form o f MBP-paramyosinASal and a lack o f detection o f any form of 

MBP-Rns (Fig. 4.12 (A)). Using the urea-based denaturation procedure, however, 

detection o f each o f the proteins after cross-linking was much improved. Therefore this 

denaturation method was used in all subsequent cross-linking experiments and provided 

consistently reproducible results, an example o f which is shown in Fig. 4.12 (B). Under 

these conditions the EDC-NHS treatment was found to have no effect on monomeric 

MBP but to result in the appearance o f bands corresponding to dimers and trimers of 

MBP-paramyosinASal. For cross-linked samples o f MBP-Rns, in addition to the band 

corresponding to monomeric protein, a species migrating with an apparent molecular 

weight more than two-fold greater than that of the monomer was present. This species 

was reliably detected after EDC-NHS cross-linking o f M BP-Rns and may be a dimer of
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the fusion protein. Its migration in the gel did not precisely correspond to the mobility 

expected for a dimer o f MBP-Rns (-146 kDa) but this could be explained by the finding 

that cross-links can alter the migration rate o f proteins in SDS-PAGE (157). A reduced 

amount o f  a similar species was detected in samples o f MBP-Rns that had not been 

cross-linked. This species may be due to dimers o f MBP-Rns that had survived the 

urea-based denaturation procedure. Therefore these cross-linking studies revealed that 

MBP-Rns appeared to be capable o f dimerising.

The ability o f the mutant proteins MBP-RnsC102, MBP-RnsQ227 and MBP- 

RnsANACRS to dimerise in vitro was also analysed in EDC-NHS-catalysed cross- 

linking experiments (Fig. 4.12 (C)). Following cross-linking treatment the putative 

dimer band was present in samples o f both MBP-RnsC102 and M BP-RnsQ227. When 

MBP-RnsANACRS was cross-linked this band was also present but to a far lesser 

extent. In addition, the amount o f monomeric MBP-RnsANACRS detected after cross- 

linking was much reduced. Therefore, it appeared that the mutations in each o f these 

derivatives o f Rns had not prevented the proteins from dimerising. However, the 

deletion mutant MBP-RnsANACRS may have a reduced ability to form dimers and may 

also have a tendency to aggregate or precipitate when cross-linked.

4.2.2.6 Gel filtration chromatography of MBP-Riis

To further characterise the ability o f Rns to form dimers, the oligomeric state o f MBP- 

Rns in solution was examined by gel filtration chromatography. Two major peaks were 

observed following gel filtrafion analysis o f purified MBP-Rns (Fig. 4.13 (A)). The 

first peak was in the column void volume and was therefore outside o f the range of 

calibration. The second peak corresponded to a protein with a molecular mass o f  134 

kDa (by comparison with a series o f standard proteins). This does not correlate exactly 

with the molecular mass predicted for a dimer o f MBP-Rns (-146  kDa). However, as 

only perfectly globular proteins migrate precisely according to size during gel filtration 

it was still likely that this peak represented a dimeric form o f MBP-Rns. Aliquots o f the 

elution fractions comprising each o f the two peaks were denatured by incubation at 

room temperature in Laemmli buffer plus 8 M urea. They were then examined by SDS- 

PAGE and Western immunoblotting with anti-Rns antiserum to determine if  MBP-Rns 

was present. MBP-Rns was not detected in the fractions corresponding to the first peak 

(results not shown). This peak may have been due to non-specific aggregation in the
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Fig. 4.12, Cross-linking of MBP and MBP fusions in vitro. Western immunoblot 
analysis (using anti-MBP antiserum) o f MBP or MBP fusions, as indicated at the top of 
each panel, incubated with (+) or without (-) EDC-NHS cross-linking reagents. Prior to 
electrophoresis the protein samples were denatured either by heating at 100°C for 5 min 
in the presence o f Laemmli buffer (A) or by using a urea-based treatment demonstrated 
to reduce protein aggregation (B) and (C), see Section 2.3.5.2. The positions of protein 
molecular mass markers are indicated. The positions o f bands corresponding to 
monomeric and potentially dimeric MBP-Rns are indicated by black and red asterisks, 
respectively.
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Fig. 4.13. Gel filtration chromatography of MBP-Rns. (A) Elution profile o f MBP- 
Rns following gel filtration analysis. Protein elution was m onitored at 280 nm. 
Fractions o f  0.5 ml were collected and designated as A l-15 , B l-15 , C l-15  etc. as 
indicated in red. The elution volumes are indicated above the peaks. Arrows at the top 
o f  the figure indicate the volumes at which the protein standards apoferritin, alcohol 
dehydrogenase and carbonic anhydrase eluted. (B) Western immunoblot analysis (using 
anti-Rns antiserum) o f aliquots o f the indicated gel filtration elution fractions. Prior to 
electrophoresis the samples were denatured by incubation at room tem perature in 
Laemmli buffer plus 8 M urea. The positions o f protein molecular mass markers are 
indicated on the left.



protein sample. However, after denaturation, monomeric MBP-Rns (-73 kDa) was 

detected in the fractions that had comprised the peak corresponding to a size o f 134 kDa 

(Fig. 4.13 (B)). Therefore gel filtration analysis o f MBP-Rns demonstrated that the 

protein exists mainly as a dimer in solution.



4.3 Discussion

In recent years there has been increasing awareness that many proteins contain 

functionally important disordered regions (99). While studying the RnsC102 

pentapeptide insertion mutant, it became evident that this may also be true o f Rns. In 

order to be fully active, the Rns protein appears to depend on the existence o f an area of 

disorder between its N- and C-terminal domains.

The pentapeptide insertion after position C l02 o f Rns had occurred in a part o f the 

protein that was predicted to be unstructured. In general such sequences are tolerant of 

insertions (175). Further analysis revealed that within this unstructured region o f Rns, 

the amino acids NlOO to S I04 were predicted to form a disordered area. However, 

following the introduction o f the pentapeptide insertion after residue C l02 this area o f 

disorder was no longer predicted to be present. The RnsC102 insertion mutant 

displayed a reduced ability to activate transcription at both the coo and rns promoters. 

This partial level o f  activity may be due, at least in part, to the insertion affecting DNA 

binding by the protein. Although the mutant was capable o f  binding to coo and rns 

promoter DNA, it was found to do so with less affinity than wild type Rns. A 

pentapeptide insertion within the putative disordered region o f Rns reduced the activity 

o f the protein, but elimination o f this region was even more deleterious to protein 

function. A Rns derivative lacking the NACRS residues that comprise the potential 

area o f disorder did not bind to DNA and was unable to activate expression from the 

coo and rns promoters. Therefore the presence o f this disordered region was clearly 

important for Rns activity. However, analysis o f additional Rns mutant derivatives 

revealed that the identity o f the amino acids composing the required area o f disorder 

was not crucial. Individual alanine substitutions at positions C102 and R103 o f Rns 

maintained the predicted disorder and were found to have no adverse effects on Rns- 

dependent expression from the coo promoter; RnsC102A and RnsR103A activated the 

coo promoter as efficiently as wild type Rns. Indeed all five o f  the residues comprising 

the area o f predicted disorder in Rns were found to be replaceable. A derivative o f Rns 

in which the seven amino acids comprising the flexible linker o f RhaS, LENSASR 

(212), were substituted for the NACRS amino acid sequence was fully functional. The 

substitution recreated the necessary predicted disordered region and the Rns derivative 

with the RhaS linker sequence activated the coo promoter and bound to DNA as well as 

wild type Rns. Thus even the length o f the disordered area in Rns is not critical.
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What function might this essential region o f predicted disorder in the Rns protein 

serve? Deletion and disruption o f the region abolished and reduced DNA binding by 

Rns respectively. However, amino acids 100-104 o f Rns are not in the predicted DNA- 

binding domain o f the protein and are unlikely to make direct contact with DNA. 

Therefore the Rns sequence NACRS is not likely to have a direct involvement in the 

DNA binding activity o f the protein. It is possible that, like the LENSASR sequence of 

RhaS, the NACRS residues o f Rns form a flexible linker that connects the two domains 

o f the protein. While also being disorder-promoting residues, the alanine and serine 

amino acids within the NACRS sequence are known to permit protein flexibility. In 

addition, flexibility is a characteristic associated with disordered regions o f proteins 

(100). Hence, it may be the flexibility that is provided by the disorder in this area of 

Rns that is essential for protein function. A flexible interdomain linker may be 

necessary to allow the C-terminal domain o f Rns to bind to DNA while the N-terminal 

domain performs its as yet undiscovered function.

The NACRS sequence o f Rns shares several similarities with the known flexible 

linkers o f AraC itself and the AraC family members RhaS and RhaR. It was 

demonstrated that the amino acid sequence o f the linkers o f each o f these proteins did 

not have to be maintained precisely, as the linker residues could be individually altered 

without significantly reducing protein activity (120, 212). Specifically, single alanine 

substitutions in the linker regions o f both RhaS and RhaR had minor effects, if any, on 

the ability o f the proteins to regulate transcription (212), as was found for the NACRS 

sequence o f Rns. Furthermore, like the Rns derivative in which the NACRS residues 

had been replaced by the RhaS linker LENSASR, a RhaR derivative carrying the RhaS 

linker in place o f its own was functional (212). Only alterations that were thought to 

reduce the flexibility o f the linkers o f the AraC, RhaS and RhaR proteins resulted in 

mutant derivatives with defects in their activity (120, 212). Therefore it appears that 

like Rns, these proteins require an area o f flexibility between their N- and C-terminal 

domains.

Flexible linker regions have generally been demonstrated to be tolerant o f amino acid 

insertions. For example, pentapeptide insertions within the linker sequences o f  the 

McrA endonuclease o f E. coli, the XerD recombinase o f S. Typhimurium and the Cl 

repressor o f coliphage 186 had no discernable effect on the activities o f these proteins 

(9, 47, 366). Indeed the linker region o f AraC was first identified by screening the 

protein for an area that was tolerant o f insertions (119). In contrast, the Rns protein was
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not found to be fully tolerant o f the pentapeptide insertion after position C l02 within 

the NACRS sequence. However, as discussed above, this was most likely due to the 

insertion disrupting the essential disorder and flexibility in the region. In addition, as 

detailed in Chapter 3, the area immediately downstream o f the NACRS residues (amino 

acids K108 to N130) is tolerant o f insertions. A recent study included a suggestion, 

based on unpublished scanning linker mutagenesis results, that residues 100 through 

131 o f Rns probably functions as a flexible linker (19). The findings o f the work 

described in this, and the preceding chapter support this suggestion. Furthermore, this 

work has specifically identified the NACRS sequence o f Rns that may comprise the 

minimal linker region o f the protein or at least represents a small segment within a 

larger linker in which disorder or flexibility is vital.

In general, AraC-like proteins that regulate carbon metabolism are dimeric while 

those that regulate genes involved in stress response function as monomers (248). The 

oligomeric state o f the AraC-like proteins involved in virulence gene regulation remains 

mostly unknown. In this study, cross-linking assays, a LexA-based reporter system, and 

gel filtration chromatography indicated that the Rns protein is able to dimerise. All 

three techniques employed His-tagged Rns or a Rns fusion. However these forms o f the 

protein have been demonstrated to be functional and, due to the high insolubility o f Rns, 

it is necessary to use His-tagged Rns or MBP-Rns for in vitro studies.

The ability o f Rns to homodimerise in vivo was initially examined with a LexA-based 

gene fusion system. This system has previously been used to assess the dimerisation o f 

several AraC family members including AraC itself, XylS and the virulence regulators 

UreR, PerA and ToxT (46, 193, 306, 317, 339). LexA dimers repress expression o f the 

sulA gene, however the LexA DBD alone is unable to dimerise and thus cannot repress 

a chromosomal transcriptional fusion o f the sulA promoter to lacZ. Therefore the 

finding that transcription from the sulA promoter was repressed by a fusion o f the LexA 

DBD to full length Rns revealed that Rns is capable o f dimerising. In contrast, it was 

recently reported that dimerisation o f  Rns could not be demonstrated using an 

alternadve gene fusion system based on the X phage repressor, cl (19). In this report by 

Basturea et al. only a portion o f Rns (residues 1-154) was used and found to be unable 

to restore repressor function to the cl DBD (19). The findings that a fusion o f full 

length Rns to the LexA DBD is functional, and therefore a dimer, while a fusion o f 

Rns(l-154) to the cl DBD is not, may be due to the dimerisation domain o f Rns residing 

within its C-terminal amino acids (residues 155-265).
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Cross-linking assays were conducted to further assess the possibility that the Rns 

protein dimerises. M BP-Rns was subjected to NHS-catalysed EDC cross-Hnking 

reactions after which it was denatured using a urea-based treatment and then analysed 

by SDS-PAGE and W estern immunoblotting. Under these conditions protein 

complexes corresponding in size to putative dimers o f MBP-Rns were consistently 

detected. Again this differs from the findings o f Basturea et al. who reported that MBP- 

Rns dimers were not observed following SDS-PAGE analysis o f denatured samples of 

MBP-Rns that had been exposed to the chemical cross-linker glutaraldehyde (19). The 

report does not specify the method used to denature the protein samples prior to SDS- 

PAGE analysis. However, as the work performed in this chapter illustrates, the 

denaturation method is significant, as it can affect the results o f cross-linking 

experiments. Basturea et al. do state that the mobility o f MBP-Rns was reduced 

following cross-linking. Indeed the amount o f monomeric MBP-Rns present decreased 

significantly as the concentration o f cross-linker increased, however this is attributed to 

the binding o f various amounts o f glutaraldehyde to the MBP-Rns monomers (19). In 

addition, glutaraldehyde cross-linking o f Rns was revealed to result in the presence of 

large complexes near the top o f the gel (19). Therefore it is possible that the cross- 

linking o f Basturea et al. was hampered by the aggregation o f Rns protein.

While conducting the experiments included in this chapter, it became apparent that the 

Rns protein is prone to aggregation. This is the likely reason for the difficulties 

encountered during the initial cross-linking experiments using His-tagged Rns. 

Aggregation is a general characteristic o f many AraC-like proteins. AraC itself, RliaS, 

ToxT and XylS have been reported to aggregate and this has impeded the analysis o f 

each o f these proteins (201, 317, 354, 429). There has been conjecture that AraC may 

be incompletely folded prior to binding to DNA; thus it could have an excessive number 

o f hydrophobic residues exposed, which would explain its tendency to aggregate (354). 

The tendency o f  Rns to aggregate appeared to increase when the protein was heated in 

the presence o f Laemmli buffer, the standard method o f denaturation used prior to SDS- 

PAGE analysis. Thermal denaturation can cause proteins to unfold and expose 

previously buried hydrophobic patches. Aggregation then occurs as a consequence o f 

intermolecular interactions between these hydrophobic protein surfaces (160). 

Hydrophobic interactions are abolished in the presence o f high concentrations o f urea. 

Therefore, use o f  urea during the denaturation o f MBP-Rns samples enabled the 

observation o f the effects o f cross-linking on the protein in the absence o f aggregation.
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This may explain why dimers o f MBP-Rns were detected following the cross-linking 

assays described in this study but not after the cross-linking o f Basturea et al. (19).

The final method used to assess the oligomeric state o f  Rns was gel filtration. As 

judged by SDS-PAGE and Western immunoblot analysis, following gel filtration 

chromatography MBP-Rns eluted as a peak with an apparent molecular mass o f 134 

kDa, implying that MBP-Rns exists as a dimer in solution.

The location o f the dimerisation domain o f Rns is not known. Pentapeptide insertions 

in the putative linker and HTH regions o f Rns did not prevent dimerisation o f MBP 

fusions o f the RnsC102 and RnsQ227 mutants, respectively. Dimerisation o f MBP- 

RnsANACRS appeared to be reduced relative to wild type protein but loss o f the 

potential flexible linker may have indirectly affected the ability o f  Rns to form protein- 

protein interactions. Dimerisation o f AraC is mediated by an antiparallel coiled coil 

formed between an a-helix  at the end o f the N-terminal domain o f each monomer (378). 

UreR and XylS are proposed to use a similar mechanism to dimerise (306, 339). A 

potential a-helix  formed by residues 131-146 o f Rns, was identified by Basturea et al. 

and reported to have limited homology to the dimerisation helices o f AraC, UreR and 

XylS (19). As described above, however, a portion o f Rns (residues 1-154) containing 

this potential a-helix  did not homodimerise (19). Although the coiled coil prediction 

program COILS (241) predicts a coiled coil structure in the vicinity o f  residues 131-146 

o f Rns (a-helix 3, Fig. 3.4), another coiled coil is predicted with even greater 

probability between residues 195-222 (a-helix 7) (Fig. 4.14). Therefore this sequence, 

situated between the two putative HTH motifs o f Rns, may be involved in dimerisation.

The means by which a dimer o f Rns would bind to the previously identified DNA 

binding sites at the coo and rns promoters is not clear. As the Rns binding sites are 

asymmetric it has been assumed that an asymmetric Rns monomer binds at each site, 

placing a recognition helix from each o f its HTH motifs in adjacent major groove 

regions o f the DNA (268, 269). It is possible, however, that Rns dimerises via an 

antiparallel coiled coil formed by the a-helix  located between its HTH motifs. One o f 

the Rns monomers com prising the dimer could then provide HTHl for binding in one 

major groove o f the DNA while the second monomer could provide HTH2 for DNA 

binding in the other major groove. Additional studies are necessary to elucidate the 

mechanism by which Rns dim erises and binds to DNA and the possible involvement o f 

a flexible linker region in the activity o f the protein.
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Fig. 4.14. COILS output for Rns. The amino acid sequence o f Rns was analysed by 
COILS, a programme that calculates the probability that a protein sequence will adopt a 
coiled coil conformation. The probability is obtained in scanning windows o f  14, 21 or 
28 residues. Using the 14 residue scanning window the programme identified potential 
coiled coil structures between residues 100 and 150 o f Rns and between residues 195 
and 222. Using the 21 and 28 residue scanning windows the probability o f  a coiled coil 
structure between residues 195 and 222 o f Rns is even greater.



Chapter 5 Regulation of the coo promoter
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5.1 Introduction

The Rns transcriptional regulator is required for the expression o f CSl fimbriae in 

enterotoxigenic E. coli (49). Rns activates CSl expression directly by binding to two 

sites upstream o f the coo promoter. Both o f these sites are required for full Rns- 

dependent transcription from the coo promoter. Site I is centred at position -112 and 

site II is centred at position -44 (numbering relative to the transcription start site) (268). 

Three thymines present within both sites were found to be critical for Rns binding 

(268). Subsequent analysis revealed that these thymine residues are also present in the 

three Rns binding sites at the m s  promoter (269). Indeed all five o f these 

experimentally determined Rns binding sites have a conserved arrangement of 

thymines. At each site two thymines are separated by an intervening adenosine and the 

third thymine is seven nucleotides upstream of this conserved TAT motif, but on the 

opposite strand (Fig. 1.6) (269).

In E. coli, specific activators (like Rns) and specific repressors (such as the lac 

repressor) control the expression o f certain genes by binding to their promoters and up- 

or down-regulating transcription respectively (41). However, in addition to these 

dedicated transcription factors, a class o f DNA-binding proteins including IMF, Fis, HU 

and H-NS act as global regulators o f a wide variety o f unrelated genes (93, 416). H-NS 

is a small (-1 6  kDa) abundant nucleoid-associated protein that plays a dual role in 

compacting and structuring DNA and in regulating transcription (92). Upon binding, 

H-NS affects the topology o f DNA. H-NS has been demonstrated to condense DNA, 

constrain DNA supercoils and induce DNA bending (70, 386, 408). It is via these 

changes in DNA topology that H-NS influences nucleoid structure and transcription. 

H-NS mainly acts as a negative regulator, repressing the transcription o f  a large number 

o f genes. Many o f the genes modulated by H-NS are responsive to environmental 

signals such as temperature, osmolarity and pH (11). H-NS has also been found to 

silence horizontally acquired genes and is therefore proposed to be involved in 

protecting the cell from the inappropriate expression o f such foreign DNA (91). H-NS 

contains an N-terminal dimerisation domain, a C-terminal DNA-binding domain and a 

flexible linker that connects the two domains and is required for higher order 

oligomerisation o f the protein (329). In addition to H-NS many gram negative bacteria 

express StpA, a paralogue o f H-NS (445). A third H-NS-like protein, Sfh, is encoded 

by a gene on a R27-like plasmid in S. flexneri (22). StpA and Sfh are structurally and



functionally homologous to H-NS and all three proteins can form heteromeric 

complexes (79). Different combinations o f these proteins may have distinct roles in the 

cell.

H-NS was initially reported to bind to DNA with little sequence specificity, although 

it was found to preferentially bind to intrinsically curved and AT rich DNA (71). It was 

recently demonstrated, however, that H-NS binds sequence specifically to two identical 

high-affinity binding sites in the E. co lip ro U  operon (38). It is thought that H-NS first 

binds (as a dimer at least) to such high-affmity or nucleation sites from where it then 

polymerises along the DNA, co-operatively binding to further low-affinity sites, leading 

eventually to the formation o f extended nucleoprotein complexes (38, 330). It is these 

higher order oligomeric nucleoprotein complexes that are responsible for transcription 

repression by H-NS either by acting to exclude the binding o f RNA polymerase or by 

trapping RNA polymerase at the promoter. Trapping o f RNA polymerase, at the rrnB 

ribosomal RNA gene promoter for example, is brought about when H-NS complexes 

bound to a region upstream o f the promoter interact with H-NS bound downstream of 

the promoter, resulting in the looping o f the intervening DNA (72). RNA polymerase is 

physically trapped within this loop, thus transcript elongation is prevented. In E. coli, 

the position o f  H-NS binding correlates strongly with that o f RNA polymerase binding 

(154, 291). In contrast, H-NS in Salmonella was not demonstrated to co-localise with 

RNA polymerase (237). Thus it appears that in Salmonella  H-NS silencing occurs via 

the occlusion mechanism, while in E. coli the trapping mechanism is employed.

H-NS negatively regulates transcription from the coo promoter (270). H-NS was 

reported to predominantly exert its inhibitory effect in a region downstream o f the 

promoter (+7 to +929) although it was suggested that H-NS may also act upstream of 

this region (270). However, the H-NS protein was not demonstrated to bind directly at 

the coo locus. H-NS has also been found to repress transcription at several other 

promoters that are activated by AraC family members including the VirF-regulated virB 

promoter, the CfaD-regulated cfa promoter, the UreR-regulated ureR promoter and the 

ToxT-regulated ctx promoter (58, 199, 402, 444). This has prompted a suggestion that 

in general, one o f the functions o f AraC family members may be to antagonise 

repression by H-NS at their target genes, i.e. to act as anti-repressors. Indeed, Rns was 

demonstrated to be involved in circumventing H-NS-mediated silencing o f the coo 

promoter (270). The aims o f the study presented in this chapter were to further analyse 

the binding o f Rns to the coo promoter and to investigate the regulation o f the promoter.
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5.2 Results

5.2.1 Effects of mutations in the coo promoter region on Rns binding 

and promoter activity

5.2.1.1 Interaction of MBP-Rns with mutant coo promoter derivatives

As detailed in Chapters 3 and 4, when EMSAs were performed to study the binding o f 

wild type M BP-Rns to coo promoter DNA, three main sets o f protein-DNA complexes 

were observed (see Fig. 3.14, for example). To gain an improved understanding of the 

interaction o f Rns with the coo promoter region and to learn more about these protein- 

DNA complexes, EMSAs were conducted with coo promoter DNA probes in which 

residues known to be important for Rns binding were mutated. All o f the Rns binding 

sites at the coo and rns promoters contain a conserved TAT m otif (268, 269). It has 

been demonstrated that at both o f  its binding sites located upstream of the coo promoter, 

Rns makes critical interactions with the thymine nucleotides o f this TAT sequence 

(268). Therefore alteration o f the TAT m otif within coo promoter binding sites 1 and II 

would be expected to interfere with Rns binding there. The insert present in the 

pBSKII+ derived plasmid pCSl contains bases -393 to +62 o f coo DNA (numbering 

relative to the transcription start site) and therefore includes the coo promoter region. 

Site-directed mutagenesis was performed on pCSl using the QuikChange kit 

(Stratagene) and the prim er pair Site_I_F and Site_I_R or the primer pair Site_II_F and 

Site_II_R (Table 2.3). The coo promoter region within the resulting plasmids contains 

a CGC substitution for the TAT sequence within Rns binding site I (pC Sl-Sitel) or 

within binding site II (pC Sl-S itell). Further site-directed mutagenesis conducted using 

pC Sl-S itell and the primers Site_I_F and Site_I_R produced the plasmid pC Sl- 

Sitel&II in which the TAT sequence within both binding sites had been altered to CGC. 

All o f the plasmids were sequenced to verily that the substitutions had occurred.

To construct the mutant probes for use in EMSAs, a 195 bp DNA fragment 

comprising the coo promoter region from -196 to -2 (relative to the transcription start 

site) was amplified by PCR using the 5'-biotinylated primers VM l and VM2 (Table 

2.3) and pC Sl-S itel, pC S l-S itell or pCSl-Sitel& II as a template. EMSAs were then
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performed to compare the interaction of MBP-Rns with a wild type coo promoter probe 

to the interactions o f the protein with the mutated probes (Fig. 5.1). MBP-Rns bound 

less well to the mutated probes than it did to the wild type probe, thus confirming the 

importance of the TAT motif within sites 1 and II for Rns binding at the coo promoter. 

In the presence of 68 nM MBP-Rns, no free wild type probe remained. As determined 

by densitometry, at that protein concentration approximately 16% of both the site I 

mutant and the site II mutant probes was unbound while 97% of the site I&II mutant 

probe had not been bound. Despite the reduced binding affinity, MBP-Rns could still 

form protein-DNA complexes with the single site mutant coo promoter probes. 

I ’herefore disruption of one of the binding sites did not appear to prevent Rns from 

binding to the remaining unaltered site. In the presence of 68 nM MBP-Rns the wild 

type, site 1 mutant and site II mutant probes had formed two sets o f complexes. The 

higher molecular weight complex was formed to a greater extent by the wild type probe 

while the mutant probes formed significantly more of the lower molecular weight 

complex. In addition, the lower molecular weight complexes formed by each probe had 

different mobilities. When formed by MBP-Rns and wild type coo promoter DNA, the 

lower molecular weight complex could appear as a doublet (see Fig. 4.3 for example). 

Therefore the EMSAs performed with the mutated coo probes revealed that this 

complex appears to result from MBP-Rns occupying binding site I alone and binding 

site II alone and that the mobility of the former is slightly less than that of the latter. It 

appears that the higher molecular weight complex is due to MBP-Rns occupying both 

binding sites I and II. The single site mutants formed a limited amount of this complex, 

however it was not formed when MBP-Rns was incubated with the site I&II mutant 

probe. It is possible that MBP-Rns bound to one wild type coo promoter site may 

facilitate at least some binding of protein to the other mutated site. This is suggestive of 

co-operative binding. Finally, the uppermost complex of least mobility was formed by 

all of the probes. That this complex was formed even by the site I&II mutant coo 

promoter probe supports the assumption that it is caused by non-specific binding in the 

presence of excess protein. Thus the use of mutated probes in EMSAs with MBP-Rns 

provided a clearer understanding of the interaction of Rns with coo promoter DNA.
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5.2.1.2 Construction of reporter plasmids with variant coo  promoter regions

pZep08-based reporter plasmids with coo promoter fragments containing the CGC for 

TAT substitution in Rns binding sites I and/or II fused upstream o f a promoterless gfp 

gene were constructed. The coo promoter region (-393 to +62) containing the CGC 

substitution at Rns binding site I was amplified by PCR using the primers CSl-Blunt 

and C Sl-X bal (Table 2.3) and the plasmid pC Sl-Sitel as a template. The PCR product 

was digested with Xbal and ligated into the pZepOS vector digested with Sma\ and Xba\. 

DNA sequencing o f the resulting plasmid revealed that the coo promoter insert present 

(-359 to +62) was shorter than expected. This plasmid was named pCoo-359-I (Table

2.2 and Fig. 5.2) where the number (-359) refers to the upstream end point o f the coo 

promoter region present in the insert, and the roman numeral indicates that the insert 

contains a CGC for TAT substitution in Rns binding site I. To produce reporter 

plasmids with inserts that were equivalent in length to the insert in pCoo-359-I, the coo 

promoter regions within pCooGFP, pC Sl-S itell and pC Sl-Sitel& II were amplified by 

PCR using the primers N ew _C Sl-B lunt (Table 2.3) and C Sl-X bal. The PCR products 

were digested with Xha\ and cloned into pZepOS digested with Sma\ and Xbal. The 

inserts present in the resulting plasmids (pCoo-88, pCoo-96, pCoo-352, pCoo-359, 

pCoo-201-II, pCoo-359-Il, pCoo-146-I&II and pCoo-359-I&II, Table 2.2 and Fig. 5.2) 

were sequenced and although each was found to have the expected downstream end

point o f +62 (relative to the coo transcription start site), the upstream end-points o f the 

inserts ranged from -359 (as expected) to -88. These plasmids were named according to 

the system described above for pCoo-359-I. To generate reporter plasmids containing 

coo promoter region inserts o f  the length (-393 to +62) present in the reporter plasmids 

(pCooGFP and pCooGFP-2) used in all previous experiments, it was necessary to 

perform site-directed mutagenesis as described in Section 5.2.1.1 on pCooGFP. The 

resulting plasmids, named pCooGFP-I, pCooGFP-II and pCooGP-I&II (Table 2.2 and 

Fig. 5.2), were sequenced to verify that the inserts were o f  the correct length and 

contained the CGC for TAT substitutions.

5.2.1.3 Activity of the coo promoter variants in vivo

It was noticed that E. coli XL-1 cells containing only the reporter plasmids with 

mutated and/or reduced length coo promoter inserts were fluorescent. This was 

unexpected as it indicated that the coo promoter variants were displaying transcriptional
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Fig. 5.2. Variant coo promoter fragments present in reporter plasmids and 
associated levels of basal promoter activity. At the top of the figure a schematic 
diagram represents the wild type coo promoter region. Rns binding sites I and II are 
shown as grey boxes and the transcription start site is represented as an arrow. 
Underneath and in relationship to this schematic diagram, different fragments of the coo 
promoter region cloned upstream of a promoterless gfp gene are represented as lines 
next to the reporter plasmid name. The end points of the coo promoter fragments are 
shown above the lines. Within Rns binding sites I and II each coo promoter fragment 
contained either the wild type TAT motif (coloured black) or a CGC substitution 
(coloured red). The TAT and CGC nucleotides are not to scale. The fluorescence level 
in cultures o f E. coli XL-1 harbouring each plasmid is shown on the right in 
fluorescence units (in 1000s). Standard deviation (SD) values are indicated. This data 
represents averages o f triplicate measurements on duplicate cultures. Measurements 
were performed independently at least three times; a representative data set is shown.



variable. Aside from this aberrant result, the loss of the upstream region (-393 to -359) 

did not appear to affect the ability o f Rns to activate the coo promoter. However, the 

TAT motifs present in binding sites I and 11 are important for full Rns-dependent 

activation of the coo promoter in vivo.

5.2.2 Effect of H-NS on coo promoter activity

5.2.2.1 Does H-NS bind directly to the coo promoter region?

The transcriptional activity of the variant coo promoters in the absence of activation 

by Rns was postulated to be due to a reduced ability of a repressor to act at these 

promoters. The H-NS protein is a repressor of coo transcription (270). Therefore the 

possibility that it was H-NS-mediated repression that had been relieved by the loss of 

upstream sequences of the coo promoter and the CGC for TAT substitutions within the 

Rns binding sites was investigated. H-NS-dependent repression was reported to mainly 

occur in a region downstream of the coo transcription start site (+7 to +929) (270). 

Thus it was necessary to determine if H-NS could also repress the portion of the coo 

promoter present in the pCooGFP reporter plasmid used in this study. E. coli MC4100 

and its /zm-negative isogenic derivative, PD32, were transformed with pCooGFP and 

subjected to tluorimetric analysis (Fig. 5.4). Fluorescence levels in the hns' strain were 

4-fold higher than those in the hns^ strain {P < 0.005), demonstrating that the H-NS 

protein represses the coo promoter fragment comprising bp -393 to bp +62.

H-NS preferentially binds to curved DNA sequences (439). Previously, two- 

dimensional electrophoresis was used to demonstrate the presence of curved DNA in a 

region upstream of the coo operon (between bp -884 and bp -120) (373). In addition, 

analysis of the coo promoter region from -393 to +62 using the web-based bend.it DNA 

curvature prediction programme (http://www.icgeb.trieste.it/dna) revealed the presence 

of predicted areas of curvature (Fig. 5.5). Thus it is possible that H-NS binds directly to 

the coo promoter region. To examine this possibility, EMSAs were performed to 

monitor the interaction of H-NS with coo promoter DNA. The His-tagged H-NS 

expression vector pHNSHlS (Table 2.2) was constructed. His-tagged H-NS was 

overexpressed and purified as described in Section 2.3.2.1 (Fig. 5.6). Increasing 

concentrations of purified His-tagged H-NS protein were incubated with the 195 bp
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Fig. 5.3. Transactivation of coo promoter variants by Rns. The fluorescence levels 
in cultures o f E. coli XL-1 harbouring the indicated reporter plasmids alone (Rns-) or in 
addition to the Rns expressing plasm id pSS2192 (Rns+) w ere m easured. Data 
represents averages o f triplicate m easurem ents on duplicate cultures. Error bars 
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different days are shown in separate panels. Statistical significance is indicated by **, 
where P < 0.005.
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reporter plasmid pCooGFP were measured. Data represents averages o f  triplicate 
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set is shown. Statistical significance is indicated by **, where P < 0.005.
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wild type coo promoter probe (-196 to -2) in the presence and absence of an excess of 

non-specific competitor DNA (poly(dl.dC)) (Fig. 5.7 (A)). In the absence of 

poly(dl.dC), the coo promoter probe was completely bound when 0.56 fiM His-tagged 

H-NS was added and a low mobility protein-DNA complex was detected. Increasing 

concentrations o f H-NS led to the formation o f protein-DNA complexes o f even lower 

mobility. This suggested that H-NS interacts with several sites within the tested coo 

promoter region or that multiple H-NS molecules were binding. H-NS also bound the 

coo promoter probe when an excess o f poly(dl.dC) was present. The binding affinity 

was less than was observed in the absence o f non-specific competitor DNA, as 1.13 |iM 

His-tagged H-NS was required to completely bind the probe. However, the EMSA 

results demonstrated that H-NS binds directly to the coo promoter. To examine if  there 

were further H-NS binding sites upstream of position -196 o f the coo promoter region, 

i.e. within the areas absent in some o f the variant coo promoter reporter plasmids, a 

more extensive EMSA probe was constructed. A 431 bp fragment o f DNA comprising 

the coo promoter region from -371 to +60 was amplified by PCR using the 5'- 

biotinylated primers CSBSl and CSBS2 (Table 2.3) and pCooGFP as a template. The 

EMSAs described above were repeated with this extended probe (Fig. 5.7 (B)). As 

determined by densitometry, in the presence o f 0.56 f̂ iM His-tagged H-NS 

approximately 90% o f the 195 bp probe remained unbound while 80% of the 431 bp 

probe was not bound. Aside from this small difference, however, the affinity o f H-NS 

for the 431 bp coo promoter probe did not appear to be significantly greater than that for 

the shorter probe. Addition o f increasing concentrations o f His-tagged H-NS to the 431 

bp probe produced mobility shifts similar to those observed when H-NS was incubated 

with the 195 bp probe. Therefore, based on this assay, it was not possible to attribute 

the elevated basal transcriptional activity o f the reduced length coo promoters to a loss 

o f H-NS binding to linear DNA.

5.2.2.2 Effect of site I and II mutations on H-NS repression at the coo promoter

It remained possible that the CGC for TAT substitutions within Rns binding sites I 

and II had diminished H-NS-dependent repression o f the coo promoter, perhaps by 

reducing H-NS binding there. The coo promoter sequences containing the site I and/or 

II mutations were examined using the bend.it programme. The CGC substitutions did 

not reduce the levels o f predicted curvature present in the coo promoter (results not
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shown). In addition to binding to curved DNA, H-NS was shown to specifically bind to 

two identical high-affinity binding sites (AATATATCGA) within a regulatory element 

of the E. coli proU  gene (38). The DNA sequence from position -985 to +729, relative 

to the coo transcription start site, was searched for close matches to this 10 bp m otif A 

sequence with only one mismatch (AATAAATCGA) is present between positions -124 

and -115 (Fig. 1.6). This sequence is within the area of the coo promoter protected from 

DNase I by MBP-Rns binding at site I (268). On the reverse strand, the final nucleotide 

of this sequence corresponds to the first thymine of the TAT motif o f Rns binding site 1. 

Therefore this nucleotide was altered in the site I and site I&II coo promoter mutants, 

creating a second mismatch to the proU  sequence and potentially affecting H-NS 

binding to the coo promoter. EMSAs were performed to assess whether H-NS binding 

had indeed been reduced by the CGC for TAT substitutions at sites 1 and/or II. 

Increasing concentrations of His-tagged H-NS were incubated with the 195 bp wild 

type, or site mutated, coo promoter probes in the presence and absence o f an excess of 

poly(dl.dC). In the absence of non-specific competitor DNA, H-NS appeared to bind to 

the wild type and mutated coo promoter probes in a similar manner (Fig. 5.8 (A)). 

When poly(dl.dC) was included, H-NS appeared to bind less well to the mutation 

containing probes than it did to the wild type coo promoter probe. As determined by 

densitometry, approximately 15% of the wild type probe remained unbound in the 

presence of 1.13 |aM His-tagged H-NS (Fig. 5.8 (B)). In contrast, when 1.13 ^iM His- 

tagged H-NS was incubated with the mutant probes densitometric analysis revealed that 

approximately 40% of the site II mutant probe remained unbound while approximately 

60% of both the site I and the site I&II mutant probes were not bound. However, when 

2.27 jiM His-tagged H-NS was added each of the coo promoter probes were bound 

equally. Therefore, when conducted in the presence of non-specific competitor DNA, 

the EMSA results appeared to indicate that the CGC for TAT substitutions at Rns 

binding sites I and/or II had decreased the affinity of H-NS binding to the coo promoter.

To examine if the site mutations had decreased H-NS-dependent repression of coo 

transcription, the GFP expression levels of a selection of the site I and/or II mutated coo 

promoter reporter plasmids were measured in a wild type {E. coli MC4100) and hns 

mutant (PD32) background (Fig. 5.9). If the ability of H-NS to repress the mutated coo 

promoters were reduced, the expression levels from these promoters would not be 

expected to increase significantly in the absence of H-NS. However, like the H-NS 

repressed wild type coo promoter, expression from each of the CGC substitution
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Fig. 5.7. Interaction of His-tagged H-NS with coo promoter DNA. EMSAs were 
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probe (-196 to -2) or (B) a 431 bp biotinylated coo promoter DNA probe (-371 to +60) 
and a range of concentrations of His-tagged H-NS as indicated at the top of each panel. 
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protein-DNA complexes are indicated on the left.
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containing coo promoters was 3- to 4-fold higher in the absence o f H-NS than it was in 

the presence o f H-NS {P <  0.005). A similar trend was observed for the reduced length 

wild type coo promoter in the reporter plasmid pCoo-359. Thus, the results o f these 

experiments indicate that the site mutations within the Rns binding sites at the coo 

promoter had not led to a reduced level of H-NS-mediated repression there.

5.2.3 Differential regulation of the coo promoter by H-NS and Rns

5.2.3.1 Effect o f Rns on the coo promoter in the presence and absence of H-NS

As described above, coo promoter expression is derepressed in the absence o f hm. 

The Rns expressing plasmid, pSS2192, was transformed into E. coli MC4100/pCooGFP 

and PD32/pCooGFP to compare the effects o f Rns on coo promoter activity in wild type 

and hns mutant strains, respectively. The resulting transformants produced widely 

variable levels o f fluorescence (results not shown). It appeared that the E. coli strains 

MC4100 and PD32 could not tolerate the presence o f both pCooGFP and pSS2192. 

Therefore a different strategy was pursued. The alternative reporter plasmid pCooGFP- 

2 was used in place o f pCooGFP. In addition, the pASK75 vector (Table 2.2) was used 

to construct a plasmid in which incremental levels o f Rns could be inducibly expressed 

from a promoter other than its native rns promoter. The rns ORF was amplified by 

PCR using the primers RnsF Xba and RnsR_Hind (Table 2.3) and pSS2192 as a 

template. The PCR product was digested with Xba\ and HinAWl and ligated into 

pASK75 that had previously been digested with the same enzymes to remove a segment 

of the vector encoding the OmpA signal peptide and a strep-tag. The resulting plasmid, 

pASKrns, was sequenced to confirm that the insert was correct. This plasmid expresses 

Rns from the tetA promoter/operator, which is tightly controlled by the TetR repressor. 

Expression from the tet promoter is induced by the addition o f  anhydrotetracycline 

(AHT). As both pASK75 and pASKrns carry only ampicillin resistance, it was 

necessary to modify these plasmids for use in the ampicillin resistant E. coli strain 

PD32. This was achieved by ligating a 2 kb spectinomycin resistance cassette, excised 

from plasmid pKRP13 (Table 2.2) by HindWl digestion, into HindlW  digested pASKrns 

and pASK75. The structures o f the resulting plasmids, named pASKrnsSpec (Fig. 5.10) 

and pASK75Spec (Table 2.2), were confirmed by restriction endonuclease mapping.
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Both E. coli M C 41 OO/pCooGFP-2 and PD32/pCooGFP-2 were transformed with 

either pASKrnsSpec or pASK75Spec. The resultant transformants were grown (in 

duplicate) to mid-logarithmic phase. The pASKrnsSpec containing cultures were 

divided into several aliquots to which increasing levels o f the AHT inducer were added. 

All cultures were then grown for a further two hours before they were subjected to 

fluorimetric analysis. In the absence o f Rns, coo promoter activity was approximately 

4-fold higher (P < 0.005) in the H-NS‘ host background (PD32) than in the H-NS^ 

background (MC4100) (Fig. 5.11). The fluorescence levels in these pASK75Spec- 

harbouring cultures were unaffected by the addition o f AHT (results not shown). 

However, growth o f  the strains containing pASKrnsSpec in the presence o f increasing 

amounts o f AHT resulted in increasing levels o f fluorescence (Fig. 5.12 (A)). For wild 

type E. coli M C4100/pCooGFP-2/pASKrnsSpec, coo promoter expression was 

activated over 12-fold {P < 0.005) when Rns was fully induced (200 (o,g/L AHT) 

compared to in the absence o f AHT induction. In the hns mutant PD32, full Rns 

induction led to a 3-fold increase in coo expression. Thus Rns does not solely act to 

circumvent H-NS-mediated repression as even in the absence o f H-NS, Rns can elevate 

coo promoter expression.

Western immunoblotting o f samples o f the cultures used in the fluorimetric analysis 

confirmed that increasing amounts o f the AHT inducer resulted in increasing levels of 

Rns expression from pASKrnsSpec (Fig. 5.12 (B)). Rns expression from pASKrnsSpec 

was not detected in the absence o f AHT induction. The western immunoblot analysis 

revealed that in the wild type MC4100 background, 20 \iglL AHT was sufficient to 

induce Rns expression while in the hns mutant PD32, Rns was only detected following 

induction with 50 ^xg/L AHT. In addition, potential Rns breakdown products were more 

prevalent in the hns mutant strain.

S.2.3.2 Competition between H-NS and Rns for the coo promoter region

Competition EM SAs were performed to assess whether the H-NS and Rns proteins 

compete with each other to interact with coo promoter region DNA. His-tagged H-NS 

and MBP-Rns were incubated separately with the 195 bp wild type coo promoter DNA 

probe to allow protein-DNA complexes to form. In an attempt to replace the pre-bound 

protein, a second incubation was then conducted during which increasing amounts of 

MBP-Rns were added to the H-NS binding reactions and increasing amounts o f His-
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carries rns under the tight control o f  TetR (encoded by the tetR gene), the repressor o f 
the tetA prom oter/operator. The tet prom oter is inducible by anhydrotetracycline. 
Relevant features and restriction endonuclease sites are indicated on the plasmid map.
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Fig. 5.11. Relative expression from the coo promoter in the presence and absence 
of H-NS. The fluorescence levels in cultures o f  E. coli MC4100 (hns^) or PD32 (hns') 
harbouring the reporter plasmid pCooGFP-2 and the vector control pASK75Spec were 
measured. Data represents averages o f  duplicate measurements on duplicate cultures. 
Error bars indicate standard deviation values. M easurements were performed 
independently at least twice; a representative data set is shown. Statistical significance 
is indicated by **, where P < 0.005.
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Fig. 5.12. Effect of Rns on coo promoter activity and induction of Rns expression 
in the presence and absence of H-NS. (A) Fluorescence levels o f cultures o f E. coli 
MC4100 (/?« /, solid triangles) or PD32 {hns\ open squares), harbouring the reporter 
plasmid pCooGFP-2 and the Rns expressing plasmid pA SKrnsSpec, measured as a 
function o f  anhydrotetracycline (AHT) concentration. Data represents averages o f 
triplicate measurements on duplicate cultures. Error bars indicate standard deviation 
values. M easurements were performed independently at least twice; a representative 
data set is shown. (B) W estern immunoblot analysis (using anti-Rns antiserum) o f 
whole-cell lysates o f the cultures used in the fluorimetric analysis (as indicated above 
each lane). The positions o f protein molecular mass markers are shown on the left. A 
non-specific cross-reactive band migrating alongside the 66.4 kDa marker serves as a 
loading control. An arrow on the right indicates the position o f full-length Rns.



tagged H-NS were added to the Rns binding reactions. The protein-DNA complex 

formed by 2.27 |iM  His-tagged H-NS and the coo promoter probe alone can be 

observed in lane 2 o f Fig. 5.13. The addition o f increasing concentrations o f MBP-Rns 

did not disrupt this H-NS-coo promoter complex (Fig. 5.13 lanes 3-5). Thus the H-NS- 

coo promoter complex was not replaced by the protein-DNA complexes formed in the 

presence o f MBP-Rns and coo promoter DNA alone (Fig. 5.13, lanes 6-8). However, 

when 34 nM MBP-Rns was added to the H-NS binding reaction (lane 4), a low mobility 

complex appeared in addition to the H-NS-coo promoter complex. This low mobility 

complex may be due to co-occupation of the coo promoter probe by both Rns and H- 

NS. A complex that had not migrated beyond the wells o f the gel, and was most likely 

due to non-specific binding in the presence o f excess protein, was observed when 514 

nM MBP-Rns was added to the H-NS binding reaction (lane 5). The protein-DNA 

complexes formed by 34 nM MBP-Rns and the coo promoter probe alone can be 

observed in lane 9 o f Fig. 5.13. While MBP-Rns did not appear to be capable of 

displacing pre-bound H-NS from the coo promoter, addition o f increasing 

concentrations o f Flis-tagged H-NS led to the disruption o f the Rns-coo promoter 

complexes (lanes 10-12). The addition o f 0.56 and 1.13 ^iM His-tagged H-NS resulted 

in a reduced amount o f Rns-coo promoter complexes and the reappearance o f unbound 

DNA (lanes 10 and 11). When the highest concentration o f H-NS was added, the Rns- 

coo promoter complexes were eliminated (lane 12). They were replaced by an H-NS- 

coo promoter complex equivalent to that formed in the presence o f His-tagged H-NS 

and the coo promoter probe alone (lane 13). Thus it seems that H-NS initially removes 

Rns from the coo promoter and then binds the resultant free DNA. However, the low 

mobility complex postulated to result from the simultaneous binding o f both Rns and H- 

NS to the coo promoter was again detected when 2.27 |_iM His-tagged H-NS was added 

to the Rns-coo promoter complexes (lane 12). Therefore it appears that although H-NS 

may displace the majority o f pre-bound Rns from the coo promoter, a small amount of 

Rns protein can remain, even in the presence o f  the newly bound H-NS.
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Fig. 5.13. Competition between His-tagged H-NS and MBP-Rns for interaction 
with coo promoter DNA. EMSAs were carried out with approximately 20 pg o f a 
biotinylated coo promoter DNA probe. The coo promoter probe was incubated with 
various concentrations of MBP-Rns alone (lanes 6-8) or various concentrations o f His- 
tagged H-NS alone (lanes 13-15), as indicated above each lane. Alternatively the coo 
promoter probe was initially incubated with 2.27 |o,M His-tagged H-NS and then 
challenged with increasing concentrations of MBP-Rns (lanes 2-5) or with 34 nM MBP- 
Rns and then challenged with increasing concentrations of His-tagged H-NS (lanes 9- 
12), as indicated above each lane. The unbound DNA fragments and protein-DNA 
complexes are indicated on the left. The positions of supershifted bands potentially 
corresponding to the simultaneous binding of MBP-Rns and His-tagged H-NS to the 
coo promoter DNA probe are indicated by red asterisks.



5.3 Discussion

The initial aim o f  the study described in this chapter was to examine the interaction of 

Rns with mutated forms o f  the coo promoter to gain a better understanding o f  Rns 

binding to coo DNA and of the protein-DNA complexes formed in EMSA experiments.

1 his aim was achieved, however the unexpected increase in basal activity o f  the 

mutated coo promoters subsequently led to an investigation o f  the regulation o f  coo  

expression by both the specific transcription factor Rns and the global regulator H-NS.

Each o f  the Rns binding sites at both the coo and rm  promoters contain a conserved 

I'AT motif that is seven nucleotides downstream of. and on the opposite strand to. 

another conserved thymine residue (268. 269). Rns forms hydrophobic interactions 

with the C5-methyl groups o f  the three conserved thymines within binding sites 1 and 11 

upstream of  the coo  promoter (268). Replacement of the individual thymine nucleotides 

with uracil, which lacks the C5-methyl group, interferes with Rns binding (268). fhus. 

in an attempt to disrupt the interaction o f  Rns with its binding sites at the coo promoter 

the nucleotide sequence CGC was substituted for the conserved TAT motif within sites 

1 and/or II. The protein-DNA complexes formed by MBP-Rns and coo promoter 

fragments containing these substitutions were analysed by performing EMSA 

experiments. As expected, the CGC for TAT substitutions reduced Rns binding to coo 

promoter DNA. MBP-Rns did not bind specifically to a coo promoter probe in which 

both sites 1 and II were mutated. Therefore the conserved TAT motif was verified to be 

critical for Rns binding. However, MBP-Rns did form specific protein-DNA 

complexes with the probes containing CGC substitutions at site 1 or site 11 alone. The 

predominant complex formed was o f  high mobility and thought to be due to Rns 

occupying a single binding site. This confirms that Rns can bind to site 1 or site 11 

individually. Another protein-DNA complex thought to be due to Rns occupying both 

sites 1 and II simultaneously was formed by MBP-Rns and the wild type coo promoter 

probe. I'his complex was formed to a reduced extent by the single site mutant probes. 

This reveals that co-operative binding of Rns to sites 1 and 11 may occur, i.e. Rns bound 

at a wild type site may facilitate a small amount of Rns binding to a mutated site, fhe 

double site mutant coo promoter probe did not form this complex.

The CGC for TAT substitutions within Rns binding sites 1 and/or II were then created 

in reporter plasmids containing the coo promoter (-393 to +62) fused to a gfp  gene. The 

ability of Rns to activate expression from these coo promoter variants in vivo could then

130



be assessed. In the presence o f Rns, expression from the site I mutated coo promoter 

increased 3.6-fold compared to the 12-fold increase in wild type coo promoter 

expression when Rns was supplied. Mutation o f site II had an even greater effect on 

Rns-dependent activation as the presence o f Rns led to only a 2-fold increase in 

expression from the site II mutated coo promoter. The Rns-dependent increase in 

expression from the coo promoter containing mutations in both sites I and II was even 

less again and was not always statistically significant. The more serious effect o f the 

mutation in Rns binding site II could result from this being the more promoter-proximal 

site. Therefore, at the coo promoter, Rns binding to site II may have a greater impact of 

transcription activation than Rns binding to site I. In a previous analysis o f the coo 

promoter Rns binding sites in vivo, the thymine found 7 nucleotides upstream and on 

the opposite strand to the TAT m otif in Rns binding sites was replaced by a cytosine at 

sites 1 and/or II (268). The effect o f such mutations on Rns-dependent expression from 

the coo promoter was similar to that described above for the CGC substitutions (268).

The reduced ability o f Rns to activate expression from the mutation containing coo 

promoters was expected as it had been demonstrated that the mutations had decreased 

Rns binding to coo promoter DNA. However, the increase in basal expression levels 

from the coo promoter variants containing the site mutations was unexpected. In 

addition, coo promoter fragments in which upstream sequences (-393 to -88) had been 

lost were also found to display elevated levels o f basal expression. The general trend 

was the less upstream sequence present, the greater the levels o f coo expression. A 

progressive increase in basal transcription caused by the removal o f  upstream DNA 

sequences has also been reported to occur at the ctx promoter o f V. cholercie, the hilA 

promoter o f .S’. Typhimurium and the promoter o f E. coli (353, 442, 444). In each 

o f these cases it was postulated that a negative regulator might be operating at the 

upstream promoter sequences. Thus it was possible that a repressor may act both 

upstream of the coo promoter and at the Rns binding sites, and the loss or mutation of 

these sequences had alleviated this putative repression. A likely candidate for such a 

repressor was the global regulator H-NS as it was previously demonstrated to repress 

coo promoter expression, although this repression was suggested to largely occur 

downstream o f the transcription start site (+7 to +929) (270). H-NS was found to 

repress the portion o f the coo promoter used in this study (-393 to +62). The coo 

expression levels increased 4-fold in an hns mutant strain containing the reporter 

plasmid pCooGFP compared to the levels in a wild type strain harbouring the same



plasmid. Derepressed expression in the absence o f H-NS has been found to occur at 

several other promoters regulated by AraC family members including the ctx promoter, 

the ureR promoter o f Proteus mirahilis and the cfa promoter o f ETEC (58, 199, 284).

H-NS had not been previously demonstrated to act directly at the coo locus, although 

it was predicted to do so (270). The coo promoter region displays characteristics 

correlated with H-NS binding; it is AT rich and in silico analysis revealed that it is 

predicted to contain areas o f DNA curvature. EMSA experiments confirmed that H-NS 

binds directly to coo prom oter DNA (-196 to -2), even in the presence o f  non-specific 

competitor DNA. Therefore H-NS was found to act upstream o f the coo promoter in 

addition to its previously reported activity downstream o f the promoter (270). H-NS 

also acts upstream and downstream of the bgl and proU  promoters (85, 238). For both 

o f these genes, it is postulated that H-NS bound to sequences flanking the promoters 

may form an extended nucleoprotein complex that represses transcription from the 

promoters by impeding the action o f RNA polymerase (238, 359). H-NS-mediated 

repression o f the coo prom oter may occur by a similar mechanism.

EMSAs were performed to assess whether the Rns binding site mutations and lack of 

upstream coo promoter sequences had alleviated H-NS-mediated repression o f  the coo 

promoter by reducing H-NS binding to the region. Upstream of the coo promoter there 

is an area o f predicted DNA curvature ( -  -270 to -220) and a 10 bp sequence (-350 to - 

341, AAATTATCCA) with only 3 mismatches to the high-affinity H-NS binding site 

present in a regulatory element o f  the proU  gene (38). However, His-tagged Rns did 

not appear to have a considerably greater affinity for a coo promoter DNA probe that 

contained an extended area o f  upstream sequence (-371 to +60) compared to the affinity 

it displayed for a shorter coo promoter probe (-196 to -2). Therefore, based on the 

EMSA experiments, it appeared that H-NS binding to the coo promoter region would be 

unaffected by the loss o f upstream sequences. In contrast, under certain conditions H- 

NS binding to coo promoter DNA appeared to be reduced by the CGC for TAT 

substitutions within Rns binding sites 1 and/or II. The mutation in site II had affected 

another close match to the high-affmity H-NS binding site. An in vivo analysis was 

then conducted to compare the expression levels from a selection o f  the coo promoter 

variants in wild type E. coli and hns mutant strains. The increase in the level of 

expression, in the absence o f  H-NS, from a reduced length coo promoter and from the 

site 1 and/or 11 mutated coo promoters was comparable to that from the wild type coo 

promoter. This suggests that H-NS exerts a similar degree o f repression on the variant
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coo promoters as it does on the wild type coo promoter. Thus, despite the apparent 

reduction in H-NS binding to the site mutated coo promoters observed during the 

EMSA experiments, it was not possible to conclusively attribute the increase in basal 

activity o f the coo promoter variants to a reduction in H-NS-mediated repression. This 

may be due to the experiments used to assess H-NS activity at the coo promoters. 

EMSAs were conducted with linear fragments o f DNA and the in vivo analysis 

employed coo-gfp fusion reporter plasmids. These were the best tools available but 

they are only an approximation o f the natural substrate for H-NS. However, alternative 

possibilities for the basal activity o f the coo promoter variants m ust also be considered.

The negative effect o f the upstream sequences (-393 to -88) on the coo promoter may 

result from these sequences forming repressive structures that prevent RNA polymerase 

from activating transcription from the promoter. Alternatively, these sequences may 

contain binding site(s) for a repressor other than H-NS. This hypothetical additional 

repressor may also bind at Rns binding sites 1 and II. Thus the elevated levels o f basal 

activity o f the coo promoter variants may be due to a reduction in the repression caused 

by a negative regulator other than H-NS. The involvement o f an additional negative 

regulator in the control o f the coo promoter has been postulated previously (270). A 

potential candidate for the additional repressor is StpA, the H-NS paralogue present in 

E. coli. StpA may work in concert with H-NS to repress coo transcription. Another 

possible explanation for the activity o f the site mutation containing coo promoters in the 

absence o f  Rns is that instead o f reducing the binding o f a repressor to the region, the 

CGC for TAT substitutions may have facilitated the binding o f  a positive regulator o f 

transcription. Putative candidates may include the nucleoid-associated protein Fis, 

which can act as an activator (93). Fis often antagonises H-NS-imposed repression and 

was reported to activate the Rns-regulated rns promoter (G. M unson, Abstr. 2004 ASM 

General Meeting). Transposon mutagenesis could be employed to isolate mutations in 

additional potential negative and/or positive regulators o f the coo promoter. A further 

possibility, however, is that the Rns binding site mutations may have enhanced the coo 

promoter, i.e. they could have improved the binding o f RNA polymerase. UP elements 

are ~20 bp AT rich sequences located immediately upstream o f the promoter -35 

hexamer that stimulate transcription by providing a point o f contact for the C-terminal 

domain o f the RNA polymerase a-subunit (337). UP elements can increase promoter 

activity in the absence o f any protein factors other than RNA polymerase (321). The 

DNA sequence upstream o f the -35 hexamer o f the coo promoter is AT rich but is not a
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strong match to the UP element consensus sequence proposed by Estrem et al. (118). 

However, the CGC for TAT substitution within Rns binding site II causes the region to 

more closely resemble the well characterised rrnB  PI and P2 UP elements, which 

respectively contain CTC and TGC at the equivalent position (337). Therefore the 

mutation at site II may have increased the strength o f the coo promoter. At present none 

o f these potential explanations for the basal activity o f the coo promoter variants can be 

ruled out. Indeed a combination o f  the models proposed above may be occurring.

A strategy was devised to measure the activity o f the coo promoter in an hm  mutant 

when Rns was present. Even in the absence o f H-NS, Rns increased coo promoter 

expression. Therefore, at the coo promoter, Rns does not solely counteract H-NS- 

mediated repression. This issue was addressed previously by M urphree et al. who 

monitored the effect o f Rns on the activity o f coo-lacZ  fusions in an hns mutant strain 

(270). However, in that study the accurate measurement o f coo promoter activity was 

hindered by the unstable lac phenotype o f some o f the strains used (270). UreR, CfaD 

and ToxT were demonstrated to increase the level o f activity o f the H-NS-repressed 

iireR, cfa and ctx promoters, respectively, in the absence o f  H-NS (58, 199, 444). Thus, 

hke Rns, these AraC family members do not act only as anti-repressors o f  H-NS. In 

addition to overcoming the repressive effect o f H-NS, Rns appears to increase 

transcription from the coo promoter via another mechanism. Rns may activate the 

promoter by facilitating the binding o f RNA polymerase, as was found for ToxT (444), 

or it may act to diminish repression caused by a second negative regulator.

Competition EMSAs were performed to study the interplay between Rns and H-NS at 

the coo promoter. While the concentration o f proteins used may not correspond to the 

actual conditions within the bacterial cell, the EMSAs enabled an analysis o f  the ability 

o f Rns and H-NS to compete with each other for the coo promoter. Rns did not appear 

to be able to displace H-NS from the promoter, possibly as a result o f H-NS-induced 

conformational changes in the DNA. In contrast, H-NS could displace Rns from the 

coo promoter. The addition o f H-NS to coo promoter DNA pre-bound by Rns led to the 

reappearance o f unbound DNA along with the loss o f  Rns-DNA complexes without the 

formation o f H-NS-DNA complexes. A similar phenomenon was observed when the 

competition between H-NS and UreR for the ureR-ureD  intergenic region was 

investigated (307). It suggests that an interaction between Rns and H-NS may be 

necessary to facilitate the removal o f Rns by H-NS. Both the addition o f H-NS to Rns- 

coo promoter complexes and the addition o f Rns to H-NS-coo promoter complexes led

134



to the formation o f a supershifted band o f lower mobility than the specific bands 

resulting from the interaction o f the coo promoter with H-NS or Rns alone. This 

supershifted band may be due to the simultaneous binding o f Rns and H-NS to coo 

promoter DNA. The co-occupation o f a promoter by H-NS and its anti-repressor 

protein has been demonstrated, for example at the rrnB  PI promoter which is 

differentially regulated by H-NS and Fis (4). Therefore it appears that, at least to some 

extent, Rns can bind to the coo promoter even in the presence o f H-NS. Once bound, 

Rns may enable transcription to occur by disrupting the formation o f an H-NS-based 

repressive nucleoprotein complex. Anti-repression o f the bgl promoter was also 

proposed to involve the binding o f proteins that interfere with the formation o f a 

repressing nucleoprotein complex largely composed o f H-NS (48). As discussed above, 

in addition to this anti-repression Rns may also directly activate coo transcription.

The unforeseen consequences o f altering the coo promoter DNA sequence illustrates 

the potential complexity o f coo promoter regulation. Further studies are necessary to 

identify all o f the factors involved and to elucidate how these factors interact to 

influence coo expression.
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Chapter 6 Thermoregulation of CSl fimbrial

expression
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6.1 Introduction

Virulence gene expression in pathogenic bacteria is responsive to many environmental 

factors including osmolarity, pH and ion concentration (253). This enables bacteria to 

conserve energy by ensuring that virulence genes are only expressed under appropriate 

conditions, i.e. in the host environment. For human pathogens an increase from 

ambient temperature to 37°C is an important signal indicating their presence in a host, 

thus expression o f many virulence factors is thermally regulated (213). This adaptation 

o f pathogens to elevated temperature is distinct from the heat shock response, a 

protective mechanism triggered by shifting E. coli cells grown at 30°C to 42°C.

The mechanisms involved in thermoregulation o f virulence gene expression include 

temperature-induced changes in protein conformation, RNA conformation and DNA 

topology (190). TlpA, an autoregulatory repressor encoded by an S. Typhimurium 

virulence plasmid, is one o f the few known temperature-sensing proteins. An increase 

in temperature causes TlpA to undergo a reversible structural transition that renders the 

protein inactive (189). Another protein postulated to participate directly in the 

thermoregulation o f gene expression is H-NS. Over 200 Salmonella  genes were found 

to display H-NS-dependent up-regulation when the growth temperature was increased 

from 25°C to 37°C (290). The levels o f hns mRNA and H-NS protein do not vary 

significantly in this temperature range (110, 279, 379). Therefore it has been suggested 

that the H-NS protein may act as a thermosensor by undergoing structural and 

functional alterations in response to temperature. There is some biochemical evidence 

for this suggestion. Although the affinity o f the C-terminal domain o f H-NS for DNA is 

largely unaffected by temperature changes, binding o f full length H-NS to the 

Salmonella hilC  promoter was decreased at 37°C (290). In addition, analysis o f the N- 

terminal region o f H-NS revealed that an increase in temperature led to a reduction of 

high order oligomerisation o f the protein and an increase in the levels o f H-NS dimers 

(290). A model was proposed in which the reduction in the oligomeric state o f H-NS, 

as a result o f  an increase in temperature, leads to a loss in co-operative binding o f H-NS 

to DNA. This facilitates the dissociation o f H-NS from DNA at 37°C, thus enabling the 

transcription o f H-NS-repressed thermoregulated genes (290). Previous findings that 

H-NS effects on DNA diminish as the temperature increases support this model (7). 

However, other studies appear to contradict the model as they have found that H-NS 

activity and tetramerisation actually increase as the temperature is elevated (54, 390).

137



Thermoregulation o f some H-NS-repressed genes has been attributed to temperature- 

induced alterations in DNA topology rather than in the H-NS protein. Expression o f the 

virF  gene o f  S. flexneri is repressed below 32°C by a co-operative interaction between 

H-NS molecules bound to two sites, separated by a region o f DNA curvature, at the virF 

promoter (126). In this system the curved DNA tract is proposed to be the 

thermosensor, as it undergoes a temperature-dependent conformational transition 

resulting in the disruption o f the repression complex and activation o f  transcription at 

37°C (315). An aspect o f DNA topology known to be affected by temperature, and to 

aker gene expression, is supercoiling (90, 190). Thermally induced changes in DNA 

supercoiling can modulate the binding and activity o f regulatory proteins and thus 

influence promoter activity. Induction o f the S. flexneri virB  promoter is proposed to 

involve a temperature-mediated alteration in local DNA supercoiling that enables the 

VirF regulator to both overcome repression by H-NS, and activate transcription (403).

RNA structure can also vary in response to temperature (190). Certain mRNA species 

are termed RN[A thermometers as their 5'-untranslated regions are thermosensitive 

(271). The temperature sensing mechanism involves sequestration o f  the translation 

initiation sequences by an mRNA secondary structure at low temperatures (271). At 

elevated temperatures this structure melts, unmasking the ribosome binding site and 

enabling translation to occur (271). Temperature-dependent production o f the Yersinia 

pestis AraC-like virulence regulator, LcrF, is thought to occur by this mechanism (180).

In E. coli, the expression o f  many fimbriae including 987P, bundle-forming pili and P 

fimbriae is thermoregulated (103, 153, 318). Fimbrial production is generally optimal 

at 37°C and, as is the case for CFA/I, CSl and CS2 fimbriae o f ETEC, non-existent at 

temperatures o f 20°C and below (199, 374). The mechanisms involved in the 

temperature-regulated expression o f fimbriae have been the subject o f much study. 

Analysis o f  CFA/I fimbrial expression revealed that thermoregulation occurs at the 

transcriptional level o f both the fimbrial subunit gene cfaB  and the positive regulator 

cfaD  (199). H-NS was found to be involved in the thermoregulatory response as CFA/I 

fimbriae were expressed at 20°C in an hns mutant strain (199). A study o f the thermal 

control o f transcription o f the Pap operon was the first report o f a role for H-NS in the 

thermoregulation o f fimbrial expression (152). The aims o f the study presented in this 

chapter were to determine the thermally sensitive step in the pathway o f CSl fimbrial 

expression and to establish if  H-NS was involved in this thermoregulation.
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6.2 Results

6.2.1 Analysis of the thermoregulation of C S l fimbrial expression

6.2.1.1 Effect of temperature on the production of CSl fimbriae in ETEC

The effect o f temperature on CSl fimbrial expression by ETEC strain LMCIO was 

assessed. The rm -containing plasmid pSS2192 or the empty vector control pCL1920 

were transformed into LMCIO. The transformants were grown at 20°C and 37°C on 

CFA agar and in CFA broth. Heat-released extracts o f the bacterial cultures were 

prepared as described in Section 2.3.1.2 and analysed by SDS-PAGE and Western 

immunoblotting using anti-CSl antiserum to test for the presence o f the 15.2 kDa CooA 

major subunit o f CSl fimbriae. CooA was not detected in the heat-released extracts o f 

LMC10/pCL1920 grown on CFA agar at either 20°C or 37°C (Fig. 6.1). ETEC strain 

LMCIO harbouring the Rns-expressing plasmid pSS2192 produced CooA following 

growth on CFA agar at 37°C, however CooA was not detected when the bacteria were 

grown at 20°C. Thus the thermoregulation o f CSl fimbrial production was confirmed. 

Analysis o f the broth-grown cultures revealed the same result, i.e. CSl fimbriae are 

produced in Rns-expressing cultures at 37°C but not at 20°C, however the level o f 

tlmbrial expression at 37°C was determined by densitometry to be approximately 50% 

less than that o f the agar-grown cultures. Enhanced production o f fimbriae by ETEC 

grown on solid CFA agar rather than liquid CFA broth is a known phenomenon (122, 

147).

6.2.1.2 Construction of an ETEC hns mutant strain

To determine the contribution o f H-NS to the thermoregulation o f CSl fimbrial 

expression in ETEC, an LMCIO hns mutant was constructed using the X Red allele 

replacement system as described in Section 2.2.2. The hns gene o f E. coli strain PD32 

is disrupted by the presence o f an ampicillin resistance cassette (80). This interrupted 

gene, plus -400  bp o f flanking DNA, was amplified by PCR using the primers hns- 

flank_F and hns-fiank_R and PD32 genomic DNA as a template. The PCR product was
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gel-purified, concentrated and then transformed into ETEC strain LMCIO harbouring 

the pKOBEG plasmid (Table 2.2). LMCIO had elevated levels of the X. Red proteins 

due to the induction of these genes from pKOBEG by the addition o f L-arabinose, thus 

facilitating transfer o f the interrupted hns gene to the bacterial chromosome. Putative 

mutants were initially confirmed by PCR analysis (Fig. 6.2 (A)). Further verification 

that the hm  gene o f the mutants was disrupted was obtained by comparing the 

appearance o f the mutants grown on MacConkey agar containing 1% salicin to that of 

LMCIO and PD32 strains that had also been grown on this indicator media. As 

described in Section 2.1.1.2, hns mutants (such as E. coli PD32) display a |3-glucoside- 

fermenting phenotype and therefore appear red on MacConkey salicin agar. In contrast, 

colonies o f hns^ bacteria (such as the ETEC strain LMCIO) appear white on 

MacConkey salicin agar, as they are not capable of fermenting (3-glucosides. Following 

growth on the indicator media, colonies of the putative LMCIO hns mutants were red, 

as were the colonies of E. coli PD32 (Fig. 6.2 (B)). The confirmed hns mutant strain 

was designated LMC10A/?m- (Table 2.1).

6.2.1.3 Effect of temperature on the production of C Sl fimbriae in an ETEC hns 

mutant

The effect of temperature on CSl fimbrial expression by LMCIOA/?^^’ was assessed as 

described above for the wild type ETEC strain. Heat-released extracts o f LM C1 OA/?«.v 

harbouring pSS2192 or pCL1920, grown at 20°C and 37°C on CFA agar and CFA 

broth, were analysed by Western immunoblotting using anti-CSl antiserum. CooA was 

not detected in the heat-released extracts of LMC10A/z«5/pCL1920 grown on CFA agar 

at either temperature (Fig. 6.3). Thus it appears that even in an hns mutant strain, Rns is 

required for CSl expression. Analysis of the extracts prepared from agar-grown 

LMC10A/zm/pSS2192 revealed that for these Rns-expressing cultures CooA was 

present following growth at 37°C and, to a much reduced extent, following growth at 

20°C. The same trends were observed in the broth-grown cultures (results not shown). 

Therefore, although production of CSl fimbriae is abrogated at 20°C in the wild type 

ETEC strain, in the hns mutant a degree of derepressed CSl fimbrial expression occurs 

at this temperature. Thus it appears that H-NS is involved in the repression of CSl 

expression at 20°C. In addition to this H-NS-mediated repression there is another
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Fig. 6.1. Therm oregulation of CSl fimbrial expression in wild type ETEC.
Western immunoblot analysis o f  heat-released extracts o f  cultures o f  ETEC strain 
LMCIO harbouring pCL1920 or pSS2192, grown on CFA agar at 20°C or 37°C as 
indicated above each lane. The CooA fimbrial subunit protein (indicated by an arrow 
on the right) was detected with anti-CSl antiserum. The positions o f  protein molecular 
mass markers are indicated on the left.
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Fig. 6.2. Verification of the hns  mutation in ETEC strain LMClOAAws. (A)
Genomic DNA preparations from wild type (ETEC strain LMCIO) or hm  mutant strains 
{E. coli PD32 and ETEC strain LMC10A/2«j') were used as a template for PCR 
amplification o f the hns gene plus -400 bp of flanking DNA. The positions of selected 
DNA molecular size standards are indicated on the left. Lane 2 contains a DNA-free 
negative control. A black asterisk indicates the position of a band corresponding to an 
uninterrupted hns gene (plus -400  bp o f flanking DNA). A red asterisk indicates the 
position o f bands corresponding to an hns gene disrupted by the presence of an 
ampicillin cassette (plus -4 0 0  bp of flanking DNA). (B) Appearance o f bacterial 
colonies grown on MacConkey agar containing 1 % salicin. The identity of the colonies 
is indicated above each image. Fermentative bacteria {hns mutants) appear red on 
MacConkey agar containing salicin while non-fermenters (wild type) appear white or 
cream.
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Fig. 6.3. Thermoregulation of CSl fimbrial expression in an ETEC hns mutant.
W estern im m unoblot analysis o f  heat-released extracts o f cultures o f ETEC strain 
L M C 1 0A/2«.v harbouring pCL1920 or pSS2192, grown on CFA agar at 20°C or 37°C as 
indicated above each lane. The CooA fimbrial subunit protein (indicated by an arrow 
on the right) was detected with anti-CSl antiserum. The positions o f protein molecular 
mass markers are indicated on the left.



aspect to the thermoregulation o f fimbrial production, however, as even in the absence 

of H-NS the levels o f CooA produced by bacteria grown at 20°C were considerably 

lower than the levels produced by bacteria grown at 37°C.

6.2.2 Determination of the level at which thermoregulation occurs

6.2.2.1 Effect o f temperature on coo transcription

The temperature dependence o f CSl fimbrial production had been confirmed. To 

determine if  coo transcription is affected by temperature, the level o f coo promoter 

activity in bacterial cultures grown at 20°C and 37°C was assessed. Fluorimetric 

analysis was conducted on E. coli MC4100 that contained the reporter plasmid 

pCooGFP-2 in addition to pCL1920 or pSS2192, and had been grown at 20°C or at 

37°C. The analysis was also performed on corresponding cultures o f the h m  mutant E. 

coli PD32 to measure coo promoter activity at the two temperatures in the absence o f FI

NS. At both 20°C and 37°C, coo transcription was derepressed in the absence o f H-NS 

and activated by the presence o f Rns (Fig. 6.4 (A)). Expression from the coo promoter 

in the wild type strain MC4100 harbouring the rm -containing plasmid pSS2192 was 

3.2-fold higher {P <  0.005) at 37°C than it was at 20°C. Therefore coo transcription is 

influenced by growth temperature. The levels o f Rns-dependent coo promoter 

expression in the hns mutant (PD32/pCooGFP-2/pSS2192) at 20°C and in the wild type 

strain (MC4100/pCooGFP-2/pSS2192) at 37°C were similar. Thus in the presence o f 

Rns and the absence o f H-NS, a significant level o f coo transcription can occur at the 

generally non-permissive temperature o f 20°C. However, the hns mutation did not 

eliminate thermoregulation o f coo transcription. Expression from the coo promoter in 

the hns mutant strain PD32 containing pSS2192 was 2.1-fold higher {P < 0.005) at 37°C 

than at 20°C. The fluorimetric analysis was repeated using the clinical ETEC isolate 

LMCIO and its /jm-negative isogenic derivative LM C 10A/2«.v, in place o f the E. coli K- 

12 strains MC4100 and PD32 respectively. The results obtained with the ETEC strains 

were essentially similar to those obtained with the E. coli K-12 strains (Fig. 6.4 (B)). 

Therefore, in both E. coli K-12 and ETEC, H-NS-mediated repression o f coo promoter 

expression occurs at 20°C and at 37°C and thermoregulation o f C Sl fimbrial production
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operates at the level o f  coo transcription at least. In addition, it appears that temperature 

regulation o f  coo transcription does not involve any ETEC-specific factors.

6.2.1.2 Effect of temperature on nts transcription

It had been established that a temperature effect is exerted at the level o f coo 

transcription. However, the possibility that this thermoregulation was due to a 

thermally sensitive process occurring prior to coo transcription could not be ruled out. 

It was possible that the cellular level o f Rns might be temperature dependent and thus 

the abundance o f this transcriptional activator may be mediating the thermoregulatory 

response. To address this possibility, it was initially determined whether the rns gene is 

at least transcribed at 20°C. Total RNA was extracted after growth at 20°C and 37°C o f 

E. coli strains M C4100 and PD32 harbouring pCL1920 or pSS2192. The isolated total 

RNA was then used as the template in one-step end-point RT-PCR assays performed to 

detect the presence o f rm  transcripts. During the assay the RNA is reverse transcribed 

to produce cDNA, which then serves as the template in a standard PCR amplification. 

Assays were conducted with the primers rt-rnsF and rt-rnsR (Table 2.3) that are 

designed to amplify a 311 bp area present in the rns transcript. Control reactions were 

simultaneously carried out using primers specific for the constitutively expressed 

housekeeping gene gapA (rt-gapF and rt-gapR, Table 2.3) (261). A uniform amount of 

PCR product was detected following each o f the control reactions (Fig. 6.5) thus 

confirming that an equal amount o f RNA was used in each sample, and that this RNA 

was o f good quality. A product was not present after RT-PCR was performed using the 

rt-rnsF and rt-rnsR primers on samples isolated from pCL 1920-harbouring cultures, as 

this empty vector control does not contain the rns gene. However, PCR products were 

detected after assays were conducted with the rns transcript specific primers and RNA 

extracted from cultures containing pSS2I92, regardless o f the temperature at which 

these cultures had been grown. Therefore, the rns gene is transcribed at 20°C (and 

37°C) in both the wild type and hns mutant backgrounds.

To determine if  temperature affects the levels o f rns transcription, the activity o f the 

rns promoter at 20°C and 37°C in the presence and absence o f H-NS was then assessed. 

The E. coli K-12 strains M C4100 and PD32 were transformed with either the reporter 

plasmid pRnsLacZ-2, or the vector control pRW50. The levels o f (3-galactosidase 

expressed by the resultant transformants were measured following growth at 20°C and
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Fig. 6.4. Effect of temperature on coo promoter activity. The fluorescence levels of 
the indicated bacterial cultures (see horizontal axes) were measured following growth at 
20°C or 37°C as indicated. Data represents averages o f triplicate measurements on 
duplicate cultures. Error bars indicate standard deviation values. M easurements were 
performed independently at least twice; a representative data set is shown. Statistical 
significance is indicated by **, where P < 0.005.
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Fig. 6.5. The nts  gene is transcribed at 20°C and 37°C. RT-PCR analysis was 
performed using primers specific for the rns transcript or the gapA  transcript (as 
indicated on the right), and total RNA isolated from cultures o f E. coli MC4100 (wild 
type) and PD32 {hns mutant), harbouring either pCL1920 (empty vector control) or 
pSS2192 (rm-containing plasmid), that had been grown at 20°C or 37°C as indicated 
above each lane. Lane 2 contains a RNA-free negative control. The positions of 
selected DNA molecular size standards are indicated on the left.



37°C (Fig. 6.6 (A)). Bacteria harbouring the vector plasmid pRW50 produced minimal 

levels o f (3-galactosidase. Analysis o f the strains containing pRnsLacZ-2 revealed that 

at both growth temperatures, the rns promoter is derepressed in the absence o f H-NS. 

Following growth at 37°C, the (3*galactosidase expression levels in the hns mutant 

PD32/pRnsLacZ-2 were 5-fold greater (P < 0.005) than those in wild type 

MC4100/pRnsLacZ-2. Thus H-NS influences the activity o f the rns promoter. In 

contrast, it appears that rns promoter activity is largely unaffected by temperature as 

PD32/pRnsLacZ-2 and MC4100/pRnsLacZ-2 produced similar |3-galactosidase levels at 

both 20°C and 37°C. The effects o f temperature and H-NS on rns transcription were 

also assessed in ETEC strains by measuring |3-galactosidase production at 20°C and 

37°C in LMCIO and LMClOA/vm- harbouring pRW50 or pRnsLacZ-2 (Fig. 6.6 (B)). 

The results were broadly similar to those observed for the E. coli K-12 strains, with the 

exception o f the relative levels o f rns promoter activity in the hns mutant at the two 

different growth temperatures. LMC10A/2m/pRnsLacZ-2 expressed 1.4-fold more [3- 

galactosidase at 37°C than it did at 20°C. Therefore, in an ETEC hns mutant 

background the rns promoter exhibits a reduced level o f activity at 20°C compared to 

the level o f activity at 37°C. However, rns transcription was not found to be thermally 

regulated in E. coli K-12 or wild type ETEC strains. In addition, transcription from the 

rns promoter was demonstrated to be repressed by the H-NS protein.

6.2.2.3 Interaction o f  His-tagged H-NS with the n ts  prom oter

H-NS was found to negatively regulate the rns promoter. To determine whether H- 

NS binds directly to the rns promoter region, EMSAs were carried out to examine the 

interaction o f H-NS with rns promoter DNA. Increasing concentrations o f purified His- 

tagged H-NS were incubated with a 434 bp rns promoter probe in the presence o f an 

excess o f non-specific competitor DNA (poly(dl.dC)). The rns promoter probe was 

completely bound following incubation with 1.13 His-tagged H-NS and a low 

mobility protein-DNA complex was formed (Fig. 6.7). A complex o f even lower 

mobility was detected when 2.27 |iM  His-tagged H-NS was incubated with the probe, 

indicating that there is more than one binding site for H-NS at the rns promoter or that 

numerous H-NS molecules were interacting with the DNA probe. Therefore, the 

EMSA results demonstrated that H-NS binds directly to the rns promoter.
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6.2.2.4 Effect of temperature on Rns protein levels

The levels of rm  promoter expression at 20°C and 37°C had been analysed and it 

appeared that, in general, temperature does not have a considerable effect on rm  

transcription. However, it remained possible that a thermally sensitive process may 

occur subsequent to rns transcription resulting in the thermoregulation of Rns protein 

levels. ETEC strains LMCIO and LMC1 0A/j«6- harbouring pCL1920 or pSS2192 were 

grown at 20°C and 37°C and then analysed by Western immunoblotting using anti-Rns 

antiserum to assess the influence of temperature on the level o f Rns protein in the cell. 

Rns protein was not detected in strains containing the empty vector control pCL1920 

(Fig. 6.8). In LMC10/pSS2192 and LMC10A/7«.s'/pSS2192, Rns protein was present 

following growth at both 20°C and 37°C. Similar levels of Rns were expressed by the 

wild type and hns mutant ETEC strains. Temperature was found to have a limited 

effect on the production of Rns protein, as densitometric analysis revealed that the 

amount of Rns present in samples grown at 37°C was approximately 1.7-fold greater 

than those in samples grown at 20°C. Therefore, it appears that the levels of Rns 

protein present in the cell are not strongly thermoregulated.
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Fig. 6.6. Effect of temperature on rns  promoter activity. The (3-galactosidase 
activities o f the indicated bacterial cultures (see horizontal axes) were measured 
following growth at 20°C or 37°C. Data represents averages o f duplicate assays on 
duplicate cultures. Error bars indicate standard deviation values. Measurements were 
performed independently at least twice; a representative data set is shown.
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Fig. 6.7. Interaction of His-tagged H-NS with rns promoter DNA. EMSAs were 
carried out with approximately 20 pg o f a biotinylated rns promoter DNA probe and a 
range o f concentrations o f His-tagged H-NS as indicated above each lane. The unbound 
DNA fragments and protein-DNA complexes are indicated on the left.
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Fig. 6.8. Effect of temperature on Rns protein levels. Western immunoblot analysis 
(performed with anti-Rns antiserum) o f whole cell lysates o f ETEC strain LMCIO and 
LMC10A/2n5 harbouring either pCL1920 (empty vector control) or pSS2192 {rns- 

containing plasmid) that had been grown at 20°C or 37°C as indicated above each lane. 
The positions o f molecular mass markers are indicated on the left. An arrow on the 
right indicates the position o f Rns.



6.3 Discussion

A change in temperature from that typically found in the outside environment (~20°C) 

to that found in a human host (37°C) is a key signal that induces the expression o f many 

fimbriae in E. coli, including the CSl fimbriae o f ETEC. Analysis o f this 

thermoregulatory response could lead to an improved understanding o f the ETEC 

mechanism o f pathogenesis. Therefore the aims o f the study described in this chapter 

were to investigate the level at which temperature control o f CSl fimbrial production 

may occur, and to determine the involvement o f H-NS in such thermal control. The 

influence o f temperature and H-NS on CSl expression, coo transcription, rm  

transcription and the cellular levels o f  Rns protein were assessed.

In the presence o f Rns, production o f the CooA major CSl fimbrial subunit was 

detected following growth o f wild type ETEC at 37°C but not after growth at 20°C. In 

contrast, CooA was detectable when the Rns-expressing hns mutant strain was grown at 

20°C. To establish if the effects o f temperature and H-NS on CooA production were 

exerted at the transcriptional level, coo promoter activity was measured in wild type and 

hns mutant backgrounds at 20°C and 37°C. The levels o f Rns-dependent expression 

from the coo promoter following growth at 37°C were significantly greater than those 

observed after growth at 20°C. Therefore, thermoregulation o f coo transcription was 

found to be occurring. The transcription o f several other E. coli fimbrial genes is 

thermally modulated. Examples include the genes fasA , papA  and cfaB, which encode 

subunit proteins o f 987P, P and CFA/I fimbriae respectively (103, 153, 199). In 

addition to being controlled by temperature, coo transcription is regulated by the H-NS 

protein. While H-NS-mediated repression o f the coo promoter at 37°C had been 

observed previously (see Chapter 5), H-NS was now found to also down-regulate coo 

transcription at 20°C. Thus, at 20°C in an hns mutant background, coo transcription 

was derepressed and a limited amount o f CooA was produced. Thermoregulation was 

not abolished in the absence o f H-NS however, as even in hns mutant strains increased 

levels o f coo transcription and CooA production were observed following growth at 

37°C, with respect to the levels detected after growth at 20°C. These results suggest 

that unlike the reported H-NS dependent thermoregulation o ip a p  and cfaB  transcription 

(199, 425), H-NS is not required for the thermal control o f  coo transcription. Therefore 

it appears that the thermoregulatory response is mediated by a factor other than H-NS.
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To determine if the temperature-dependent activity o f  the coo promoter was an 

indirect effect caused by thermoregulation o f rns expression, the effect o f temperature 

on rns transcription was assessed. RT-PCR analysis demonstrated that the rns gene is 

transcribed at both 20°C and 37°C. In contrast, transcription o f  the homologous gene 

cfaD, which encodes an AraC-like activator o f CFA/I fimbrial expression, is turned off 

at 20°C and turned on at 37°C (199). Thus, despite the close relationship between these 

ETEC genes, they are regulated differently by temperature. This may be due to the 

differences between the rns and cfaD  promoters, especially upstream o f the -35 

hexamer (134). The reporter plasmid pRnsLacZ-2 was utilised to compare the levels of 

rns promoter activity at 20°C and 37°C. Measurements o f |3-galactosidase activity 

revealed that, in wild type E. coli strains, rns transcription is largely insensitive to 

temperature. Similar levels o f rns promoter activity were detected following growth at 

both temperatures. This is in agreement with a study by Froehlich et al., which also 

found that growth temperature had little effect on rns transcription (134). 

Thermoregulation occurs at the level o f transcription o f some genes encoding AraC 

family activators o f fimbrial expression, such as cfaD, per A and toxT  (199, 250, 284). It 

appears that regulation o f rns more closely resembles that o i  fasH  (also designated 

fapR ), which encodes the Rns-related activator o f 987P fimbrial genes, as fasH  

expression is also temperature-independent (103). Temperature was only found to 

affect rns transcription in the ETEC hns mutant background, where rns promoter 

activity at 20°C was 1.4-fold less than that at 37°C. It is possible that in the absence of 

H-NS, rns expression may be influenced by ETEC-specific regulatory elements.

It has previously been suggested that rns transcription is repressed by a negative 

regulator, speculated to be H-NS, that interacts with a region o f  DNA upstream o f the 

rns promoter (134). The data presented in this chapter confirms that H-NS represses rns 

transcription, as expression from the rns promoter in an hns mutant was found to be 

significantly greater than in a wild type strain. It was also verified that this repression is 

likely due to H-NS interacting directly with the rns promoter region, as EMSAs 

revealed that H-NS binds to a rns promoter DNA probe. Therefore H-NS negatively 

regulates the production o f C Sl fimbriae at two levels, by repressing the expression o f 

the fimbrial genes themselves and the expression of the activator o f the fimbrial genes. 

As was demonstrated for the coo promoter, H-NS-mediated repression o f rns promoter 

activity was found to occur at both 20°C and 37°C. H-NS also represses the
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transcription o f several other genes encoding AraC family proteins, including ureR, 

toxT  and virF  (58, 284, 316). Unlike the regulation o f rns however, H-NS-mediated 

repression o f virF  expression is temperature dependent (316).

Western immunoblot analysis was performed to monitor the influence o f H-NS and 

temperature on the level o f  Rns protein in the cell. Rns levels appeared to be unaffected 

by H-NS and were not found to be strongly thermally regulated. The amount o f Rns 

protein detected following growth o f ETEC strains at 37°C was ~1.7-fold more than 

that observed after growth at 20°C, possibly due to an increase in translation efficiency 

at the higher temperature. It is possible that the slightly elevated levels o f Rns protein 

present at 37°C make a contribution towards the increase in coo transcription at this 

temperature. However, it is unlikely that the variation in Rns levels at 20°C and 37°C is 

the primary cause o f the temperature dependence o f  CSl fimbrial production.

Therefore, o f the various steps involved in the expression o f CSl fimbriae that were 

investigated in this study, it appeared that the most thermally sensitive process was coo 

transcription. The increase in Rns-dependent coo transcription as a response to a rise in 

temperature may be caused by a number o f different mechanisms. The transcriptional 

activator of the coo promoter, Rns, was demonstrated to be present at both 20°C and 

37°C. Despite this, the level o f coo transcription that occurs at 20°C is significantly less 

than that at 37°C. It is possible that the conformation, and thus the activity o f the Rns 

protein may be responsive to temperature changes. As a result Rns may then exhibit an 

enhanced ability to bind to, and activate, the coo promoter at 37°C. However examples 

of bacterial transcriptional regulators with intrinsic temperature-sensing capacity, such 

as the TlpA repressor o f S. Typhimurium and the RheA repressor o f Streptomyces 

alhns, are rare (189, 364). Therefore, alternative potential explanations for the 

temperature regulation o f Rns-dependent coo transcription must be considered.

It is possible that the DNA topology o f the coo promoter region may be thermally 

sensitive. Temperature-induced changes in DNA bending and/or supercoiling could 

then influence the level o f  transcriptional activity from the coo promoter. At 20°C the 

promoter may adopt a conformation that is not conducive for efficient transcriptional 

activation by Rns, thus resulting in a low level o f coo expression even though Rns is 

present. As the temperature increases to 37°C, the local DNA topology o f the coo 

promoter may become altered such that Rns-dependent activation o f transcription is 

facilitated, possibly due to improved interactions between Rns and RNA polymerase.
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Changes in growth temperature are known to alter the supercoiling o f DNA (149). 

Thermally mediated changes in the level o f DNA supercoiling can, in turn, influence the 

rate o f transcription from a promoter (90). Thermoregulation o f gene expression due to 

such modifications o f DNA superhelicity has been suggested to occur previously. The 

thermal activation o f  the yap  virulence genes o f Yersinia enterocolitica is reported to 

correlate with temperature-induced changes in DNA supercoiling (335). In addition, the 

lack o f virB transcription at 30°C in S. flexneri is proposed to result from a reduction in 

negative DNA superhelicity in the vicinity o f the virB promoter at this temperature 

(403). Induction o f the virB  promoter requires a temperature-dependent alteration of 

this local DNA superhelicity, which facilitates transcription activation by VirF (403).

Bent DNA frequently occurs in or around promoter regions and has been implicated 

in transcriptional regulation (288, 299). The coo promoter DNA sequence contains 

numerous short runs o f A and T nucleotides, which are known to introduce localised 

intrinsic DNA bending (298). Furthermore, as described in Chapter 5, the coo promoter 

region was found by in silico  analysis to contain predicted areas o f DNA curvature. 

Thus, the coo promoter may contain an intrinsic DNA bend that inhibits transcription at 

20°C but is responsive to changes in temperature. DNA bends have been demonstrated 

to collapse or “melt” at 37°C and this temperature-dependent conformational transition 

is postulated to play a role in the thermoregulation o f virulence gene expression in 

enterocolitica and other enteric pathogens (336). Similarly, the thermal activation o f 

virF  expression in S. flexneri appears to involve a loss o f intrinsic curvature in the virF  

promoter region when the temperature rises above 32°C (315). It is proposed that an 

increase in temperature causes a transition from a promoter structure in which virF  

transcription is repressed by H-NS, to a more relaxed conformation which facilitates 

dissociation o f H-NS from the promoter and activation o f transcription (315). Therefore 

it is possible that, as in these examples, the DNA structure o f the coo promoter acts as a 

thermosensor and its structural alterations regulate transcriptional activity.

The results presented in this chapter suggest that the temperature regulation o f  C S 1 

fimbrial expression is exerted mainly at the level o f coo transcription, although the 

possibility remains that temperature effects may also operate at the post-transcriptional 

level. While it is hypothesised that the temperature sensing component is the Rns 

protein or the DNA topology o f the coo promoter, further analysis is necessary to verify 

the molecular mechanism by which thermoregulation occurs.
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The Rns transcriptional regulator o f ETEC was discovered almost 20 years ago when 

it was identified as being required for CSl and CS2 fimbrial expression (49). Rns has 

subsequently been found to regulate the expression o f other proteins including itself and 

the inner membrane protein NlpA (35, 134). Rns is one o f the better characterised 

AraC-like transcriptional regulators, relative to many other members o f this family of 

proteins. Amongst other findings, studies performed by the groups o f Scott and 

Munson have identified several genes in the Rns regulon and the sites at which Rns 

binds to regulate these genes (35, 268, 269, 303). However, little is known about the 

structure o f Rns, the critical regions o f the protein, or the roles o f such regions in Rns 

activity. Therefore, one o f the major aims o f this study was to gain an improved 

understanding o f the structure-function relationship o f Rns. Extensive mutagenesis was 

performed on the rns gene to generate Rns derivatives with mutations along the length 

o f the protein. Scanning linker mutagenesis and random mutagenesis were employed to 

isolate several forms o f  mutants including two rns genes with 15 bp insertions 

downstream o f the transcription start site, six Rns truncates and one point mutant. 

However, the majority o f  Rns mutants generated in this study contained pentapeptide 

insertions in either the N- or C-terminal half o f the protein. The effect o f these 

mutations on Rns activity w'as assessed to determine the areas o f the protein that are 

vital to its function and the areas which can tolerate alteration and thus are less critical.

As is the case for many virulence regulators o f the AraC family o f proteins, the 

function o f the N-terminal domain o f Rns is unknown. It was recently suggested that 

this area o f  Rns is not involved in effector binding or dimerisation, the usual roles 

played by the N-terminal domains o f AraC-like proteins (19). In a result similar to that 

found for the related regulator PerA (311), most o f the N-terminal pentapeptide 

insertions generated in this work (10 out o f 14) were found not to have a significant 

adverse effect on Rns activity. Therefore it appears that the N-terminal half o f the 

protein is highly tolerant o f alteration and the numerous disrupted areas are not critical 

for Rns function. However, the ability o f a small number o f Rns derivatives with N- 

terminal mutations to activate the coo promoter was found to be severely compromised. 

This implies that Rns activity is dependent on the regions affected by these mutations 

and thus some portions o f the N-terminal domain are essential. This supports the 

findings o f Basturea et al. who report that despite their unknown role, the N-terminal 

amino acids o f Rns are crucial, as in their absence the Rns protein cannot bind to DNA 

or regulate its target promoters (19). These authors postulate that the essential N-
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terminal residues participate in an intramolecular interaction, and thus facilitate DNA 

binding by the C-terminal domain o f Rns (19). This is not unprecedented, as the N- and 

C-terminal domains o f the XylS protein have also been proposed to interact with each 

other (201). However, it is worthwhile considering possible alternative roles for the N- 

terminal domain o f Rns. Although there is currently no evidence that Rns responds to a 

chemical signal such as an effector ligand (19), the possibility remains that the N- 

terminal region o f Rns may act as an environmental sensing domain, as was found for 

ToxT (317), and may respond to a physical signal such as temperature. During the 

analysis performed in this study on the thermoregulation o f CSl expression, it was 

demonstrated that both rns transcription and Rns protein levels were not strongly 

thermally regulated, yet Rns-dependent transcription from the coo promoter was 

sensitive to temperature changes. It is possible that the N-terminal domain of Rns 

undergoes a temperature-dependent conformational transition that causes the protein to 

become active as a positive transcriptional regulator at 37°C. Temperature sensing by 

regulators is rare but has been found to occur for a small number, including the TlpA 

and RheA proteins (189, 364). Future experiments to evaluate this proposed role for the 

N-terminal domain o f Rns could involve determining whether different temperatures 

alter the circular dichroic profile o f the protein, or the ability o f Rns and its N-terminal 

mutant derivatives to bind to a thermally insensitive DNA probe. Another possible role 

for the N-terminus o f Rns is that, as demonstrated for ToxT (317), it contains regions 

required for transcriptional activation. Work conducted in this study on the regulation 

o f coo transcription by Rns and H-NS revealed that Rns does not solely act to overcome 

the effects o f H-NS, but can also up-regulate coo expression in the absence o f this 

repressor. Therefore it is possible that Rns activates the coo promoter by facilitating the 

binding o f RNA polymerase there, and the N-terminal domain o f Rns is involved in 

forming direct contacts with RNA polymerase subunit(s). This possibility could be 

assessed by establishing if Rns-dependent transcription requires the a-C TD  of RNA 

polymerase or is affected by combinations o f mutations in the subunit o f RNA 

polymerase and/or the N-terminal domain o f Rns. The precise role o f this region o f Rns 

remains an important unresolved issue.

One Rns mutant with an N-terminal pentapeptide insertion, RnsC102, was found to 

have retained a reduced ability to activate the coo and rns promoters and to have a 

decreased affinity for DNA binding. Analysis o f the Rns amino acid sequence revealed 

that the insertion after residue C 102 had occurred within a region o f the protein that is
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predicted to be disordered and that the insertion had ehminated this predicted disorder. 

Examination o f the effects o f further mutagenesis and deletion o f this potentially 

disordered area, the NACRS amino acid sequence, led to the discovery that to be fully 

functional, the Rns protein appears to require a disordered region between its N- and C- 

terminal domains. It is postulated that this area o f Rns forms, or is part of, a flexible 

interdomain linker that is necessary to correctly orientate the N- and C-terminal regions 

o f the protein to enable them to participate in their functional roles. The NACRS 

sequence o f Rns has some features in common with the flexible linkers o f AraC, RhaR 

and RliaS (120, 212). It is possible that the activity o f the Rns-related regulators, and 

other AraC-like proteins, may also depend on the presence o f such a central 

disordered/flexible connecting sequence.

In contrast to the N-terminal mutations, all o f the C-terminal pentapeptide insertions 

generated in this study had a severe negative effect on the activity o f Rns at the coo 

promoter. This illustrates that the C-terminal domain o f Rns is intolerant o f  disruption 

and the areas affected by the insertions; the two predicted HTH motifs, a long a-helix 

between these motifs and the final a-helix  o f the protein, are vital for Rns activity. It is 

postulated that these areas are involved in DNA binding and the lack o f activity 

displayed by the mutants is due to their inability to bind to the coo promoter. This was 

confirmed for the RnsQ227 mutant, which contains an insertion immediately upstream 

o f the predicted second HTH m otif o f Rns. This mutant was subjected to EMSA 

analysis and found not to bind to coo, or rns, promoter DNA probes. The essential C- 

terminal areas o f Rns identified in this study may participate directly in DNA binding, 

i.e. they may form specific interactions with nucleotides in the binding sites at Rns- 

regulated promoters. This is most likely the case for the two predicted HTH motifs. 

Therefore, it appears that Rns uses both HTHs to bind DNA as has been proposed or 

demonstrated for the AraC family members ToxT (57), VirF (309) and PerA (311). The 

other C-terminal a-helices o f  Rns may not be directly involved in DNA binding, but are 

proposed to be required to correctly orientate or stabilise the HTHs to ensure these 

motifs are in the configuration necessary to interact with DNA.

In addition to its role in DNA binding, it is possible that the C-terminal domain o f Rns 

is required for dimerisation o f  the protein. Three different techniques employed in this 

study indicated that the Rns protein is capable o f dimerising. The results o f a LexA- 

based gene fusion system and gel filtration chromatography demonstrated that Rns 

dimerises in vivo and in vitro respectively. Analysis o f Rns dimerisation using the
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technique o f protein cross-Hnking was initially hindered by the apparent aggregation o f 

the Rns protein. This phenomenon may have also affected the cross-linking results of 

Basturea et al. who report that they were unable to detect dimerisation o f MBP-Rns 

(19). In this work, however, development o f a urea-based denaturation method that 

reduces protein aggregation, in addition to SDS-PAGE and Western inimunoblot 

analysis o f cross-linked MBP-Rns, enabled the routine detection o f  putative dimeric 

forms o f the protein. Therefore, in contrast to the findings o f Basturea et al., it is 

proposed that Rns is a dimer. The location o f the dimerisation domain o f Rns is 

currently unknown, although it has been reported that it does not reside in the N- 

terminal domain (19). The COILS programme predicted, with high probability, a coiled 

coil structure in the C-terminal domain of Rns between residues 195 and 222. A crucial 

a-helix, flanked by the HTH motifs o f Rns, is predicted to occur within these residues. 

Coiled coil domains are commonly involved in protein oligomerisation (240). The 

AraC protein itself dimerises via an antiparallel coiled coil (378). Therefore, it is 

possible that the area o f Rns located between its predicted HTHs contains the 

dimerisation domain o f the protein. Such a location for the dimerisation domain o f an 

AraC family member would be unusual, and an important future priority is further 

mutagenesis o f Rns and cross-linking analysis to evaluate whether this region is indeed 

essential for dimerisation.

In addition to mutagenesis o f the Rns protein, Rns binding sites I and II at the coo 

promoter were also subjected to mutagenesis during this study. This was done to gain 

an improved understanding o f the interaction between Rns and its binding sites and o f 

Rns-dependent activation o f the coo promoter. The results o f EMSAs conducted with 

mutation containing coo promoter probes and MBP-Rns revealed that the conserved 

TAT sequence present in Rns binding sites is critical for the interaction o f Rns with its 

target DNA. In addition, it was found that although Rns can bind to either o f the coo 

promoter sites individually, co-operative binding o f Rns to the two sites may occur. 

Consistent with the reduced binding o f Rns to mutated coo promoter DNA, it was 

demonstrated that mutation o f either site reduced Rns-dependent transcription from the 

coo promoter. Mutation o f site II had a greater effect than mutation o f site I, however. 

Site II overlaps the -35 hexamer o f the coo promoter. It is possible that whilst bound at 

this site Rns recruits RNA polymerase to the coo promoter by forming contacts with the 

subunits of the enzyme, and therefore site II plays a greater role in coo transcription 

activation than site I.
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Analysis of reporter plasmids containing the mutated coo promoters, and coo 

promoter fragments missing upstream DNA sequences that were generated during 

reporter plasmid construction, revealed that these promoter variants had increased levels 

of basal transcriptional activity. This was unexpected and led to further consideration 

of the regulation of coo transcription. Production of CSl fimbriae is energetically 

expensive and these surface appendages play a crucial role in ETEC pathogenesis (409). 

The coo promoter directs the expression of CSl fimbriae. Thus it is possible that this 

promoter is subject to a complex regulation system, which involves a number of factors 

in addition to Rns that act to ensure fimbrial expression only occurs under appropriate 

conditions. Loss o f sequences upstream of the coo promoter and/or the alteration of the 

region due to mutagenesis of the Rns binding sites may have influenced components of 

this putative delicately balanced and complex regulation system and thus led to the 

elevated basal levels of coo expression. It is possible that the coo promoter variants 

exhibit increased Rns-independent transcription because they have lost a repressive 

structure usually formed by coo promoter DNA and/or they are improved promoters for 

which RNA polymerase has a greater affinity than it does for the wild type promoter. 

Alternatively, the coo promoter alterations may have facilitated the binding of an 

activator other than Rns or they may have disrupted the activity of a repressor of coo 

transcription. H-NS is known to repress coo transcription (270), however the results of 

experiments performed in this study suggest that H-NS-mediated repression o f the coo 

promoter has not been diminished by the loss of upstream sequences of coo DNA or the 

mutation of Rns binding sites I and/or II. It is possible that a repressor other than H-NS 

down regulates coo transcription and its activity w'as disrupted by the alterations to the 

coo promoter. It will be useful to perform transposon mutagenesis in an attempt to 

identify additional regulators o f coo expression.

H-NS-dependent repression of coo transcription had previously been reported to 

mostly occur downstream of the transcription start site (270). However, the work 

performed in this study demonstrated that H-NS also exerts a repressive effect on a coo 

promoter fragment largely composed of DNA located upstream of the transcription start 

site. This H-NS-mediated down regulation of coo transcription was found to occur at 

37°C and at 20°C. Therefore in the absence of H-NS, at 20°C coo transcription was 

derepressed and a limited amount of CooA was produced, in contrast to the lack of CSl 

expression at 20°C in the wild type situation. The temperature dependence of coo 

transcription and CooA expression was not lost in an hns mutant however, unlike in
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other thermally regulated systems such as the expression o f P fimbriae (152, 425). 

Therefore, H-NS does not appear to be the factor responsible for the thermoregulation 

o f CSl fimbrial expression. This report was the first to demonstrate that H-NS acts 

directly at the coo locus. The results of EMSAs performed with purified His-tagged H- 

NS revealed that the protein binds to coo promoter DNA. Therefore it is possible that 

H-NS represses coo transcription by occluding the binding o f RNA polymerase or 

forming a repressive nucleoprotein complex at the coo promoter. In addition, it was 

found that H-NS also represses m s  transcription, and again purified H-NS was 

demonstrated to bind directly to rns promoter DNA. Thus it was revealed that H-NS 

exerts a negative effect on CSl expression at the level o f both rns transcription and coo 

transcription. This is consistent with the tight regulation o f C Sl fimbrial production.

Analysis o f the interplay between Rns and H-NS at the coo promoter revealed that it 

is unlikely that the two proteins have overlapping binding sites at this locus as it appears 

that, at least to some extent, Rns and H-NS can bind simultaneously to coo promoter 

DNA. Some competition occurs between the two regulators however, as it was revealed 

that H-NS could largely displace pre-bound Rns from the coo promoter DNA probe. In 

contrast, under the conditions o f the competition EMSAs performed in this study, Rns 

could not displace pre-bound H-NS from the coo promoter. This may be due to the fact 

that the EMSAs were conducted in vitro using a linear DNA probe and although they 

are a useful experiment, they are not a perfect recreation o f the natural situation. It is 

likely that several factors combine in vivo to regulate the activity o f the coo promoter. 

A possible model based on current results, but not involving potential additional 

regulators, is that at 20°C H-NS is bound to the coo promoter from where it directly 

represses transcription. Rns is also present at this temperature and may bind to some 

extent to the coo promoter but coo transcription does not occur. This may be because 

the Rns protein is not in the correct conformation to activate transcription and/or it may 

be due to the coo promoter adopting a conformation that is not conducive for 

transcriptional activation. It is possible that the transition from 20°C to 37°C is required 

for the Rns protein to undergo a conformational change, thus becoming active, and/or 

the local DNA topology o f the coo promoter to alter such that Rns is facilitated in 

activating transcription and perhaps also displacing H-NS. In order to evaluate whether 

the coo promoter is sensitive to changes in DNA topology, its level o f activity in a 

gyrase mutant background or in the presence o f gyrase inhibitors such as novobiocin 

could be assessed.
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Temperature was found to play a role in the regulation o f coo transcription. Indeed, 

o f the processes leading to C Sl expression analysed in this study, coo transcription was 

the most thermally sensitive step. The possibility remains that further thermoregulation 

occurs subsequent to coo transcription. For example the coo transcript may act as an 

RNA thermometer and thus may undergo temperature-dependent translation, as occurs 

in the translation o f the LcrF protein o f Y. pestis (180). It will be useful to assess the 

temperature sensitivity o f the post coo transcriptional events involved in CSl 

production to build a complete picture o f the thermoregulation o f these fimbriae.

In conclusion, this work has led to an improved understanding o f the regulation of 

CSl fimbrial expression and o f the Rns protein o f ETEC. The recent discovery that Rns 

regulates the expression o f NlpA, a protein thought to play a role in the biogenesis of 

LT-containing outer membrane vesicles (35), revealed that Rns influences two crucial 

aspects o f ETEC virulence; fimbrial production and toxin release. As has been 

proposed for the related protein AggR in EAEC (170), Rns may be a key regulator of 

virulence in ETEC. Therefore, an improved characterisation o f Rns is valuable not only 

to the study o f AraC proteins, but also to the understanding o f the pathogenesis of 

ETEC. It appears that Rns is a dimer, with each monomer consisting o f two domains 

proposed to be connected via a flexible linker. The function o f the N-terminal domain 

o f Rns is unknown but it may have a role in environmental sensing and/or transcription 

activation. The C-terminal domain o f Rns was demonstrated to be involved in DNA 

binding and may also play a role in dimerisation (Fig. 7.1 (A)). Production o f CSl 

fimbriae is subject to complex regulation. Expression o f the Rns transcriptional 

activator o f the fimbrial genes, and the fimbrial genes themselves was revealed to be 

repressed by H-NS. As well as regulation by H-NS and Rns, coo transcription was also 

found to be modulated by temperature and, potentially, DNA topology and additional 

regulators (Fig. 7.1 (B)).

Important future avenues o f research in this area could include microarray and ChlP- 

on-chip studies to further investigate the Rns regulon and establish if this protein 

influences other virulence functions in ETEC. The solution o f the structure o f Rns 

would be invaluable, however, the insolubility o f the protein and, as discovered in this 

work, its apparent tendency to aggregate may mean that this is unlikely to be available 

in the near future. In the absence o f a 3D structure, the mutational analysis performed 

in this study has provided information on the structure-function relationship o f Rns and 

serves as a basis for future research on this protein and other AraC family members.
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Fig. 7.1. Potential domain organisation of Rns and regulation of the coo promoter.
(A) A schematic diagram o f the potential two-domain structure o f Rns is shown. The 
putative flexible linker region is represented as a line, while the N- and C-terminal 
domains are represented as rectangles above which their potential roles are indicated. 
Within the C-terminal domain, areas predicted (by in silico  analysis) to form helix-turn- 
helix motifs or a coiled coil domain are shown as black or striped boxes respectively.
(B) A simplified representation o f the coo promoter region is shown. The transcription 
start site is indicated as a bent arrow and within Rns binding sites I and II the TAT 
sequences found to be critical for Rns binding are highlighted. Putative and confirmed 
factors involved in the regulation o f coo transcription are listed on the left. Those that 
activate coo transcription are above the promoter and are indicated by a plus sign. Those 
that repress coo transcription are below the promoter and are indicated by a minus sign.
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