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Escherichia coli is associated with 80% of human urinary tract infections (Uns) 

and P pili are the virulence determinant most kequently associated with U n .  

Uropathogenic E. coli cm grow in the urinary tract (the osmolality of human urine ranges 

fiom 0.04 - 1.4 Osm/kg) and betaine uptake via osmoregulatory transporter ProP may 

stimulate growth in that environment. The goal of this study was (1) to assess the impact 

of the putPA and proP lesions on the growth of E. coli HU731 (a  pyelonephntis isolate) 

in hypertonie media and (2) to observe the effects of three variables (osmolality, betaine 

and ProP) on the expression of P pili ushg E. cd i  strain HU734 and its mutant 

denvatives WG541 (PutPA-, ~ r o ~ f )  and WG671 (PutPA-, ProPJ The effects of these 

three variables on P pilus expression were studied by growing the bacteria in media of 

varying osmolaiity (with and without betaine), testing the production of P pilus adhesin 

with hemagglutination assays, preparing crude pilus preparations of each sample and 

determining the extent of PapA protein production with anti-P pilus antibodies. 
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Chapter 1. Introduction 

U ~ a r y  tract infection is the most common kidney and urologic disease in 

the United States. More than 100,000 patients a year are hospitalized as a result of acute 

pyelonephntis (Johnson, 1991; Warren, 1996). One of the most cornrnon bacterial 

infections of any organ system in the human body, UTI is a problem whose seriousness is 

reflected by both visits to physicians (estimated at approximately 8 milliodyear in the 

U.S.) and by hospital discharge diagnoses (1.5 million/year in the U.S.) (U.S. Department 

of Health and Human Services, 1990). 

Enteric organisms account for the majority of bactena that colonize the 

periurethral region and eventuaily ascend the urethra into the bladder. The ability of 

bacteria to M e r  ascend to the kidneys (via the ureters) depends on the urovinilence 

factors associated with the bactena as well as factors associated with the host (Johnson, 

199 1). 

Urine has been descnbed as a '%variable, but generally good culture medium" for 

organisrns that commonly cause urinary tract infection (Chambers and Kunin, 1985). 

This same medium, however, can be growth inhibitory. Conditions which are believed to 

inhibit growth include extremes in pH, osmolality and high concentrations of urea 

(Chambers and Kunin, 1985). E. coli have been s h o w  to grow and survive in 

hyperosomotic medium (ranging between 200-2000 mOsm/kg water) with varying pH 

(between 5.5 and 8.0) (Asscher et al., 1968). 

Urine is a concentrated ultrafiltrate of the blood. The urinary concentrating 

process involves the exposure of renal medullary cells to variable elevations of urea and 



sodium chioride. As a membrane-permeable compound, urea freely diffuses between the 

intracellular and extracellular spaces of the medullary cells (Guyton and Hall, 1 996). 

However, sodium chloride is not membrane-permeable; it accumulates to hi& 

concentrations in urine. Normally, the eievated concentrations of these substances would 

be lethal, however, renal medullary cells survive and function due to their ability to adapt 

to an environment of high osmolality. Renal medullary cells respond to high 

concentrations of urea and salt by accurnulating variable and often high concentrations of 

compatible organic osmolytes, which include glycine betaine and proline betaine 

(Bagnasco et al., 1986; Garcia-Perez and Burg, 199 1). The accumulation of these 

osmolytes prevents cellular dehydration and effectively offsets the darnaging effects (ie. 

destabilization of protein structure and inhibition of protein function) of high urea 

concentrations (Garcia-Perez and Burg, 199 1). 

Escherichia d i  has been s h o w  to adapt to environments of high osmolality 

using osmoprotective mechanisms which include osmoregulatory proline transporters 

ProP and Prou (Csonka and Hanson, 1991; Lucht and Bremer, 1994). Survival in 

hypertonic medium by E. coli has been shown to involve the accumulation of compatible 

solutes proline betaine and glycine betaine via the ProP and Prou transporters (Wood, 

1988). Furthemore, the contribution of these particular proline transporters to the growth 

rate of Salmonella typhimurium in high osmolality mediurn with varying concentrations 

of proline (0-0.5 mM) has been reported (Csonka, 1982). 

In 1987, Chambers and Kunin repotted that glycine betaine and proline betaine 

were present in human urine and that human urine demonstrated osmoprotective activity. 



The salt tolerance (the maximum salt concentration that will permit bacterial growth) of a 

uropathogenic E. coli strain grown in minimal medium was increased fiom 0.7 M NaCl to 

1.1-1.2 M NaCl once a sample of human urine was added (Chambers and Kunin, 1987). 

These fmdings allowed Chambers and Kunin to suggest that both glycine betaine and 

protine betaine were present in the kidney where they are accumulated to protect renal 

tubular cells fiom the osmotic forces of urine as it is concentrated in the kidney. It has 

been suggested that during diuresis, when they are no longer needed, these 

osmoprotectants would leak into the urine to the point where their f i a l  concentration in 

the urine would be enough to support bacterial growth. As uropathogens g o w  and 

proliferate in this environment, they may express other virulence factors which would 

enable them to survive in the urinary tract for a longer period of time (Berry et al., 1989; 

De Vault et al., 1989; Doman et al., 1991). 'Ihus, the osmoregulatory proline 

transporters ProP and Prou may encourage the persistance of uropathogenic E. coli by 

allowing the bacteria to survive in a hyperosmotic environment. This ability to survive 

may also encourage the expression of other virulence factors which would enhance the 

uropathogenicty of the bacteria. 

One of the goals of this research was to defme the interacting effects of osmolality 

and of glycine betaine concentration (0-1 mM) on the NI vitro growth rate of laboratory 

and of pyelonephritis isolates of E. coli. In addition, it was demonstrated that E. coli K- 

12 laboratory strains and pyelonephritis isolate HU734 (as well as their respective 

lineages of proline transporter defective mutants) could be distinguished fiom one another 

on the basis of their sensitivity to toxic proline analogues (Wood, 198 1). 



The second goal of this research was to study P pilus expression as a h c t i o n  of 

osmolality. Cnide extracts of P pili were prepared from E. coli strain SIG88 1pAGK.2 

because of its ability to overexpress P pili @lasrnid pAGK2 contained the pop operon 

fÎom E. coli strain HU734) and because it possessed rough LPS (which would bypass a 

potential immune response to immunodominant O antigens associated with smooth LPS). 

The crude P pilus extracts were used to create anti-P pilus antibodies. Western 

immunoblot anaiysis of PapA (the major structurai component of P pili) produced by the 

pyelonephritis isolate E. coli HU734 (and its transporter mutant derivatives) as a function 

of medium osmolality was achieved using the polyclonal anti-pilus antibodies. 

Hernagglutination assays were used to analyze PapG (the tip adhesin of P pili) production 

by E. coli HU734 (and its mutant derivatives) as a function of medium osmolality. 

E. coli strain HL1734 was chosen for this study for two reasons: Hagberg et al. 

(1983) used strain HU734 in their study of ascending UT1 in the mouse mode1 and more 

recently, colonization of the murine urinary tract by E. coli strain HU734 and its 

derivatives has been studied (Culham et al., submitted). In retrospect, the extent of P 

pilus production by this strain should have been examined before the study proceeded in 

order to confirm that it could produce a substantial amount of P pili. However, poor pilus 

production exhibited by strain HU734 did not compromise the objectives of this study. 

Problems with poor pilus production by strain HU734 were resolved to a certain degree 

with the use of E. coli clinical isolate CFT073 and its double pap deletion mutant 

UPEC76. 



1.1. Plzysiology of the Urinaty Tract 

The marnmalian urinary tract is a closed systern compnsed of the kidneys, ureters, 

bladder and urethra. Urine, which is an ultrafiltrate of the blood, is concentrated in the 

kidneys, passes through the ureters and collects in the bladder. When the bladder is full, 

urine is voided fiom the body through the urethra. Because it is a closed system, the 

urinary tract cannot be easily invaded by extemal rnicroorganisms. However, urinary 

tract infections WTk) do occur, and E. coli fiom the faecal microbiota seems to be the 

most common organism isolated fiom patients with UTIs. 

1.2. Occurrence and Epidemiology of Urinmy Tract Infections 

There are two different routes by which bacteria invade the urinary tract: 

ascending and hematogeneous. Ascending infections are by far more common (Warren, 

1996). In the initial stages of an ascending infection, bacteria fi-orn the periurethral area 

migrate up the urethra (causing urethritis) and colonize the bladder (cystitis). If the 

bacteria migrate m e r  to the kidneys, which are vital organs, pyelonephritis will develop 

and may result in extensive tissue damage. Hematogeneous U n s ,  which are less 

comrnon than the ascending form of infection, occur when bacteria fiom the blood Stream 

infect the kidneys (Warren, 1996). 

Uncomplicated UTk can occur in otherwise healthy people with a normal urinary 

tract. These people do not suffer fiom any systernic diseases which could predispose 

them to a bacterial infection. The spectrum of bacteria that are responsible for these types 

of infections is quite narrow and includes E. coli (which accounts for 80% of 



uncomplicated Uns), Proteus rnirabilis. Kiebsiella pneumoniae and Staphyiococm 

saprophyticus. infections caused by these bacteria are normally responsive to antibiotic 

therapy and recurrences are usually reinfections with the organisms that entered the 

bladder through the urethra (Warren, 1996). 

Complicated UTIs occur in two diflerent groups of patients: those with 

complicated urinary tracts (ie. uruiary tracts containing a foreign body or which do not 

b c t i o n  normally because of anatomical or functional defects) and those who are 

susceptible to infections (ie. patients who are already immunocompromised). The 

spectnun of causative organisms in these types of infections is much broader and includes 

E. d i  (which accounts for only 37% of complicated UTIs), Kfebsiella pneurnoniae, 

Proteus rnirnbilis. Pseudornonos aeruginosn. Enterobacter spp., Citrobacter spp., 

Serrafin spp., Enterococcm spp. and Staphyfococcur aureur (Warren, 1 996). 

infections of the urinary tract are a significant problem which affects a wide range 

of people. Statistics show that at least 12% of men and 1020% of women will suffer 

h m  an acute syrnptomatic UT1 and an even larger percentage of men and women will 

experience asymptomatic bactenuria in their lifetime (Johnson, 1989; Lipsky, 1989). The 

majority of U n s  are acquired in the community as opposed to the hospital environment. 

Community-acquired infections appear to target four major nsk groups; school age girls, 

young women (who are sexually active), males with prostatic obstruction and the elderly 

(Stamm et al., 1989). 



E. coli is isolated in more than 80% of cases in young girls (under the age of 10 

years) but in only 60% of teenagers (Warren, 1996). As girls reach their teenage years, 

15% of infections that they may suffer fiom are caused by S. saprophyticus. 

For adults with normal urinary tracts who are otherwise healthy, women represent 

90% of patients with UTIs (Warren, 1996). Young women between late adolescence and 

the mid-forties account for 6-7 million office visits annually in the U.S. (for symptoms of 

acute uncomplicated Uns); 250,000 of these Uifections are diagnosed as acute 

pyelonephritis, requiring hospitalization and antimicrobial therapy (Stamm et aL, 1 989). 

Of women going to a physician for a UTI, 95% do so for symptorns of cystitis. In fact, 

estimates suggest that 40% of adult women will expenence symptoms of cystitis 

sometime during their lifetime. The most common causative organism for both 

syrnptomatic and asyrnptomatic comrnunity-acquired UTI among adult women is E. coii. 

in fact, E. coli accounts for more than 80% of these infections (Warren, 1996). 

Women who are sexually active are more prone to UT1 (Warren, 1996). Both 

diaphragm and spermicide use disturbs the vaginal rnicrobiota such that there is an 

increase in vaginal fluid pH, a decrease in vaginal colonization by Lactobacillus and an 

increase in the vaginal colonization by E. coli. Finally, sexual intercourse may facilitate 

the access of E. coli to the bladder (Stamm et al., 1989). 

Recurrïng UT1 is most prevalent in women between the ages of 20 and 40 years 

(which is not due to any physical abnormalities in the urinary tract). After the first 

episode of a UTI, more than 20% of women will experience recurrent Un over the next 

6-12 months (Stamm et al., 1989; Warren, 1996). In women with recurring Un, 



periurethral colonization with the infecthg organism normally precedes the infection 

(Warren, 1996). In fact, periurethral, vaginal and even buccal epitheliai cells harvested 

fiom women with recurring UT1 allow substantially higher numben of E. coli to adhere. 

Colonization midies suggest a hereditary predisposition to recurrent UTI (Stapleton, 

1992). Women who are nonsecretors of blood group antigens (A, B, H and Lewis) appear 

to be more susceptible to recurring UTI. It has been suggested that nonsecretor statu 

alters the uroepithelial cells' susceptibility to attachment by E. coli thereby increasing 

susceptibility to infection (Stamm et ai., 1989; Stapleton, 1992). Lack of blood group 

antigens on uroepithelial cell surfaces (or in vaginal secretions) rnay expose receptors for 

attachment by E. coli that would have otherwise been inaccessible had blood group 

antigens been present. 

UT1 occurs less fiequently in men than in women. This could be due to 

anatomical differences: the distance fkom the colon to the urethra is much M e r  in men 

than in wornen, the male urethra is much longer than that of the female, and the urethral 

opening of females is located within the vaginal tract which is more prone to bacterial 

colonization (Salyers and Whitt, 1994). Un appears to be more comrnon among older 

men as opposed to those who are younger. Enlargement of the prostate gland in some 

older men may result in partial obstruction of the urinary tract which may encourage the 

onset of a UT1 (Lipsky, 1989; Warren, 1996). 

Complicated U n s  are most often a resuIt of urethral catheterization. In this type 

of infection, E. coli does not play a prominent role; it only accounts for 37% of UTIs 

(Warren, 1996). In fact, the majority of organisrns that cause catheter-associated 



bacteriuria originate fkom the patient's own colonic microbiota. These bacteria gain 

access to the urinary tract at the t h e  of catheter insertion, through the catheter lumen or 

along the catheter-urethral interface (Warren, 1996). Bacteria (inclsding E. coii) adhere 

to the surface of a catheter, grow and proliferate (Trexler Hessen and Kaye, 1989). While 

they grow, they create a biofiim by surroundhg themselves in a protective polysaccharide 

matrix which may increase their resistance to both host defenses and antibiotic treatment. 

Most o f  the tirne, removing the catheter allows for the infection to resolve itself since the 

normal flushing of urine cm resume (Salyers and Whitt, 1994). However, depending on 

the patient's condition, this cannot always be done. 

At any given tirne, more than 100,000 patients in Arnerican nursing homes are 

catheterized. Many of these patients have been catheterized for months or even years. 

Despite careful precautions and excellent care, al1 patients eventually become bacteriuric 

if catheterized for a long enough period of time (Warren, 1996). In a study performed in 

1987, morbidity asssociated with indwelling catheters in elderly patients in a nursing 

home was observed over a penod of six rnonths (Kunin, 1987). In this study, 73.6% 

(39/53) of catheterized patients developed UTIs as compared to 29.5 % (13/44) of non- 

catheterized patients (Kunin, 1987). Other conditions, which include high temperature, 

pneumonia, infected limbs (including infected ulcers), upper respiratory infections, 

decubiti (bed sores) or infections of the mouth and Iabia, were not significantly more 

cornmon arnong the catheterized patients. This data conclusively demonstrates that 

catheterized patients are more prone to UT1 than non-catheterized patients. 



The relative incidence of symptomatic Un among diabetics and nondiabetics is 

unclear. Diabetics seem to be predisposed to infection of the urinary tract; it has been 

suggested that the hi& levels of glucose in the urine of diabetics may promote the growth 

and proliferation of uropathogenic E. coli (Kunin, 1987). A number of studies suggest 

that diabetic women are more prone to Un than non-diabetic women; however, the 

incidence of Un between diabetic and non-diabetic men is indistinguishable. 

Nevertheless, when these infections occur, they are far more severe in diabetics and may 

result in serious kidney damage (Warren, 1996). 

A significant fraction of total antibiotic use can be accounted for by treatment of 

UTI. In 1989, differenr forrns of UT1 accounted for over 5.2 million visits to physicians' 

offices in the United States and therapy (including antibiotic treatrnent) for a single 

episode of acute cystitis cos& approximately $140 (Johnson, 1989). Keeping this in 

mind, one must be aware of the increasing prevalence of antibiotic resistant bacteria. 

Without treatment, patients are prone to renal infections which are now responsible for 

the hospitalization of more than 100,000 patients in the United States per year (Johnson, 

1989). If renal infection is not treated in t h e ,  the patient is at risk for gram-negative 

sepsis and death. 

1.3. Virulence Deferminan& Associaled witlt Urinas> Tract ln fections 

Vinilence can be described as the ability of a pathogen to cause disease depending 

on the susceptibility of the host (Reid and Sobel, 1987). Virulence may be attained by 

implementing specific strategies or by producing one or many bacterial products. 



Uropathogenic E. coli utilize numerous mechanisrus of vinilence (alone or in 

combination) (Reid and Sobel, 1987). These mechanisms include the ability to (1) adhere 

to mucosal surfaces, (2) survive and grow in hypertonic urine, (3) prevent complemen: 

fixation and resist the bactericidal effect of serum, (4) secrete toxins and (5) accumulate 

iron fiom the host. The extent of expression of combinations of these virulence factors 

can distinguish between potential pathogens and harmless intestinal strains. The 

combinations of virulence factors expressed by a uropathogenic E. coli strain are believed 

to determine the degree of damage experienced by the host. 

Because this research focused on the production of P pili as a h c t i o n  of medium 

osmolality (a condition used to represent the variable osmolality characteristic of urine), 

the mechanisms which allow E. coli to (1) adhere to mucosal surfaces and to (2) survive 

and grow in hypertonic urine will be discussed below. 

1.4. Piii As Virulence Determinante Epidemiological Studies 

Adherence of bacteria to the uroepitheliurn is an integral step in the initiation and 

pathogenesis of UTIs (Reid and Sobel, 1987). Bactenal adherance is mediated by pili. 

Adhesins associated with these specialized appendages enable bacterid attachent to the 

epitheliurn of the urinary tract which allows bactena to colonize, cause tissue damage and 

possibly disseminate. The extent of bacterial Section is dependent on both virulence 

properties associated with the bacteria and factors associated with the host. 

Uropathogenic E. coli express two different classes of pili which can be disthguished 

by the ability or inability of their adhesins to agglutinate erythrocytes in the presence of D- 



mannose (Old, 1985; Reid and Sobel, 1987; Johnson, 1991). Type 1 pili possess adhesins 

whose ability to mediate hemagglutination is blocked in the presence of D-mannose. On the 

other hand, P pili possess adhesins which mediate mannose-resistant hemaggiutination 

(MRHA). Mannose-resistant adhesins which do not recognize Gala(l-4)Galp containhg 

receptors are known as X-adhesins (Johnson, 1991). The X-adhesins include the Dr family 

of adhesins (which bind portions of the Dr blood group antigen), S adhesins (which 

recognize temiinal sialyl-galactoside residues) and M adhesins (which bind the M blood 

group antigen on glycophorin A) (Johnson, 199 1). These are just some exarnples of X- 

adhesins which allow for colonization of the urinary tract by pathogenic strains of E. coli. 

Data gathered fiom 17 studies conducted between 198 1 and 1990 illustrate a 

relationship between the source of a clinical isolate and the presence of Type 1 pili. Type 1 

pili are associated with both urinary and fecal isolates; 71% of cystitis isolates, 58% of 

asymptomatic bactenuria isolates, and 60% of both pyelonephritis and fecal isolates 

(Johnson, 1991). Bacteria may possess one type of adhesin or a combination of different 

types of adhesins. Strains bearing Type 1 pili alone (in the absence of mannose-resistant 

adhesins) are associated with clinical cystitis (Hagberg, 1981). Mobley et al. (1987) 

reported that 92% of E coli strains isolated fiorn long-term cathetenzed (defmed as more 

than 12 weeks) urinary tracts of patients possessed Type 1 pili; P pili were only associated 

with 6% of the strains. 

It is believed that D-mannose is the minimal receptor necessary for adherence via 

Type 1 pili. Interestingly enough, mannose-containhg recepton specific for Type 1 pili 

have not been found on uroepithelial cells. However, uroepithelial cells are coated by a 



mucus layer which contains the Tamm-Honfall glycoprotein (THP) to which Type 1 

h b r i a e  have been shown to bind (Reid and Sobel, 1987; Orskov et al., 1980). It has been 

suggested that TH. may act as a nonspecific defense mechanism in the urinary tract because 

in its presence, bacteria have less chance of adhering to the urinary mucosa. As a result, 

bacteria have a greater chance of being voided fiom the body by the downward flow of 

urine. Finally, these pili mediate lectinophagocytosis (Reid and Sobel, 1987; Johnson, 

199 1). Opsonized Type 1 pili have been shown to bind to a 150 kD glycoprotein on human 

polymorphonuclear leukocytes (hPMNLs) before being ingested and killed (Johnson, 199 1). 

On the other hand, bacteria bearing unopsonized Type 1 pili are capable of surviving 

phagocytosis by WMNLs. Thus, the adherence of Type 1 piliated strains to host cells 

within the urinary tract may encourage colonization and the onset of cystitis. Their 

binding to THP may offer the host a better chance of elirninating them fiom the urinary 

tract before they c m  initiate colonization or infection, and their adherence to and 

stimulation of hPMNLs may prornote bacterial killing (Johnson, 199 1). 

Early studies by Svanborg Eden et al. (1976) suggested that the ability of E. coli 

strains (which cause symptomatic UTI) to attach to uroepithelial cells might contribute to 

virulence. E. coli strakis isolated fkom the urine of patients with asyrnptomatic 

bacteriuria were not observed to attach to human uroepithelial cells. Furthemore, the 

bactena that were able to bind to uroepithelial cells were prevented fiom doing so by 

incubation in urine containing antibodies against the strain tested. This suggested that if 

the adhesion of uropathogenic E. coli is a significant virulence deteminant, the a b i l i ~  of 



urine (containing antibodies against the tested E. coli strain) to prevent attachent may 

be important. 

in 198 1, Vaisanen et al. reported that 29 of 32 (9 1%) strains of pyelonephritis- 

causing E. coli examined during their study showed mannose-resistant hemagglutination 

of hurnan red blood cells. In addition, 8 1% of the pyelonephritis-associated E. coli strains 

in this study possesssed the P-specific recognition mechanism alone whereas 19% of the 

strains possessed a combination of both the P-recognition system and the X-specific 

recognition system. A parallel study by Kallenius et al. (1981) showed that the 

occurrence of P piliated E. coli in children with UT1 was very high; P pili were present in 

9 1 % of the examined strains (3 3/35) that caused acute pyelonephntis. 

Data fiom 3 1 studies (which include the two studies mentioned above) conducted 

between the years 198 1-1990 suggest a trend for the association of P pili with clinical E. 

coli isolates (Johnson, 199 1). The compiled data demonstrates that the proportion of 

strains expressing P pili declines progressively fkom a high of 70% (among pyelonephritis 

isolates) to 36% (among cystitis isolates), 24% (among asyrnptornatic bactenuria isolates) 

and 19% (among fecal isolates). Furthemore, the prevalence of P piliated isolates f?om 

patients with bacteremia arising from a Un is 7 1%; almost as high as the fiequency of P 

piliated isolates taken fiom patients suffering with pyelonephritis. Isolates taken fiom 

patients with bacteremia originating fiom other sources (other than a Un) have a 

fiequency as low as 28% for the prevalance of P pili. This data irnplies that P pili 

contribute to the ability of E. coli to cause UTI, especially pyelonephritis, and strains 



lacking P pili (common for fecal isolates) are at a disadvantage in the urinary tract 

(Johnson, 1991). 

1.4.1. Funcrion of P Piii in Paihogenesis 

The pap operon encodes for the subunits required for P pilus assembly and fiction. 

P pili consist of two distinct subassemblies which include a thick cylindricai piius rod and a 

thin, open helical tip fibrillum (Figure 1) (Kuehn et al., 1994). The P pilus rod is cumposed 

of about 1000 subunits, the majority of which are PapA monomers. These pilus shaft 

monomers comprise the dominant Pap antigen. Comprising the tip fibrillum are PapE, Pap 

G (the adhesin), and PapF and PapK (which both have an accessory fùnction in the 

assembly of pili). Pilus subunits are transported through the ce11 membrane by the 

transmembrane protein PapC and are stabilised in the periplasm by the chaperone protein 

PapD. PapD also has a roIe in facilitating post-translational processing of pilus subunits (ie. 

cleavage of signa1 sequences necessary for export of peptides to the ce11 membrane). PapH 

regulates the length of the pilus structure since it (1) provides the signal for termination of 

the polyrnerization of PapA subunits and (2) dso anchors the pilus in the ceIl membrane. 

PapJ is believed to be involved with ATP-bïnding; however its function is not we1I known. 

Finaily, PapB and PapI (the expression of which is regulated by cyclic AMP in the cell) 

regulate transcription of the pap operon (Kuehn et al., 1994). 

Pili may be serotyped according to the antigenicity of the major structural piius 

subunit (ie. PapA in P pili) that they express. Not ail pili express identical major pilus 



Figure 1. Structure of P Pili. The pilus rod is comprised of about 1000 subunits, the 

majority of which are the main structural subunit, PapA. This representative diagram is not 

to scale. Figure modified fiorn Kuehn et ai. (1994). 



PapG 

Pa pF 

PapE 

PapK 

PapA 

PapH 

PapC 



subunits; but there is stnichual homology between these subunits fkom different strakis of E- 

coli (Table l). For example, upon cornparison of  the amino acid sequences of the major 

pilus subunit proteins of P pili (serotypes F 1 1 ,  F 13, F7! and F72), the four types of pili show 

a painvise sequence homology in the range of 52% to 62% (van Die and Bergrnans, 1984; 

Baga et al., 1984; Rhen et al., 1985 and Hacker, 1990). Furthemore, FI 1 and F13 serotypes 

Table 1. P Piius ~omenclature' for Uropa thogenic Escftericliia coli Strains. 

Parental 
Strain 

Gene/plasmid 
Encoding 
Adhesin 
Prs 
PQP 

PaP 
PQP 

pDC 1 

fei 
fi: 
fil 
jei5 
KS7la 

KS71b 

l Data adapted 

T 

- - 

L 

Hacker, 

Major 
subunit2 
OcD) 
19.5 
19.5 

18.8 
20.5 
20 
17 

m3 

19.5 
21 
18 
2 6.8 
22 

20 

Reference 
- -- 

Lund et ai., 1988 
Hu11 er al., 198 I 
Normark et al., 1983 
High et al.. 1988 
High et al., 1988 
Van Die et al., 1985 
Van Die et ai., 1983 
Van Die et al., 1984 
Clegg, 1982 
Clegg & Pierce, 1983 
Hacker et al., 1986 
De Ree et al., 1985 
De Ree et al., 1985 
High et al., 1988 
Rhen et al., 1983 
Rhen et al., 1985 
Rhen et al., 1983 
Rhen et al., 1985 

Molecular weight of PapA subunits are given on the basis of SDS-PAGE experiments. 

Not reported (NR). 

4 Reported as fni by Smyth et al., 1994. 

Reported as f~ by Smyth et al., 1994. 



share 73% sequence homology while F7t and F7? serotypes share 73.5% homology. P pilus 

F serotypes F8, F9, F12 and F14 have also been described. 

P pili are encoded by a variety of gene clusters which include the pap operon as well 

as the prs, fio, fit, Bi, fel, fni a n d f i  operons (Table 1). The main structural subunit encoded 

by the pap operon is PapA. Therefore, SDS-PAGE analysis of pilus preparaîions would be 

expected to yield a much more prominent band representing the PapA protein as compared 

to other Pap proteins. The PapE and PapF proteins share similar rnolecular weights (-16.5 

kD and 15 kD, respectively) as PapA, however, they do not occur in as hi& quantity as 

PapA. 

Data in Table 1 (obtained by SDS-PAGE analysis) suggests that PapA proteins occur 

at moiecular weights ranging fiom 16.8 kD to 22 kD. Variations in electrophoretic mobility 

of PapA proteins could be due to inconsistencies of conformation and charge associated with 

PapA subunits upon denaturation prior to SDS-PAGE analysis. Electrophoretic mobiIity of 

an SDS denatured protein is expected to be related oniy to its molecular weight. However, 

more SDS binding of a protein may be inauenced by several factors including the chernical 

properties of the peptide and the temperature of denaturation. Hence, a peptide may exhibit 

different migration mobilities dependent on the conditions of denaturation. As a result, 

incomplete denaturation can yield multiple bands. Anomalous behaviour has been reported 

to occur with pilus proteins (McMichael and Ou, 1979; Hanley, 1985). 

Sequence analysis of PapA subunits, however, confirms that the molecular weight of 

PapA proteins can fa11 within a range of molecuIar weights (Table 2). The PapA protein 

associated with E. coli strain J96 has a molecuIar weight of 18.7 kD. PapA proteins fiorn 



other E. coli strakis and isolates have k e n  reported to have molecular weights mging fiom 

16.8 to 21 kD (Tables 1 and 2). Therefore, this suggests that PapA proteins carmot be 

identified reliably by a specific molecular weight. 

Table 2. Predicted Molecular weightsl of PapA Proteins 

Predicted Molecular Accession 
E. coli Strain Wei+&t &D) Number Reference 

pyelonephritis 
isolate 
pyelonephritis 
isolate 
pyelonephntis 
isoIate 

Baga et al., 1984 
Marklund et al., 1 992 

Baga et al., 1984 
Baga et al., 1985 

Marklund, 1991 
Marklund et al., 1992 

Clements & Bao, 1995 

unpublished, 199 1 

unpublished, 199 1 

unpublished, 199 1 

Molecular weights of the PapA subunits are given on the basis of protein sequence 

analysis. Sequences were obtained fiom the National Centre for Biotechnology Information. 

NS; not specified. 

refers to PrpA (Pap related pilus A) and not PapA. 



There are three distinct receptor-binding classes of G adhesins which bind Gb3 

(globotriaosylcerarnide) (Class I), Gb4 (globotetraosylceramide) (Class II) and Gb5 

(Forssman glycolipid) (Class RI) (Kallenius et al., 1 980; Leffler and Svanborg-Eden, 1 980). 

These are al1 oligosaccharide recepton within the gioboseries of glycolipids. CIass I 

@apGJg6) has only been found in E. coli shah J96; screening of clinical isolates with a 

~~apG,~~-specific probe did not detect any strains with sequence homology. Genes encoding 

Class II (papGrAz and papGAoiio) and ID (pTSGJ%) adhesins, however, occurred more 

fiequently in P piiiated wild type strains (Johanson et al., 1992). 

Most human pyelonephntis isolates express Class II adhesins reflecting the 

predominance of Gb4 in the human kidney. In humans, the glycolipids Gb3 and GM are 

predominantly found within the kidneys and ureters as well as on red biood cells. These 

same glycolipids are found less fiequently in the gastrointestinal tract (Kanfer and 

Hakarnon, 1983). This rnay explain the fiequency with which P piiiated E. coli causes Un, 

while other tissues are normally spared fiom infection with these particular organisms 

(Kuehn, 1994). Dog Un isolates commoniy bear Class III adhesins which bind to Gb5, a 

glycolipid found in abundance in canine kidney tissue. Class DI adhesins are also 

commonly expressed by hurnan cystitis isolates. These trends suggest that the class of G 

adhesin expressed by P pili rnay determine both host and tissue tropisms (Kuehn, 1994). 

In 1983, Hagberg et al. developed a model for ascending unobstnicted u ~ a r y  

tract infection in mice. The mouse model was used to study virulence mechanisrns of 

urinary tract pathogens relevant to human Un. Since pyelonephntis E. coli isolates 

adhere to both hurnan and mouse uroepithelial cells with similar specificity and intensity, 



the mouse model seemed appropriate. CBA rnice (which are on average more susceptible 

to U n  than BALBk, CS7 and C3WHeN mice) were infected by urethral catheterization 

and injection of bacteria into the bladder. E. coli pyelonephritis isolate HU734 (a strain 

which expresses both Type 1 and P pili and is resistant to killing by human and mouse 

senim) and E. coli fecal isolate 4 14 (a strain which lacks phenotypic traits associated with 

uropathogenicity) were used to standardize the infection model. Four pelonephritis 

strains, two fecal strains and a laboratory strain were used in conjuction with HU734 and 

414 to test for the difference in infectivity between pyelonephritis and fecal isolates. 

After the mice were sacrificed, bladder and kidney tissues were homogenized and bacteria 

persisting in these tissues were quantified by viable counts. Al1 strains, hcluding HU734 

and 414, were capable of infecting murine bladders. However, the fecal isolates were 

eliminated fiom the urinary tract more rapidly than the pyelonephritis isolates. Finally, 

the pyelonephritis isolate HU734 was recovered from both bladders and kidneys (after 24 

hours) in significantly higher numbers than the fecal isolate 414. The data obtained from 

the study suggested that several E. coli pyelonephritis isolates expressing properties 

associated with virulence in the human urinary tract were recovered fkom murine kidneys 

and bladders in higher numbers than avident E. coli fecal strains. 

Colonization of the murine urinary tract by E. coli pyelonephritis isolate J96 was 

studied in order to observe the pathogenic significance of both P and Type 1 pili and their 

efficacy as vaccines for the prevention of pyelonephritis (O'Hanley et al., 1985). 

hfectivity and invasiveness were quantitatively and histologically assessed for strain 596 

(which expresses both P and Type 1 pili) and three of its derivatives (two of which were 



recombinant clones which expressed either P pili or Type 1 pili and a third strain which 

does not produce either of the two types of pili). Each of the four strains (1x10~ CFU) 

was administered into the bladders of BALBfc mice. The parent strain, J96, was capable 

of renal colonization and invasion in each of nine mice while the clone expressing only P 

pili colonized the kidneys in each of 10 mice but did not invade. The clone expressing 

only Type 1 pili did not demonstrate invasion or cotonization of the renal epitheliurn. 

However, when higher doses of this clone were delivered (more than 1 x 1 0 ~ ~  CFU), acute 

vesicouretic reflux was evident and colonization of the renal epitheliurn was ubserved in 

7 1% (517) of mice. Finally, a vaccine made fiom pure P pili (fiom straïn 596) was able to 

block renal colonization in 86% (19122) of mice and renal invasion in 91% (10/11) of 

mice. This study suggested that P pili play an integral role in pyelonephritis infections 

(characterized by colonization and invasion of the kidneys) and that pure P pili rnay serve 

as useful immunogens for the prevention of pyelonephritis in the anatomically normal 

urinary tract. 

in order to test the role of the PapG determinant in the pathogenesis of a clinical 

isolate of E. coli, a l-bp deletion was introduced early in the papG gene of E. coli strain 

DS17. This strain is a pyelonephritis strain isolated in a Swedish pediatric ward, that is 

capable of expressing both P piIi (Class II adhesin) and Type 1 pili and of producing 

hemolysin (Roberts et al., 1994). The derivative of DS 17 (called DS17-8) was still capable 

of producing P pili, however, it was unable to produce PapG adhesins. Immunoelectron 

rnicroscopy with polyclonal antisenun specific for purified P piti c o h e d  that both strains 

@S 17 and DS 17-8) expressed P pili. As well, the hemagglutinaling activity of DS 17 and 



the non-hemagglutinating activity of DS17-8 was confirrned. A monoclonal antibody 

specific for the PapG adhesin was also used in immunoelectron microscopy and was found 

to only react with the tips of pili fiom DS17. Finally, DS 17 was found to bind to kidney 

tissue sections fiom monkeys unlike DS 17-8. Both the parent strain DS L 7 and the mutant 

DS17-8 were tested for the ability to cause cystitis and pyelonephritis in a monkey model 

system. DS 17-i~oculated monkeys had a mean bacteriuria of 21 days compared to 6.8 

days for monkeys given DS17-8. In addition, monkeys innoculated with DS17 had 

significant kidney pathology and reduced renal functions when compared to the DS 17-8 

hoculated monkeys which remained unaffected. Use of monkeys in this study was usehl 

since this model system more closely mimics the infection process in humans. 

These studies together suggest that P pili are important for pathogenesis in the moue  

and rnonkey models for Un. However, a 1993 study by Mobley et al. (1993) suggests the 

contrary. In their snidy, a CBA mouse rnodel of ascending Un was used; the same model 

system used in the Hagberg study (Hagberg et al., 1983). E. coli pyelonephntis isolate 

CFT073 (which produces P pili (fiorn two different pap operons), S pili, Type 1 pili and 

hernolysin) was used to constnict main UPEC76, an isogenic strain lacking both pap 

operons. CBA mice were challenged transurethrally (through the urethra) with 10 - 10 

CFU of either CFT073 or WEC76. M e r  the mice were sacrificed, quantitative cultures of 

urine, bladder and kidney were done and histological changes were observed. Surprisingly, 

no substantial differences were observed in the concentration of organism recovered or tissue 

histology for parent and mutant strains of bacteria in urine, bladder or kidney. These 

findings led Mobley and coworkers to conclude that adherence by P pili fiom E. d i  strain 



CFT073 plays a minor role in the onset and development of acute pyelonephntis in the CBA 

moue model. However, one must consider that even though P pili were not expressed by 

the mutant strain, adherence via S pili ancilor Type 1 pili in combination with the cytolytic 

effects of hernolysin couid account for its ability to cause infection. For this reason, it would 

be desirable if mutants defective for not only P pili, but also for S pili, Type 1 pili and 

hemolysin were created fiom CFT073. The creation of these mutants would m e r  clarify 

the role of P pilus associated pathogenicity in the mouse model. 

1.4.2. Reguln fion of P Pilus Expression 

Expression of the synthesis of P pili in E. coli is controlled by phase variation, a 

mechanism by which P pilus expression is switched between "on" and "off' states 

depending on the bactenum's environment. This strategy allows bacteria to conîrol pilus 

expression depending on the nature of their surroundings. For example, E. cofi produce P 

pili when grown on solid medium but when grown in liquid medium, P pilus expression is 

tumed "or '  (Krogfelt, 1991). Phase variation of P pili can occur by at least four different 

rnechanisrns: (1) site-specific recornbination, (2) slipped-strand mispairing within short 

repeats, (3) general recombination or gene conversion, and (4) alteration of DNA- 

methylation patterns (van der Woude et al., 1996). Mechanisrns 1, 2 and 3 involve 

changing the prirnary DNA sequence whereas the fourth mechanism, which is the best 

understood mechanism, is epigenetic (ie. the primary DNA sequence remains unaltered) 

(Van der Woude, 1996). 



Thepap operon encodes eleven gene products which are necessaxy for the assembly 

and expression of P piii (Figure 2). At le& six additional proteins are required for 

regdation of Pap pilus expression: Lrp, Dam, PapI, CAP, PapB and H-NS (de Graaf and 

Gaastra, 1994; Van der Woude, 1992; Van der Woude, 1996). 

Lrp (Leucine-responsive regulatory protein) is a 19 kD DNA binding protein that 

activates some genes and represses others in the E. coli chromosome. There are six Lrp 

binding sites located within the pap-regdatory region, however only five are required for 

Pap phase variation. The binding sites for Lrp are Iocated in the GATC-1 and GATC-II 

regions. The GATC-1 region contains Lrp sites 4 and 5 while the GATC-II region contains 

Lrp sites 1,2 and 3. 

Each of these regions has the potential to be methylated by Dam (DNA methylating 

enzyme) depending on the region to which Lrp is bound. Dam recognizes the GATC 

sequences inpap DNA and methylates adenosine at the N-6 position. Translocation of Lrp 

(a PapEdependent process which will be discussed below) between GATC sites resuits ui 

differentiai protection of these sites fiom Dam, the basis of the phase "on" and phase "off' 

DNA methylation patterns. These DNA methylation patterns detemiine the binding of Lrp 

to pap DNA. When Lrp is bound to sites 1,2 and 3, Dam can methylate the GATC-1 region 

and pap transcription is repressed (phase "off '). However, when Lrp binds to sites 4 and 5, 

DAM cm methylate the GATC-II region and this will activate pap transcription such that 

the cells are switched to phase "on". 



Figure 2. The pop Operoa. ï h e  pap operon encodes nine gene products which are 

necessary for the assembly and expression of P pili (PapA, H, C, D, J, K, E, F and G) as 

well as two trannscnptional regulatory factors (PapB and Papi). papB and papl are 

transcribed fiom divergent promoters pBA and PI, respective!y. The intergenic region 

behveen papl and papB contains two regulatory DNA regions called GATC-1 and GATC-II. 

X, CAP binding site; squares, PapB binding site and circles, Lrp binding sites. Figure 

modified frorn Van der Woude (1 996). 
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PapI is an 8.8 kD papencoded regdatory protein. PapI is necessary for the 

translocation of Lrp fiom sites 1, 2 and 3 to sites 4 and 5. PapI reduces the iiffinity of Lrp 

for sites 1,2 and 3 by about 50%, and increases the afEinity of Lrp for sites 4 and 5 about 4- 

fold (Nou et al. 1995). PapI binds specifically to LrppapDNA complexes but not to fiee 

Lrp or to fiee pap DNA. Without PapI, Lrp binds to sites overlapping the papBA promoter 

and inhibits transcription (ie. "phase off'). However, when PapI is present, the a f i i t y  of 

Lrp for pap sites 1, 2 and 3 (GATC-II) is sigdcantly decreased and the a£Eïnity for sites 4 

and 5 (GATC-I) is increased. Therefore, the Lrp-PapI complex cm be translocated to 

binding sites 4 and 5 over 100 base pairs upstream and this leaves the operon in a "phase 

on" transcription state. In fact, when Lrp is bound with PapI in the GATC-I region, pap 

transcription is stimulated 8-fold. Kaltenbach et al. (1995) suggest that Lrp bound at 

GATC-1 might interact directly with the transcriptional apparatus to increase the a f i i t y  of 

RNA polymerase for the papB promoter andlor increase the rate of open complex 

formation. 

Kaltenbach et ai. (1995) proposed that PapI facilitates the transition between phase 

"OH" and "on" transcription States by binding to Lrp and altering Lrp's affinity for GATC-1 

and GATC-II regions. Gel shift anaiysis suggested that radiolabelled PapI binds wiîh high 

specificity to Lrp-pap DNA complexes but only bhds weakly to fkee Lrp. Protein cross- 

linking studies have shown that Lrp and PapI directly interact with each other. At this point, 

it is not known if Lrp binds to pap as a dimer as it does to the ilvlH operon (an Lrp 

controlled operon which encodes one of several acetohydroxy acid synthase isoenzymes 

catalyzing the biosynthesis of branched-chah amino acids) (Wang and Calvo, 1993). 



Uncertainty as to the number of Lrp molecules present in the phase "off" and "on" DNA 

complexes still remains. Furthemore, the stoichiometry of PapELrp binding has not been 

c o n h e d .  

CAP (catabolite activator protein) is a global reguiator essential for both the 

activation of the pBA and pI promoters and for pap transcription. Evidence suggests that 

CAP activates hanscription fiom divergent pI and pBA promoters. CAP is also beiieved to 

act with Lrp in bending DNA so that GATC-I and GATC-II sites may be in close proximity 

to one another (so that Lrp-PapI complexes can switch locations fiom sites 1, 2 and 3 to 

sites 4 and 5). 

PapB is a 12 kD pap-encoded regulatory protein that binds with the highest afnnity 

to a site next to the CAP binding site. Once bound, PapB helps to activate papl 

transcription. PapB can also bind with lower affinity to a site next to the pBA promoter. 

Binding at this site seems to repress transcription which suggests that PapB has 

autoregdatory activity. 

H-NS (histone like protein) is a 16 kD global regulatory protein that has been shown 

to repress different E. coli operons as well as other operons in different bacterial species. H- 

NS seems to bind to curved DNA sites with possible site specificiv. H-NS repression of 

pop transcription can be overcome by CAP. The exact role of H-NS in pap expression is 

still not clear. However, Van der Woude et al. (1996) have suggested that the repression of 

pap expression by H-NS can be overcome in the presence of PapI-Lrp and RNA 

pol yrnerase. 



1.4.2.1. Reguiation of PZ Due to Environmental Conditions 

E. coli cells do not express pili constitutively. They have evolved mechanisms for 

regulating pilus expression in response to extemal environmental stimuli. The production 

of pili and the expression of adhesive properties which innuence vinilence are often 

temperature dependent; optimal temperature is 37OC while production and expression of pili 

is reduced at lower temperatures (Goransson and Uhlin, 1984). Goransson and coworkers 

studied the role of different pap cistrons in the temperature regulation of pilus production 

and expression of adhesive properties (Goransson et al., 1989). This group identifed the 

papi gene as a thermoregulatory mediator at the level of pilus adhesin gene transcription by 

way of promoter cloning, rnRNA analysis, and expression of subcloned genes in tram. The 

expression of papA and several other pilus operon cistrons appeared to be dependent on 

stimulation by the papB and papi gene products. Other known Pap proteins were tested for 

their ability to directly act as thermosensors using constructs with diEerent pap DNA 

regions; none were found. Finally, temperature regulation could be overcome and pilus 

adhesin production could be instigated at low temperatures when the papi gene product was 

overexpressed in tram. The results fiom the study suggest that the level of mRNA 

encoding the PapI activator is Iimiting at low temperatures and that thermoregulation is due 

to a determinant in the papl-ppB intergenic region. 

The expression of papB and papA transcnpts is reduced when glucose is added to 

the growth medium (Baga et al., 1985). Experiments with crp (which encodes CAMP 

receptor protein) and cya (which encodes adenylate cyclase) mutant strains demonstrated 

activation of the pap B promoter by CAMP-CRP, which would, in turn, activate transcription 



of papA. These events provide a possible explanation for the effect of glucose on the 

formation of P pili. The suggestion that a CAMP-CRP complex interacts with DNA in the 

promoter region of papB remains to be tested; the nucleotide sequence provides evidence 

for a binding site, however. It is possible that the CAMP-CRP complex activates both papl 

and papB promoters since papl is Iocated approximately 1 10 nucleotides away fiom papB. 

As a result, growth in media containing glucose, which would cause catabolite repression, 

would negatively affect transcription and substantially reduce the amount of pili produced. 

In general, genes positively regulated by Lrp encode proteins involved in (1) the 

assimilation of nitrogen under nitrogen limiting conditions (ie. GltD and GlnA) (2) 

biosynthesis of amino acids (ie. SerA and nvM) and (3) adaptation of the cell to media of 

low osmolaïty and low temperature (ie. OmpF). Genes that are negatively regulated by 

Lrp, however, are generally involved in the transport and catabolism of amino acids and 

peptides (ie. Tdh, Kbl and SdaA) and in the adaptation of the ce11 to media of hi& 

osmofarity and high temperature (ie. OmpC and LysU) (Ernsting et al., 1992). Therefore, 

the genes that are positively regulated by Lrp include those needed for sumival in an 

environment that is nitrogen limited, cold and of low osmolarity (conditions that may be 

expenenced by E. coli when it is growing outside of it's animal host). However, genes 

negatively regdated by Lrp include those needed during growth in an environment that is 

rich in nitrogen (provided by peptides and amino acids), warrn, and hi& in osmoiarity. The 

latter conditions rnimic those that are f o n d  in the intestinal tract of the host. Thus, Ernsting 

et al. (1 992) proposed that Lrp is involved in the adaptation of E. d i  to major shifts in the 

environment (such as those that occur when E. coli leaves the host intestinal tract). 



During interactions with their host, pathogenic E. coli cells encounter various 

environmental conditions. Maluszynska et al. (1992) found that (1) the expression of the 

pap gene was innuenced by the environmental redox potential, (2) the low redox potential, 

achieved under anaerobic growth conditions, resulted in a higher fkequency of switching 

(1.3 fold) between phase "on" and phase "off" when compared to growth in aerobic 

conditions and (3) the increased transcription fiom the pupB promoter under aerobic 

conditions vs. transcription under microaerobic and anaerobic conditions (about 12- 14 

tknes higher) did not correlate with increased pilus expression (as detexmined by 

agglutination with latex beads). 

Maiuszynska et al. (1992) demonstrated that phase "on" bacteria disappeared faster 

fkom populations cultivated under anaerobic and microaerobic conditions than from those 

grown under aerobic conditions. Phase "off' bacteria seerned to accumulate in prolonged 

(anaerobic or rnicroaerobic) culture due to a switch fiom "on" to "ofP' and due to a higher 

growth rate for phase "off' bactena. Growth substrate appeared to contribute to the higher 

growth rate of phase "off' bacteria; growth rate differences were noticeably larger in 

nutrient broth supplemented with glycerol as opposed to minimal medium with glycerol and 

succinate. 

Transcription fiom the PapB promoter @apBAp) was studied in an S. typhimurium 

papBAp lac fusion lysogen strain under aerobic, microaerobic and anaerobic conditions. 

The result of transcription of papB (which is highest under aerobic conditions) appears to 

contradict the agglutination studies (which show that P pilus expression is highest under 

microaerobic conditions) (Maluszynska et al., 1992). It was suggested that a vexy hi& level 



of transcription fiom the papB promoter (as measured by B-gdactosidase activity) under 

aerobic conditions did not correlate with maximal pilus expression. The rate of protein 

synthesis is determined by the size of the mRNA pool of a particuiar gene, and the size of 

this pool is determined by the rate of transcriptional initiation fiom the gene promoter and 

by the half-Me associated with the d W A .  The B-galactosidase activity measurements 

provided the rate of transcriptional initiation fiom the papB promoter. The half-life of the 

pap pilus rnRNA could not be measured with this method and therefore, the the results of 

the transcription rates should be interpreted with caution. 

1.4.2.2. Regula lion of Piïi Due to Gro wtl. Phase 

The production of P pili as a function of growth phase has not k e n  reported. 

However, Jacobs et al. (1985) demonstrated that the production of K99, F41 and K88 

adhesins by enterotoxigenic E. coli (ETEC) was dependent on growîh phase. Bacteria were 

grown in a fermentor with vigorous agitation. At various time intervals, samples were 

removed, their absorbante detemiined (at 660 MI), and the amount of adhesin and total 

pro tein was determined fiom ultrasonic extracts of standardited ce11 suspensions. The 

results clearly demonstrated that an increase in the production of adhesin was observed 

during logarithmic (log) growth phase. Adhesin production reached a maximum at the end 

of this phase after which the production of adhesin was tumed "of3". At the end of log 

phase, the biomass of the culture M e r  increased 3-4 times while the adhesin 

concentration strongly declined. Similar results were obtained under anaerobic growth 



conditions provided that the pH of the cultures was regulated at pH 7 (data was not shown 

for this observation). 

Recentiy, Van der Woude et al. (1 990) examined whether growth-rate-dependent 

Kg9 pilus production resulted fiom transcriptional regulation. A total of eight genes ( f in A- 

H) encode proteins necessary for the expression of K99 pili (Figure 3). Two promoters (PA 

and PB) necessary for transcription are Iocated upstream of the regdatory genesfamf and 

fanB. The transcriptionai activity of these promoten was measured at different growth rates 

and compared to the transcription of the major pilus subunit gene fanC. In this study, 

bacteria were grown as continuous cultures in chemostat mode. 

Transcriptional regulation of the Kg9 operon was studied with galactokinase gene 

fusions. Fragments of the K99 operon were cloned into p K 0 4  in order to create plasmids 

pPA, pPB and pRR2. E. coli s û a h  K12 C600 gaK was used as a host for the galactokinase 

fusion plasmids. Plasrnid p W  contains both the PA and PB promoters while pPA and pPB 

contain the PA and PB promoters respectively. The expression of the galK gene in pPA 

increased with increasing growth rate which indicated an increase in transcription fiom the 

PA promoter. Thus, the transcription of the main fimbrial subunit gene increased with an 

increase in specific growth rate. In contrat, the expression of the galK gene fked  to PB 

was constant, indicating a weaker, yet constitutive activity of that particular promoter. This 

implied that transcription originating fiom the weaker promoter was independent of growth 

rate. Transcription fiom pRR2 was a cummulative a e c t  of both PA and PB. These results 

suggest that transcnptional regulation at PA is imlved in the growth-rate-dependent 

regulation of Kg9 production. 



Figure 3. The Kg9 Operon of Enterotoxigenic E. coli The Kg9 operon consists of eight 

genes CfanA-H). This operon has two promoters (PA and PB) which are necessary for 

transcription. ï h i s  figure is modified fiorn Van der Woude et al. (1 990). 





Even though regulation of P pili as a function of growth phase bas not been 

reported, çtudies associated with ETEC strains of bacteria may provide usefûi insight into a 

possible scenario. Work performed by Jacobs et al. (1985) suggests that during both 

aerobic and anaerobic growth, the maximum production of adhesins may occur during the 

exponential phase of growth and substantially decrease once stationary phase is reached. A 

correlation between growth rate and increased gene transcription was described by Van der 

Woude er al. (L990). This study suggests the possibility that as the growth rate of P piliated 

bacteria increases, the transcription ofpapA would also increase. 

1.4.3. P Piiiated E. coli in Ilte Urinary Tract 

Urine has been described as "a variable but generdy good culture medium for 

bacteria" (Kunin, 1992). However, the "pH, tonicity, concentration of urea and presence 

of [diet] derived organic acids" together affect the rate and extent of microbial growth in 

urine. P piIiated uropathogenic E. coli are capable of growing in the hypertonic 

environment of the urinary tract and are fiequently associated with infections such as 

acute, uncomplicated pyelonephritis and bacteremia Wagberg et al., 1983; OYHanley et 

al., 1985; Roberts er al., 1994). 

Kunin et al. (1994) observed the effect of hypertonicity on the expression of pili 

(P, type 1, S, colonization factor antigen 1 (CFA/I) and CFA/'ii) by E. coli clinical isolates. 

Bacteria were grown in hypertonic medium using sodium chloride and sugars as 

osmolytes. These osmolytes were added to growth media (in 0.1 M to 0.2 M stepwise 

linear diiutions) and did not inhibit growth of bacterial strains at concentrations as high as 



0.8 M.) The presence or absence of P pili was confirmed with agglutination reactions 

us h g  erythroc ytes, yeast c elis and a-D-Gal(4)- P-D-Gal- bonded-latex beads . P pilus 

expression was also observed by transmission electron microscopy after negatively 

staining overnight cultures of isolates with 2% (wfv) ammonium molybdate-2% (w/v) 

ammonium acetate. 

Results kom this study suggested that the expression of pili (P, S, Type 1 and 

CFA) by wild type strains of uropathogenic E. coli was inhibited by growth under 

hyperosmolar conditions (due to the addition of salt or nonmetabolized sugars). The 

mechanism by which hypertonie conditions decreased the expression of pili remains to be 

elucidated. Epidemiological evidence, however, suggests that P pili are expressed by 

bactena in the human urinary tract (section 1.4) and the extent of pilus phase variation 

observed in patients with UT1 may be related to the tonicity of the urine. 

1.5. Osmondaptaiion in Bacteria 

Bacteria are capable of adapting to a wide range of osmotic environments through 

a nurnber of rnechanisms. The regdation of transmembrane water flux (or 

osmoregulation) is one method which bacteria use to cope with osmotic stress in an 

environment. 

The absolute and relative osmolarities of a bacterial cell's intemal and externai 

environments have significant effects on its viability. In order for active metabolism to 

occur within cells, the ionic composition, pH, and metabolite levels within the cells must 

remain relatively constant. When the extemal osmolarity changes due to fluchiating 



concentrations of extracellular solutes (which are not membrane-permeant), water moves 

into or out of the ce11 in an attempt to restore osmotic equilibrium between the cytopiasrn 

and the cell's outside environment, If homeostasis between the cell and its external 

environment is not maintaineci, the cell will either shrink (due to loss of water) or lyse 

(due to the influx of too much water into the cell). As a result, if cells c m o t  successfully 

adapt to environments of varying osmolarity (specifically by moving water into or out of 

the cytoplasm), they will not be able to metabolize and survive. 

Due to the blood-filtering and urine-concentrating mechanisms of the kidney, 

renal medullary cells are naturally exposed to hi& and variable interstitial concentrations 

of sodium chlonde and urea (Yancey and Bug,  1990; Bug, 1994). The accumulation of 

both sodium chlonde and urea in renal medullary blood and interstitial fluid exposes 

renal medullary cells to (1) a hypertonic environment and (2) urea toxicity. The renal 

medullary cells respond to this situation by accumulating high concentrations of 

compatible solutes (like glycine betaine and proline betaine) which help to prevent both 

cellular dehydration and the denaturation of cytoplasmic macromolecules by urea 

(Garcia-Perez and Burg, 1 99 1 ). Uropathogenic E. coii may utilize similar mechanisms 

which would enable them to survive and persist in the hypertonie environment of the 

mammalian urinary tract. 

1-51. Adapiing to Osmutic Stress 

When bacterial cells are introduced to a hypertonic environment (such as the 

marnrnalian urinary tract), water moves out of their cytoplasm and into the external 



medium. As a result, the cytoplasmic volume is decreased and, at the same tirne, the 

concentration of intracellular metabolites increases. The increasing concentration of 

particular solutes rnay inhibit vital cellular processes (like enzyme hct ion) ,  and if the 

influx of water to compensate for this situation does not occur rapidly, the bactenal ce11 

rnay die. 

In an effort to prevent cellular dehydration, cells are capable of increasing the 

concentrations of certain solutes so that ce11 volume and turgor pressure may be restored 

quickly and damage to the ce11 may be minimized (Csonka, 1989). Osmoprotectants are 

compounds which stimulate bacterial growth when provided exogenously in hypertonic 

medium. These compounds are considered as compatible solutes if their presence inside 

the ce11 is not detrimental to vital cellular processes. 

1.5.2. Osmoprotectants and Compatible Solutes 

Compounds which stimulate bactenal growth when provided exogenously in a 

hypertonic medium are known as osmoprotectants. When accurnulated in hi& 

concentrations, however, these soIutes may be hamiful to vital cellular processes. Lf the 

accumulation of a particular solute does not pose a threat to vital cellular processes, it is 

defmed as a compatible solute. 

When E. coli is grown on a hi& osmolarity medium, the cells immediately take 

up large amounts of potassium (an osrnoprotectant) (Dinnbier et al., 1988; Csonka, 1989; 

Booth and Higgins, 1990; Galinski, 1995). Potassium ions are considered as one of the 

major osmolytes that maintain cellular turgor pressure because of their abundance in the 



cytoplasm of bacteria. At least two osmoregulatory potassium ion transport systems are 

known to exist in E. coli: Trk (with a low affiniw for potassium ie. Km 1.5 mM) and Kdp 

(which has a significantly higher affrnity for potassium ie. Km 2 pM) (Csonka, 1989). 

The cytoptasmic levels of potassium ions have been shown to inmease in the initial stages 

of osmoadaptation, but because high levels of potassium have damaging effects on the 

cells physiology and functionuig of enzymes, a secondary response to high osmolarity is 

necessary. As a result, potassium is replaced in the ceIl by compatible soiutes @innbier 

et al., 1988). 

In an effort to restore turgor, cells cm accumulate compatible solutes. As 

compatible soiutes accumulate wittiin the cytoplasm, they do not pose a threat to the 

cell's integrity and they are capable of producing a significant increase in cellular growth 

rate (Csonka, 1989). Compatible solutes can be divided into three groups; those that are 

(1) synthesized within the cell, (2) modified after behg transported into the ce11 and (3) 

transported into the ce11 and utiIized as a compatible solute without any modification. 

The sugar trehalose (a disaccharide comprised of two glucose molecules) is an 

example of a compatible solute that is synthsized de novo (Csonka, 1989). Choline is an 

osmoprotectant which can be transported into the cell, and once inside, it cm be oxidized 

to f o m  glycine betaine (which acts as a compatible solute for the cell). Compounds such 

as praline and its structural analogs use transporters to gain access to the cell's cytoplasm 

where they may accumuiate. Two osmoreguIatory transporters exist (ProP and ProU) and 

these specificaliy transport praline a n d h  its analogs proline betaine and glycine betaine 

into the cytoplasm of E. coli. 



In an effort to counterbalance the influx of positively charged potassium ions, 

organic anions such as glutamate or, to a lesser extent, y-glutarnylglutamine and 

glutathione are synthesized (Galinski, 1995). It has been observed that the amount of 

glutamate synthesized does not match the potassium accumulated; maintenance of the 

cell's charge balance may be due to the expulsion of cationic polyamines (like putrescine) 

and sodium ions (Galinski, 1995; Dinnbier et al., 1988). Nevertheless, increasing 

cytoplasrnic levels of glutamate have been observed in bactena grown in media of high 

osmolarity that are devoid of amino acids (Booth and Higgins, 1990; Csonka, 199 1). The 

increasing amounts of this amino acid indicate an increase in the rate of its synthesis. In 

fact, as the initial hcrease in potassium influx occurs, glutamate synthesis occurs 

simultaneously. The only difference between the accumulation of these two compounds 

is that the maximum amount of glutamate synthesized in the ceIl is less than half of the 

maximum amount of potassium @imbier et al., 1988). 

As previously stated, the imrnediate response to osmotic upshock is the uptake of 

potassium ions a?.' glutamate. A secondary response occurs d e r  about 30 minutes. 

Trehalose, another compatible solute, is synthesized and accumulated while potassium and 

glutamate levels begin to decrease (Dinnbier et al., 1988). Trehalase, a highly active 

periplasrnic protein, splits trehalose into two molecules of glucose which can then be taken 

up by a high afkity glucose-specific transport systern. Once glucose entee the cytoplasm of 

the cell, de novo synthesis of trehalose can occur. After approxirnately two houn of 

exposure to an osmotic upshock, most of the potassium and glutamate (which was initiaily 

accumulated in the cell) is replaced by trehalose (Dinnbier et al., 1988). Previous work has 



shown that mutations which impair the synthesis and accumulation of this sugar drastically 

increase the cell's sensitivity to osmotic stress (Csonka, 1989). 

Choline, proline, proline betaine and glycine betaine are exarnples of 

osmoprotectants which require transporters to gain access to the cytoplasm so that cells may 

overcome osmotic stress and proliferate (Lucht and Bremer, 1994). Choline employs the 

BetT transporter to gain access to the cell's cytoplasm. Once inside the cell, choline is 

oxidized to fom glycine betaine which is a known osrnoprotectant. m e r  osmoprotectants 

exist which are structural analogs of either glycine betaine or proline. These include 

butyrobetaine (Gouesbet et al., 1994; Peddie et al., 1994), trigonelline (Peddie et al., 

1994), pipecholic acid (Gouesbet et al., 1994; Peddie et al., 1994), ectoine (Jebbar et al., 

1992), dirnethylglycine (Gouesbet et al., 1994) and propionobetaine (Gouesbet et al., 

1994; Peddie et ai., 1994). 

E. coli has very low intracellular levels of proline when grown in proline-fiee media 

and it appears that osmotic stress has no effect on the rate of proline spthesis or degradation 

(Csonka, 1989). As a resdt, osmoprotection of E. coli by proline is cornpletely dependent 

on accumulation of exogenous proline to high intracellular concenmtions. Proline fiom the 

cell's extemal environment can be intemalized by three independent transport systems: 

PutP, ProP and Prou (Miher et al., 1987; Wood, 1988). PutP transports proline and its 

toxic analogs L-azetidine-2-carboxylate (AC) and 3,4-dehydro-DL-proline @HP) but not 

glycine betaine miner et al., 1987). More hportantly, îhis proline transporter is employed 

when proline is to be used as a carbon or nitrogen source within the cell. This transport 

system does not mediate osmoprotection by proline since the growth of putP or putPA 



mutants of Salmonella typhimwium is still stimulated by proiine in hypertonie media 

(Csonka, 1988). ProP and ProU, however, are necessary for the osmoprotective uptake of 

exogenous prohe when cells are grown in media of high osmolarity (Wood, 1988). Both of 

these transporters are specific for probe  and its anaiogs. With respect to E. coli, glycine 

betaine is an even more efficient osmoprotectant than proline when it cornes to alleviating 

growth inhibition due to osmotic stress (Perroud and Le Rudulier, 1985; Peddie et al., 1994). 

1.5.3. Osmoregulatory Transporters P d  and Pro U 

ProP and Prou, encoded by the proP and prou loci, respectively, mediate the 

accumulation of proline and betaine during the bacterial response to osmotic stress. Studies 

with Salmonelku typhimuriurn demonstrate that ProU has a higher affinity for betaine (Km = 

1.3 PM) (Caimey et a[., 1985b) when compared to ProP (Km = 44 pM) (Caimey et al., 

1985a). 

ProP is a 500 amino acid protein with a predicted molecular mass of 55 kD (Cuham 

et al., 1993). This protein has significant sequence similarity to several transporters within 

a superfarnily of prokaryotic solute transporters which are predicted to possess 12 a-helical 

membrane-spanning regions as well as arnino and carboxyl temiini located in the cytoplasm 

of the ce11 (Culham et al., 1993). Recent work confirmed the location of ProP in the 

cytoplasmic membrane using ad-ProP polyclonal antibodies raised against partially 

purified ProP. Another population of antibodies (anti-C terminus antibodies) were raised 

against a 15 amino acid synthetic peptide correspondkg to the ProP C-terminus (Cuiham et 

al., 1994). This population of antibodies venfied that the carboxyl tennkius of ProP is 



indeed located in the cell's cytoplasm as predicted for members of this transporter farnily 

(Marshall, 1996). 

Both limited amino acid availability and hyperosmotic stress increase the activity of 

ProP. When grown under nutritional strsss, ProP activity in E.co1i K-12 was significantly 

increased (Grothe et al., 1986; MiIner et al., 1 987). proP has also been shown to respond to 

hyperosmotic stress. For example, when bacteria containing proP: :lac2 operon fusions were 

grown in media with 0.3-0.65 M NaCI, P-gdactosidase activity was seen to increase two- 

fold (Dunlap and Csonka, 1985; Gowrishankar, 1 986). The rate of proline uptake by a strain 

which only expressed proP was compared with that of a strain which was defective for al1 

three proline transportes (Milner et a[., 1987). Bacteria were exposed to certain levels of 

salt supplementation during both growth and the transport assay. Resuits showed that 

increasing salt concentrations were unable to activate proline uptake in cells lacking ProP. 

However, as the salt concentrations of the growth and transport assay media increased to 0.2 

M, ProP was activated and the proline uptake rate increased. 

ProP activity has been associated with the proQ locus (Milner and Wood, 1989). 

The influence of proQ on proP transcription and ProP activity was detennined using a 

proQ220:: Tnj mutation. An E. coli strain containing a prof ::lac2 operon fusion and a wiid 

type E. coli strain possessing proP were used to determine the genetic and biochemical 

eEects, respectively. Bgalactosidase activity assays were used to determine the effect of a 

proQ220::TnS mutation on the transcription of proP. Toxic proline analogue sensitivity was 

used to determine the effects of the same mutation on ProP activity. Resuits suggested that 

while transcription of proP is not affected by proQ with and without osmotic stress, ProP 



activity was decreased in proQ220::TnS  pro^' bactena. Under ûyptophan limitation 

(nutritional stress) which has been reported to hcrease ProP transport of proline (Grothe et 

a l ,  1986; Milner et al., l987), no ProP mediated uptake of proline was apparent although 

transport was restored by a hyperosrnotic shift. It was also noted that proline transport by 

proQ220::Tnj  pro^' bacteria was reduced when compared to proQt s?rains when grown 

under hyperosmotic conditions. 

The ProU operon encodes a transport system with a high aninity for glycine betaïne 

and a low afkity for proline (Wood, 1988; Lucht and Brerner, 1994). In fact, Prou is a 

traffic ATPase (making it a member of the ABC family of transporters) encoded by three 

different genes: pro V. pro W and proX: The pro V gene encodes a hydrophilic polypeptide 

which is associated with the cytoplasrnic membrane; it has been shown to hydrolyze ATP 

and is therefore known as the energy-coupling cornponent of the Prou system. The proW 

gene encodes an integral membrane protein and the proX gene encodes a penplasmic 

binding protein (Csonka and Hanson, 199 I ; Lucht and Bremer, 1994). Substrates for Prou 

include proline and its stnicturd analogues which include ectoine, taurine and glycine 

betaine. Glycine betaine, however, is transported by ProU with the highest aninity (Caimey 

et al., 1985b). 

Under conditions of low extemal osmolality, solute uptake via ProU is negligible 

(there is low basal expression). However, work with lac2 operon fusions (Cairney et al., 

1985b) and phoA fusions (Gutierrez et al., 1987) demonstrated that under conditions of 

hyperosmotic stress, transcription of prou was increased by several hundred-fold in S. 

typhimurium and E. coli. Upon induction of prou expression, Prou transport is activateci. 



As Prou is present in low amounts under optimal conditions and transport is enhanced 

significantly through genetic induction via a hypertonic shift, it seerns possible that Prou 

may be more important in long terni adaptation responses to osmotic stress and less 

important in an immediate response to osmotic upshifts (Csonka, 1989). 

I. 6. Resenrch Sfrategy 

This study has contrïbuted to the attainment of two goals: first, to assess the 

impact of purPA and proP lesions on the growth of a pyelonephritis isolate (E. coli 

HU734) in hypertonic medium and, second, to observe the effects of osmolality, betaine 

and ProP on the expression of P pili associated with HU734 and its mutant denvatives 

(either puiPA- or putPAeproP).  A combination of results from the past ten years of 

research has led to the punuit of these goals. 

Studies of uropathogens have been based on the hypothesis that some property of 

urine (which acts as the growth medium) must induce expression of vinilence determinants. 

As previously mentioned, the osmolality of urine cm range between 40 and 1,400 m0smKg 

of water and this depends on the host's fluid intake and patterns of voidlig. Urine fiom a 

healthy adult is normally between 500 and 800 mOsmlKg of water (Smith, 1983). 

Studies on bacterial growth stimulation and induction of vinilence detemiinants have 

been carried out using artificial urine. Artificial urine is employed in these experïments 

because the osmolality and organic solute content of authentic u ~ e  cannot be controlled. 

Artificial urine cm be made with constant amounts of urea and osmolytes. ïhe  advantage of 

employing artificial urine is that the amount of urea can remain unchanged while the 



concentrations of other constituents can be altered at d. This is important because 

increasing amounts of urea can be toxic to the host cells and individuai osmolytes may have 

specific effects on bacterid growth or expression of Wulence detemiinants. Minuth et al. 

(1976) analyzed authentic urine and based the composition of artificial urine on data 

obtained from their results. nus, altering the osmolality of specific solutes in artificiai urine 

will help to determine which osmolytes induce bactenal growth. 

In 1985, Chambers and Kunul observed osmoprotective properties associated with 

urine during growth in hypertonie conditions; this prompted hem to purify the growth 

stimulatory solute(s). The active material in urine was solubilized in methanol, hctionated 

and purifîed by gel filtration chromatography (Chambers and Kunin, 1987). ï h e  results 

indicated that a number of diEerent substances were present. Specific fiactions were added 

to a medium containing 0.9M NaCl and E. coli was allowed to grow. Finally, the growth of 

E. coii was measured by turbidity and the active substance was found to be glycine betaine 

by NMR and mass spectroscopy. Proline betaine was isolated fiorn authentic urine in a 

sirnilar rnanner. Thus, both glycine betaine and proline betaine were present in hurnan urine 

and possessed osmoprotective activity (Chambers and Kunin, 1987). This resdt supported 

the observation made by Bagnasco et al. (1986); that the osmoprotectant glycine betaine is 

synthesized in the renal tubules and is excreted into the urine. 

Diverse clinical isolates have been tested for their salt tolerance (the maximum salt 

concentration that will permit bacterial growth) in minimal medium (Kunin et al., 1992) as 

well as for a correlation with the incidence of proline and betaine transportes (Culham et al., 

1 9%). In 1992, Kunin et al. repoaed the effects of salt tolerance and glycine betaine on the 



growth of 30 1 clinical isolates on minimal medium. E. cofi K- 12 laboratory strains MC4 100 

(expressing both the ProP and Prou osmoregulatory transporters) and EF047 (defective for 

both ProP and ProU) were used as controls. MC4100 had a high salt tolerance when glycine 

betaine was present, however, in the absence of this osmoprotective compound, the Salt 

toIerance of this strain was significantly reduced. EF047 possessed a low salt tolerance botti 

with and without glycine betaine present. The 301 clinical isolates were tested in a siniilar 

manner and their resdts followed a pattern sirnilar to that of MC4100 (ie. the isolates 

behaved as though they expressed ProP and ProU and their growth was stirnulated in the 

presence of glycine betaine). Nevertheless, the distribution of osrnoregulatory hansporters in 

the 30 1 isolates was not detennined in this study. 

Cuiham ei al. (1994) examined 61 diverse clinical isolates (28 fiom the human 

urinary tract and 33 with other human ongins) for the presence of p rohe  and bebine 

transporters PutP, ProP and ProU. Each of the isolates was screened for the existence of 

PutP and the osmoregulatory transporters on three different levels: (1) DNA (PCR and 

hybridizatian studies) (2) protein (irnrnunoreactivity) and (3) function (AC and DHl' 

sensitvity and betaine stimulation of growth in artificial urine). The resdts of this study 

suggested that PutP, ProP and Prou were present in diverse clinical isolates of E. coli and 

that the presence of ProP and ProU was not necessarily correlated with UTI. 

A recent study by Kunin et al. (1994) showed an effect of osmolality on the 

expression of pili by E. coli. Hyperosmolar conditions decreased the expression of P, Type 

1, S and CFA pili. For exarnple, when E. coli strain U4 (which only expressed P pili) was 

grown in TSB alone, the pilus expression was quite prominent when exarnined &y electron 



rnicroscopy in negatively stained ce11 preparations. When the strain was grown in TSB in the 

presence of 0.5 M salt, pilus expression was slightly aBected. However, when grown in TSB 

in the presence of 0.6 M salt, the expression of P pili was drasticdy reduced. These results 

were c o b e d  with hemagglutination assays. Thus, pilus expression was significantly 

reduced when bacteria were grown under hypertonie conditions. 

1.6 1. Mutant Seleetion Strategy Using HU734 

In the pst ,  genetic manipulations of E. coli strains CS W (a K-12 denvative) and K- 

12 (wild type) have resulted in the selection and transfer of mutant alleles of genes putP, 

puoi, proP and prou. In this laboratory, some of those techniques have been applied to 

clinical strains of E. coli, such as HU734 and CFT073, in the hope of creating mutant 

derivatives defective in the osmoregulatory transportes ProP and Prou. In the case of proP 

however, it has proven necessry to impiement a new approach. 

Originally, CSH4 was used to create a lineage of spontaneous mutants defective in 

the putP, pztA, proP and prou loci (Staimach et ai., 1983; Grothe et al., 1986). These 

spontaneous mutants were created by using the toxic proline analogs L-azetidhe-2- 

carboxylate (AC) and 3,4-dehydro-D,L-proline (Dm) to select for bacterial mutants 

defective for proline transport. E. coli strain RM2 (CSH4 (A@utPA) 1 0 1 ), which is resistant 

to AC and not DHP, was created in this marner (Wood, 1981). Stalmach et al. (1983) 

derived strain WG170 fiom strain RM2 (CSH4 (A@utPA)101). This was achieved by 

growing RM2 on low osmolarity medium in the presence of DHP to create strain WG170 

(A(putPA) 101 proP2 19). Finally, strain WG170 was grown on high osmolarity medium 



(0.3 M NaCl) containlig AC (1 rnM) in order to create s t m h  WG203 (A@utPA)101 

proE 19 pro CROS) (Grothe et al., 1986). 

A similar lineage of E. coli K-12 strains defective in the putP, put4, proP and prou 

loci were also desired. However, this iineage was created in a manner which did not involve 

spontaneous mutations in the presence of DHP or AC. kistead, combinations of alleles in the 

K12 background were created by transduction ushg linked transposons as selectable markers 

(Culham et al.. 1994). 

E. coli pyelonephritis isolate HU734 is a lac- derivative of E. coli GR12 (075:K5), 

an acute pyelonepntis isolate (Hagberg et al., 1983). This strain is resistant to killing by 

human and moue s e m  and it does not secrete hemolysin. It does, however, carry the ColV 

plasmid which encodes the aerobactin siderophore as well as determinants which confer 

increased serum resistance. Finally, HU734 is known to express pili, including Type 1 and P 

pili. In the past, this m i n  has been used in murine models for ascending Un (Hagberg et 

al., 1983; OYHanley et al., 1985) as well as for studying the immune response to 

uropathogens (Agace et ai., 1993). 

TLmsciuction of E. coli HU734 proved to be unsuccessful for reasons which seem to 

be associated with the presence of (lipopolysaccharide) LPS associated with clinical 

isolates. Genetic manipulations of clinical strains is very difficdt since LPS foms  a 

"barrier" around the cell. An alternative approach was required; the spontaneous mutant 

selection strategy previously described by Stalmach et al. (1983) and Grothe et al. (1986) 

was empioyed. 



E. coli strain WG541 (HU734 (AputPA)S66) was selected on low osrnoiarity 

medium containing AC (Mamelak, 1994). This strain was used to select for DHP resistant 

mutants in an unsuccessful effort. ïhus, a different skategy was required. 

In order to remove the proP locus fiom E. c d  WG541, the following strategy was 

employed. A segment of E. coli K-12 DNA encompassing deletion pop218 (which was 

created in viiro and which extends fkom 59 bp upstream to 44 bp downstream of the ProP 

open reading fiame) was inserted into vector pCVD412 @o~enberg  and Kaper, 1991). 

The resulting plasmid, pDC66, was used to create strain WG671 (WG541 proPZ18) by 

allelic replacement (Cdham et al., submitted for publication). PCR-based DNA 

amplification was used to confïrm the deletion of the proP Locus. Plasmid pDC66 has also 

been used to create a prof defective mutant of strain CFT073 (anodier clînical isolate); 

however, similar attempts with HU734 are still unsuccessful. Currently, the sarne approach 

is being used in this laboratory to create a Prou deletion. 

1.6.2. Colonization of the Murine Urinary Tract &y E.  coli HU734 arzd itr Derivatives 

To date, rnice and monkeys have been used as animal models for ascending infection 

of uno bstmcted human urinary tracts Wagberg et al.. 1 983; O' Hanley et al., 1 985; Mobley et 

al., 1993; Roberts er aL, 1994). Urine fiom CBA mice was analyzed and found to contain 

674 * 93 pM proline betaine and 687 * 204 pM glycine betaine (means k standard 

deviations for these determinations were calculated fiom five different samples) (M. Lever, 

Christchurch Hospital, Christchurch, New Zealand; persona1 communication). The results of 

this analysis demonstrate that murine levels of proline betaine md glycine betaine are 



significantly higher than those fkorn human subjects (298 * 687 pM proline betaine and 78 k 

65 FM glycine betaine) but similar to those of urine fiom other anirnals (Lever et al., 1991). 

This crucial analysis of murine urine confkned the availability of betahes to be used as 

osrnoprotectants in the murine model of ascending urinary tract Section. 

Co-infection studies of E. coii HU734 and its derivatives have been performed in a 

mouse model system for ascending UT1 (Mamelak, 1994). A similar percentage of E. coli 

WG541 (a putPA- denvative of HU731) and parent strain HU734 could be recovered fÏom 

the kidneys. 

More recently, bladder and kidney colonization by Hü734 and its mutant 

derivatives (WG541 @utPAd) and WG67 1@utPA-p~-oP)) was assessed in the mouse mode1 

(Cuiham et al., submitted for publication). E. coli K-12 Iab strain WG184 (sr[-300::TniO) 

was included as a control. Median nurnbers of colony formhg units (CFU) recovered fiom 

the bladders and kidneys of CBA mice inocdated with HU734 were 35-fold and 355-fold 

higher, respectively than those recovered fiom the correspondhg tissues infected with 

WG484. Since ody four animals were tested with each strain, the differences in median 

CRI were not statidically significant, however, the nurnbers of CRT recovered were similar 

to those reported in 1983 by Hagberg and coworkers. Strain WG671 was recovered fiom 

murine bladders at a level 100 fold Icwer îhan strain WG541 while recovery of these same 

strains fÎom murine kidneys was the same. The results of this study demonstrate that the 

ProP lesion reduced the recovery of bacteria fiom the bladders of innoculated mice, which 

suggests that the ProP transporter is in fact pertinent to colonization of the murine urinary 



tract by E. cok The ProP lesion did not affect recovery of bacteria fiom the muriie 

kidneys, however. 

1.6.3. Outfine of Proposed Research 

Recent evidence has demonstrated the modification of pilus expression due to 

medium osmolality (Kunin et al., 1994). This study was conducted in an effort to determine 

the impact of ProP, varying osmolality and betaine on the growth and P pilus expression of 

E. coli pyelonephritis isolate HU734. 

In the past, E. coli HU734 was used to study ascending urinary tract infection using 

the mouse mode1 (Hagberg et ai., 1983). E. coli HU734 has been extensively studied in the 

past (Svanborg Eden et ai., 1983; Hull et al.. 1985; Svanborg Eden et a[., 1987; Klann el al., 

1992; Klann et al., 1994), however, electrophoretic analyses of pilus extracts fkom this strain 

have not been published, and the predicted molecular weight of the PapA subunit associated 

with HU734 has not been detennined. In this study, E. coli strain HU734 @apt and pil' ) 

and its derivatives WG541 @utPAJ and WG671 @roP) were used to examine the effects of 

osmolality, betaine and ProP on the expression of P pili. 

Initially, bacteria were grown in minimal medium of variable osmolality, with and 

without supplementary glycine betaine. The effects of osmolality and of betaine 

concentration on the growth rates of HU734 and its derivatives were observed. 

Hemaggiutination assays were employed in order to titre bacteria for their expression of the 

PapG adhesin using sheep red blood cells (07Hanley et al., 199 1; Kunin et al., 1994; Old, 

1985). This method provided a quantitative estimate of the extent of pilus expression. In 



addition, the presence of P pili was monitored by isolating pili fiom HU734 and its mutant 

derivatives grown under varying conditions of osmolarity. Cnide pilus preparations were 

made and the extent of PapA production was monitored by westem immunoblot analysis. 

A pap* derivative of E. coli HL1734 was aiso included as a negative control; E. coli 

HU712 did not appear to produce P pili (as demonstrated by hemagglutination assays which 

detect for the presence or absence of the PapG adhesin). However, PapA can be produced 

in the absence of the PapG adhesin (which wodd not be detected by hemagglutination) and 

likewise, PapG adhesins can be produced in the absence of PapA (de Graaf and Gaastra, 

1994). Unfominately, E. coli HU742 was not tested for its ability to produce PapA in the 

absence of the PapG adhesin at the onset of this study. Eventuatly, SDS-PAGE analysis of 

crude extracts of HU742 demonstrated the presence of PapA (or another protein which CO- 

migrates with PapA), even though hemagglutination assays suggested the stmh was 

incapable of producing PapG. As a resdt, E. coli pyelonephritis isolate CFT073 (which 

contains two different pap loci) and its double pap deletion mutant UPEC76 were included 

in the study, especially since die latter strain provided a more definitive negative control 

(Mobley et al., 1994). 

In order to monitor the extent of pilus expression using westem immunoblotting 

techniques, an anti-P pilus polyclonal antibody was prepared. Since HU734 is a wild type 

sîrain, the presence of LPS associated O-antigens would likely dominate a potential immune 

response. Therefore, a polyclonal anti-P pilus antiserum was prepared against a crude pilus 

preparation made fkom E. coli SK288 1 pAGK2. This strain is O-antigen deficient as E. coli 

SK.288 1 is a derivative of E. coli K12 which possesses rough LPS. It carries plasmid 



pAGK2, which contains the pap operon of HU734 and was reported to cause 

overproduction of P pili. Antisenun was raised against crude pilus extrzsts of E. coli 

SK2881 pAGK2 and enriched by adsorption wiîh a corresponding extract f5om a non-P 

pilus producing strain, E. coli SK288 1. 



Chapter 2. Materials and Methods 

2. I. Gro wtlz Media 

Reagents used for the preparation of media were supplied by BDH ChemicaIs 

Canada (Toronto, Ontano), Difco Laboratories (Detroit, Michigan), Fisher Scientific 

(Ottawa, Ontario) and Sigma (St. Louis, Missouri) unless otherwise specified. 

2.1.1. Preparntion of Growlh Media 

Complex media (which contain some ingredients of unknown chernical 

composition ie. peptone) were prepared with distilled water and sterilized by autoclaving 

for 20 minutes at 12 1 "C (1 5 pounds per square inch). Defmed media (in which all of the 

components are known), however, were sterilized by filtration (Gelman Super@ 

membrane filter, 0.2 pn or 0.45 pn pore size (Gelman Sciences, RexdaIe, Ontario)). 

Luria Broth (LB) Medium (lL) 

(Sambrook et  al., 1 989) 

10 g bacto-tryptone, 

si2 bacto-yeast extract, 

10 g NaCl 

1 O00 rnL distilled water 



LB Aear PIates 

In order to prepare LB agar plates, agar (15 glL) was added to LB medium. 

Antibiotic Supplernented LB Agar Plates 

After sterilization, LB agar was cooled to -50°C before adding the antibiotic of 

choice at the following final concentrations: amp icillin (Amp), 50 pg,/mL; 

chloramphenicol (Cm), 30 pg/mL; kanamycin (Km), 50 pg/mL; streptomycin (Str), 100 

~&I..L or tetracycline (Tet), 25 pg/mL. 

Lennox Broth Medium (1 L) 

The recipe for Luria Broth Medium was used with the addition of 1 g of glucose. 

MOPS Minimal Medium (1 L) 

100 mi, 10x MOPS salts concentrate*, pH 7.4 

* as specified by Neidhardt et al., 1974 

5 r d  1.9 M NH&I 

10 mL 0.1 32 M K2m04 

10 mL 20% (w/v) Glucose or 20% (wh) Sorbitol 

5 d  0.02% (w/v) Vitamin B i  (Thiamine) 

To satisQ the auxotrophic requirements of certain strains, 5 mL of 1% (w/v) 

tryptophan, 5 mL of 1.05% (w/v) cysteine, 5 mL of 1% (wh) leucine, 5 mL of 1% (w/v) 

phenylalanine and 50 mL of 0.05% (wh) tyrosine (pH 11) was added to MOPS minimal 



medium as necessary. To prepare minimal medium plates of low osmolality (LOM), 15 g 

agar was added to the above medium. If hi& osmolality minimal medium (HûM) plates 

were desired, an additional I7.5g of NaCl was added to the medium. 

Artificial Urine (Minuth et ai., 1 976) ( 1 L) 

Stock Solution A ( 1  litre) (10 x concentrate of hilinuth recipe) 

120 g Urea 

16 g KCI 

20 g W C 1  

46 g NaCI 

23 g Na2S04 

3 1 g  KH2po4 

12 g C reat inine 

6.5 g Sodium Citrate 

The constituents were dissolved with approxirnately 700 rnL of water and the pH 

was adjusted to 5.7 with 1 M NaOH. The fmal volume was raised to 1 litre in a 

vo1umetric flask. 

Stock Solution B (100 mL) (100 x concentrate of Minuth recipe) 

2.00 g Sodium Oxalate 

100 rnL water 



Stock Solution C (250 mL) (20x concentrate of Minuth recipe) 

3.25 g MgC12.Hi_0 

3.25 g CaC1&120 

250 mL water 

Al1 solutions were prepared by dissolving the constituents in the appropriate 

volume of deionized water. In order to prepare 1 litre of a lx concentrated artificial urine 

(as described by Minuth et al., 1976), the above soIutions were combined in the following 

order: 

100 mL Stock Solution A 

1 mL Stock Solution B 

50 mL Stock Solution C 

The mixture was vigorously shaken to ensure that no precipitate had formed. The 

following constituents were added: 

2.96 mL 20% (w/v) gIucose 

3.4 mL 1.05% (wlv) L-cysteine 

10 mL 100 mM glycine betaine 

and the final volume was brought to 1 litre in a volumetric flask with deionized water. 

Bacto-MacConkey Agar (1 L) 

50 g Bacto-MacConkey Agar (Difco Laboratones) 

1000 rnL distilled water 



TTC (2.3.5-cnphenyl tetrozoliurn chloride)-Proline Indicator Medium (Bochner and 

Savageau. 1977) (1 L) 

Solution A 

7 g 

3 g 

2 g  

500 mL 

Sohtion B 

K2HPO4 

m2po4 

proteose peptone 

distilled water 

bacto-agar 

1 M MgSQ 

distilled water 

Solution C 

10 mL 0.25% (wlv) TTC 

10 mL 20% (wlv) proline 

5 m L  0.02% (wlv) thiamine 

Both solutions A and B were autoclaved whereas solution C was filter sterilized. 

Afieter sterilization, al1 solutions were mixed thoroughiy. 



2.1.2. Osntolality Meusuremen fs 

The osrnolalities of selected media were measured with a vapour pressure 

osmorneter (Wescor, Logan, UT). This instrument has a Limit of detection at 2000 

mmol/kg water. Before each use, calibration of the instrument was perfomed with 

standard solutions of 100, 290 and 1000 rnmol/kg water (Mandel Scientific Ltd., Guelph, 

Ont .) . 

2.2. Bacterial Strains 

The Escherichia d i  strains used in this study are listed in Tables 3 and 4. Frozen 

glycerol stocks of these strains were prepared (1 ml of overnight culture in LB meüium 

mixed with 0.5 ml 80% glycerol) and rnaintained at -40°C during this study. Ln order to 

revive the cells, 2 ml of LB Iiquid medium was inoculated with a loopful of culture fiom 

a fiozen glycerol stock. This inoculated medium was incubated at 37"C, shaking at 200 

rotations per minute (rpm) unless otherwise stated. Strain tests were routinely perfomed 

on cultures to ensure their identity and purity as specified in Tables 3 and 5. 

2.2.1. Hasrnid Preparation und Analysis 

IOx TBE Buffer 

1 M TRIS 

830 rnM Boric Acid 

10 rnM EDTA 

pH to 8 with NaOH. 





Genetic nomenclature 

Phenotypic properties 

was as specified by Berlyn ef ai., 1996. 

listed are those which were routinely tested as follows: Srï (lack 

of ability to use sorbitol as a carbon source was tested by inoculating MOPS medium 

plates containing sorbitol (20% (w/v)) or glucose (20% (w/v)) as the sole carbon source; 

resistance to antibiotics tetracycline   et^) and chlorarnphenicol (cmR) was tested by 

inoculating LB medium containing Tet, Cm or no antibiotic; auxotrophic requirements for 

the amino acids leucine (Leu-), phenylalanine (Phe'), tryptophan (Trp-) and tyrosine (Tyr') 

were tested by inoculating MOPS medium plates containing combinations of these amino 

acids, al1 amino acids or none. 

3 E. coli strain SU881 was acquired ftom Dr. S. Hull (Baylor College of Medicine, 

Houston, Texas). 

J Plasmid pAGK2 consists of a 10 kb DNA fragment, including the pap operon fiom E. 

coli HU734 (Table 4), which was excised with restriction endonuclease Clcd and inserted 

into vector pACYC184 (Dr. S. Hull, Baylor College of Medicine, Houston, Texas; 

personal communication). The construction of this plasmid was analagous to the 

construction of plasmid pAGK303, as described by Klann ef al. (1994). Plasrnid pAGKZ 

is further described in Figure 6 (Results section 3.1.3 .). 



Table 4, Escherichia coli CIinical IsoIates and their Derivatives 

S train Origin or Geno~pe Reference 

GR- 12 Pyelonephntis isolate Hagberg et al., 1983b 

~ 7 3 4 ~  GR 1 2 lac- Hagberg et al., 1 983 b 

WG54 1 HU734 A@tPA)566 Cuiham el al., submitted 

WG67 1 WG54 1 proPA2 18 Culhm el al., submitted 

KU742 HU734 pap' Hagberg et al., 1983a 

CFT073 Pyelonephntis isolate Mobley et al., 1993 

UPEC76 CFT073 A p ~ p  (DEFG) î&up(E *F 'G 72' Mobley et al., 1993 



1 KU734 is a streptomycin resistant, lac; nitrous acid mutant of the wild-type 

pyelonephritis isolate GR12. This mutation is in lac2 since HU734 does not possess 13- 

gaiactosidase (Mamelak, 1994). Hagberg et al. (1 983) confirmed that KU734 retained 

several phenotypic traits of the parental strain which include: serotype 075K5, resiaance 

to killing by human and rnouse serum and the ColV plasmid. Unlike the parent strain, 

HU734 c m o t  produce hemolysin. The strain has been shown to be both pop' and p K ,  to 

attach to both human and mouse uroepithelial cells and to cause the agglutination of 

human (mannose-resistant) and guinea pig (mannose-sensitive) erythrocytes. 

2 CFT073 contains two diEerent pap loci designated here as papl-G and pap17-G'. Since 

no genetic nomenclature has been specified by Mobley el al. (1993), the deletions 

eliminating portions of these operons have been designated as deletions 1 and 2. 



Table 5. Phenotypic ~haracteristics~ of Clinical Eschenchia coli lsolates and their 

Deriva t ives 

--- 

Escherichia coli S train 

Antibiotic 
~es i s t  ance* 

MaConkey ~ g d  W W W W R R 

- - - - -- -- - - -- 

Mannose-Resistant + + i- - + - 
~ e m a g ~ l u t i n a t i o n ~  
Auxotrophic 
R.equirements6 



1 Proline analogue sensitivity, an important component of phenotypic testing, is reported 

in Table 1 1 (Results section 3 -2.1 .) for strains HU734, WG54 1 and WG67 1. 

2 Antibiotic resistance (+) was tested on antibiotic-supplemented LB aga plates. 

This differential medium was used to determine if the strain was capable of using lactose 

as a carbon source (colonies appear red or pink in colour). If strains are not able to utilire 

lactose, they appear as white colonies. red; W, white) 

4 TTC-proline indicator medium (Bochner and Savageau, 1977) was used to detect the 

use of proline as a carbon source (colonies appear red in colour). When proline is not 

used as a carbon source, colonies appear white in colour. (R, red; W, white) 

' see Materials and Methods (section 2.2.3) 

6 HU734 and its derivatives grow in cysteine-supplernented but not cysteine-free MOPS 

minimai medium. CFT073 and UPEC76 do not have auxotrophic requirements for 

cysteine, however. 



6x Sample Loading B e e r  

60 mM EDTA 

0.2% Bromophenol blue (wh) 

30% glycerol (vfv) 

Ethidium Bromide Sbining Solution 

25 mL 10x TBE buffer 

50 fl Ethidium Bromide (5 m m )  

475 mL deionized water 

The QIAprep "Spin" Plasmid Prep Kit (Quiagen Inc., Chatsworth, California) was 

used to isolate plasmid DNA fiom overnight LB (supplemented with chloramphenicol) 

grown cultures of E. coli strain SEC2881pAGK.2. An ovemight culture of E. coli strain 

SK288 1, grown in LB alone, was included as a control. Ovemight cultures were diluted 

(using senal 10 fold dilutions) and their corresponding was determined. Using this 

information, ceil suspensions were adjusted to ODsm values of 15. A 1.5 mL sarnple of 

the resulting ce11 suspension was processed according to instructions specified by the 

manufacturer. Digestion of plasmid DNA with restriction enzyme Cial (GIBCO B U ,  

Burlington, Ontario) waç performed for 2 hourç at 37OC in 10x ~eac t@l  buffer (GIBCO 

BRL, Burlington, Ontario). Digested and undigested DNA samples were anaiyzed by 

electrophoresis in 0.6% agarose gels (Birnboim and Doly, 1979). High molecular weight 

DNA markers (40 pg/mL) (BU) and 1 Kb ladder markers (lpglp1) (BEC) were used as 



standards and diluted with the 6x solution of loading buffer. Electrophoresis was carried 

out at 90 volts for 90 minutes, after which the gels were stained with ethidium bromide 

(0.5 pg/mL), destained with water and photographed under UV illumination. 

2.2.2. Radial Streak Sensitivity Assuy 

Each bacterid straïn was tested on both low and high osmolality minimal medium 

plates (LOM and HOM) with 5 pl of either of two different toxic proline analogs: 

azetidine-2-carboxylate (AC) (100 mg/rnL) and 3,4-dehydroproline @HP) (100 mg/mL). 

A maximum of 8 strains was tested per petri plate. A Whatman filter disc (0.25 inch 

diameter) (Schleicher and Schuell hc., Keene, New Hampshire) was placed in the centre 

of the petri plate after which a loopfull of bactenal culture was streaked radially fiom the 

edge of the disc to the edge of the plate (being careful not to soak the disc with culture). 

Once al1 strains were streaked on a plate, 5 p1 of toxic proline analog was applied to the 

disc and the cultures were allowed to grow oveniight at 37OC. After 16 hours, a zone of 

growth inhibition (by the proline analog) was measured (in rnillimetres) and recorded for 

each strain (on both low and high osmolality medium with either AC or DHP). 

2.2.3. Hemagglutin ation Assay 

Alsever's Solution (1 L) 

20.5 g glucose 

4.2 g NaC1 

8 g sodium citrate 



Mix up to a total volume of 1 L with water and fiIter sterilize. 

Sheep blood was obtained from the Department of Pathobiology (üniversity of 

Guelph, Guelph, Ontario) and the red blood celis were harvested by low speed 

centrifugation (5, 000 rpm, 4"C, IO minutes using a Sorvall SS34 rotor in a SorvaiI RC- 

5B centrifuge). The pellet of red blood celIs was washed three consecutive tirnes with 

0.15 M NaCl. Finally, the red blood ce11 pellet was suspended to a final concentration of 

6% (vlv) in Alsever's Solution. 

Lysis of erythrocytes in water releases hemoglobin; a compound associated with 

an extinction coeficient (E,,) of 135. ï h e  absorption maximum (A,,) of hemoglobin 

occurs at 130 nm. By definition, absorbance is a function of the extincticln coefficient as 

descnbed by the Beer-Lambert Law where A= E L c (E, molar extinction coefficient (L 

mol-' cm"); L, path of the sample (cm); and c, concentration (mol L-'). 

Dilutions of the erythrocytes in water were prepared and their absorbance at 430 

nrn was measured. Throughout this study, a 40-fold dilution of a 6% suspension of 

erythrocytes in steriIe saline was standardized such that a (A,,) at 430 nrn was 25. 

Bacteria to be tested for hemagglutinating activity were suspended in saline 

(0.85% NaCl) to a final of 15. Viable counts and strain tests were carried out in 

order to confirm the ce11 density and purity of the strain being used. 

For each strain being tested, three conditions were tested in ceramic, deep well 

dishes. The first condition tested for the ability of bacteria to hemagglutinate in the 

presence of 2% D-mannose (20 pI each of bacteria, mannose and red blood ceIIs) while 



the second tested for the ability to hernagglutinate without the presence of the sugar 

(instead of mannose, saline (0.85% NaCl) was used). The third condition was a control 

for non-specific autoagglutination of the red blood cells in the presence of mannose and 

in the absence of bacteria (saline, mannose and red blood cells). This procedure was 

adapted Eom the method originally described by Old et al. (1 985). 

In addition, for bacterial strains that exhibited mannose-resistant hemagglutination 

(MRHA), the ability of serially diluted bacterial suspensions (viable) to cause MRHA 

was also tested. In conjunction with viable ce11 counts, these measurements allowed for 

the minimum number of bacterial cells required for hemagglutinating activity to be 

computed. 

2.3. Growth Experiments 

Growth rates of shaking and non-shaking cultures were detemined according to 

variations on the following protocol. A 0.5 mL sample of an overnight culture was 

subcultured into 25 mL of LB medium (in a 125 mL sidearm flask) and incubated 

ovemight at 37OC, with shaking at 200 rpm. n i e  optical density at 600 nrn (ODsoo) of the 

overnight culture was d e t e d e d  before the cells were harvested (5500 rpm, 2S°C, 10 

minutes in a Beckman TJ-6 benchtop centrifuge). The supernatant was discarded and the 

ce11 pellet was resuspended in 20 mL of sterile saline (0.85% NaCl). This suspension was 

centrifuged again and the resulting pellet was resuspended in 10 mL of sterile saline. The 

volume of resuspended cells which would give an ODsm of approximately O. 1 was used 



to inoculate sideami flasks containing liquid media (one fifth of the flask's volume). The 

initial 0D600 readings for al1 flasks were recorded. 

For experiments with shaking cultures (at 200 rpm), flasks were incubated at 37°C 

and the 0D600 wâs rnonitored at 30 minute intervals. The fuial data was used to plot log 

ODsoo vs. t h e .  The growth rate was the dope of the exponential portion of this curve. 

For experiments with non-shaking cultures, the fiasks were incubated at 37OC without 

agitation and the ODsoo was monitored at 3-4 hour intervals until the bacterial cells 

reached stationary phase. At each of these intervals, viable plate counts andor 

hernagglutination assays were camed out. For both shaking and non-shaking 

experiments, each condition was tested in triplicate and each experiment was performed 

at ieast twice. 

2.4. Preporation of Crude Pilus Extracîs, Irnmunizuîion and the Developrnent of 

Poïyclonal Anîiserurn 

Cnide pilus extracts were prepared fiom E. coli strain Sm88 1pAGK3 grown in 

liquid media; control preparations were made fkom analogous cultures of strain SK2881 

which does not express P pili (Table 7, section 3.1.1 .). A total of thiee litres of media 

(either LB or Lemox Broth) was divided between eight 4-litre flasks and one 2-litre flask. 

This ensured that the medium had a depth of no more than 1.2 cm. The flasks were 

inoculated with 10 mL of ovemight culture and incubated without shaking at 37OC. 

After at least 24 hours of growth, the ODsW of the ovemight culture was 

determined and both a viable count and a strain test were performed. The kee litres of 



cells were harvested by centrifugation (7,000 rpm, 4"C, 20 minutes using a Sorvall GS3 

rotor in a Sorvail RC-SB centrifuge). The supematant was discarded and the wet weight 

of the bacterial pellet was deterrnined. The pellet was suspended in 100 mL of 5 mM 

NaMOPS (pH 7). This suspension was rnixed in a Waring Blender (2 x 2.5 minutes on 

hi&) and then centrifuged to remove celluIar debns (7,000 rpm, 4OC, 20 minutes using a 

Sorvall GSA rotor in a Sorvall RC-SB centrifuge). A portion (8-10 rnL) of the resulting 

supematant was rnixed with half of its volume of 40% (v/v) trichloroacetic acid (TCA) 

and allowed to precipitate on ice ovemight. 'Ihe precipitated protein sarnple was 

analyzed by SDS-PAGE. The remaining supematant was transferred into dialysis tubing 

(SPECTRAROR molecular porous membrane; molecular weight cutoff 3500) and 

concentrated to a volume less than 6 rnL in total with a combination of polyethylene 

glycol 8000 flakes and powder. The concentrated sample was removed fkom the tubing 

and 50 p1 aliquots were prepared and stored at -40°C. 

In order to analyze the concentrated samples in the early stages of this work, a 

&ozen aliquot was thawed and the contents of the tube were transferred to a Beckman 

airfuge tube. The sarnple was centrifugeci (95,000 rpm, 4*C, 20 minutes at 20 psi using 

an A1 10 rotor in a Beckman airfitge ultracentrifuge). The resulting pellet was triturated 

and transferred to a new rnicrofuge tube in which it was solubilized according to the 

methods described by McMichael and Ou (1976) (see section 2.5.2.). Over time, it 

became quite evident that this method was responsible for the substantial loss of pilus 

proteins. Therefore, in Iater studies, the fiozen aliquots of sarnples were taken fiom the - 



40°C freezer and Lyophilized ovemight before being solubilized directly in the ori,$.nal 

microfuge tube. 

Pilus preparations A and B (Table 7, section 3.1.1 .) were used to immunize hiro 

New Zealand white rabbits in an effort to prepare polyclonal serum. Both rabbits were 

immunized intrarnuscularly with 200 pg of protein as detennined by the BCA assay 

(Smith et al., 1985) using reagents fiom Pierce (Rockford, I.llinois) with bovine semm 

albumin as standard. The first immunization used antigen mixed 1:l in Freund's 

complete adjuvant, the second imrnunization used antigen mixed 1:1 in Freund's 

incomplete adjuvant while in subsequent booster injections, the antigen was suspended in 

sterile saline (Table 6). Rabbits were bled fiom their ear vein and serum was collected 

and tested by enzyme-linked immunosorbant assay (ELISA) against the immunking 

antigen (section 2.4.1.). The first rabbit was euthanized and blood was collected by 

cardiac puncture after 3 months (and 7 antigen injections) while blood fiom the second 

rabbit was collected afier five months (and 12 antigen injections). 

Blood from rabbits was collected in stenle bonles (which were laid on their side) 

and was allowed to clot at room temperature for one hom. The clotted blood was then 

incubated at 37°C for a half hour and refrigerated at 4°C for one hour to improve 

separation of the clot fiom the s e m  and overall serum yield. The serum was carefûlly 

removed with a pasteur pipette, transferred to stenle glass centrifuge tubes and 

centrifuged in a Sorvall SS34 rotor (3000 rpm,QC, 10 minutes) to pellet the remaining 

red blood cells. Aliquots of the resulting supernatant were stored in sterile microfuge 

tubes at -40°C. 



Table 6. Ixnmunization Schedule. 
- --- 

Treatment Rabbit $1 Rabbit #2 Comment~ 

1. pre-immune 1 O/ 1 O195 1 O/ 1 OB5 htramuscular Injection 0 
bleed and first 
injection 200 pg Preparation A mixed 1 : 1 

(vol:vol) with Freund's Complete 
Adjuvant 

2. boost 1 0124195 1 0/24/9 5 Injection as in 1, but using pilus 
Preparation B and Freund's 
Incom~lete Adiuvant 

A 

3. boost 1 1/7/95 1 1/7/95 Injection as in 2, but stede saline 
replaces adjuvant. 

4. boost 1 1/21/95 1 1/2 1/95 same as treatrnent 3 
5. test bleed #1 1 1 /24/95 1 1 /24/95 ELISA shows that Rabbit #1 has a 

stronger immune response (IR) to 
the antigen than Rabbit #2 

6. boost 1 2/8/95 12/8/95 same as treatment 3 
7. test bleed $2 1311 1/95 12/11/95 IR of Rabbit 81 is significantly 

8. boost 1 3/22/9 5 1 2/23/95 same as treatment 3 
9. boost 1/5/96 1 /SI96 same as treatrnent 3 
10. test bleed #3 1 /8/9 6 Rabbit #2 stili demonstrates a 

weak IR to antigen 
1 1 cardiac bleed 1 /8/9 6 Rabbit #1 is euthanized by cardiac 

puncture; s e m  is collected and 
stored at -40°C 

12. boost 1/19/96 same as treatment 3 
13. boost 2/2/96 same as treatment 3 
14. test bleed ff4 2/7/96 IR is still weak 

decision to boost three more times 
and then euthanize. 

1 5. boost 2/ 1 6/96 same as treatrnent 3 
16. test bieed #S 21 1 9/96 
17. boost 3/4/9 6 same as treatment 3 
1 8. test bleed #6 3/7/96 
19. boost 311 8/96 same as treatment 3 
20. cardiac bleed 3/2 1/96 Rabbit #2 is euthanized by cardiac 

puncture; senim is coilected and 
stored at -40°C 



2.4.1. Enptme-iinked linmunosurbunt Assay (ELISA) 

(Modified fiom Lam and Mutharia, 1994) 

Diethanolamine Buffer (250 mL) 

24 mL diethano lamine 

0.025 g MgC12-6H20 

226 mL water 

pH to 9.8 with 1 M HCl. 

Carbonate-Bicarbonate (Coating) Buf5er (200 mL) 

0.3 g Na2C03 

0.6 g M C 0 3  

0.2 g MgC12-6H20 

200 mL water 

pH to 9.8 with concentrated NaOH. 

0.1 M Phosphate Buffered Saline (10x PBS) (1 L) 

80 g NaCI 

2 g  w 2 p o 4  

11.5 g NazHPOa 

5 g KC1 

1000 mL water 

pH to 7.4 with concentrated NaOH. 



0.0 1 M PBS-Tween (1 L) 

100 mL 0.1 M PBS 

1 mL polyoxyethylenesorbitan monolaurate (Tween-20) 

900 mL water 

Blocking Rea~ent - (1 00 mL) 

5 g  Skirn m i k  powder (Carnation Brand) 

100 rnL 0.01 M PBS 

Substrate for Alkaline Phosphatase Coniu-gated Secondary Antibodies (1 O mL) 

10 mL Diethano lamine BuEer 

2 tablets Sigma 1040 Phosphatase Substrate tablets; each tablet contains 

5 mg p-nitrophenyl phosphate, disodium salt (PNPP) 

Each well of a 96-well immuno-microtitre plate (Nunc) was coated with 100 pl of 

diluted antigen in coating buffer. The appropriate concentration of pilus preparation B 

antigen (3.5pg/mL) was determined through an antigen titration (against rabbit polyclonal 

serum) using ELISA. Coating bufTer alone was added to the wells allocated as the control 

wells without antigen. The microtitre plate was wrapped in plastic wrap (to avoid 

dehydration) and incubated at 4OC ovemight. The plate was washed five times with PBS- 

Tween (0.01 M) before 100 pl of blocking reagent was added to each well. This step 



ensured that al1 antigen binding sites on the plate were blocked. The plate was covered in 

plastic wrap and incubated ovemight at 4OC. The plate was washed with PBS-Tween 

before adding 100 pl of varyhg dilutions of rabbit polyclonal semm per well. Dilutions 

of the polyclonal s e m  ranged berneen 1 : 100 and 1 :8000 (in 0.0 1 M PBS) and depended 

on the length of tirne the rabbit had been exposed to the antigen. Each prepared dilution 

of rabbit polyclonal anti-P pilus senun was aliquoted in six wells of the ELISA plate. 

The plate was allowed to incubate for two hours at 37OC. Finally, the plate was washed 

with PBS-Tween and 100 p1 of goat-anti-rabbit antibody conjugated to alkaline 

phosphatase (Sigma, St. Louis, Missourri; 1 5000 dilution in 0.0 1 M PBS) was added to 

each well. The plate was incubated for two hours at 37OC, washed with PBS-Tween, and 

100 pl of the alkaline-phosphatase enzyme substrate was added to each wëil. When 

alkaline phosphatase and PNPP are reacted in the dark at 37OC, a yellow water-soluble 

reaction product (p-nitrophenol) is fomed which absorbs light at 405 m. Absorbance 

readings were taken at 10 minutes, 20 minutes and 30 minutes using a Titertek 

Multiskann@ Plus MKII plate reader Flow Laboratories, Mississauga, Ontario). 

2.4.2. Adsorption of Poiyclonal Serum 

Coupling Buffer 

0.1 M sodium bicarbonate 

0.5 M sodium chloride 

Adjust to pH 8.3 with 0.1 M sodium carbonate. 



Blocking: Reanent 

0.2 M glycine 

Adjust to pH 8 with concentrated sodium hydroxide. 

Acetate Buffer - 

0.1 M acetic acid 

0.5 M sodium chloride 

Adjust to pH 4 with 0.1 M sodium acetate. 

Cultures of E. coli SK2881 (a non-P pilus producing strain) were prepared in LB 

as previously described for E. d i  SK288 lpAGK2. After harvest, the bactenal pellet was 

resuspended in 15 rnL of 0.5 mM NaMOPS (pH 7). The bacteria were disrupted by four 

serial passages through a French pressure ce11 at 15,000 psi. The BCA protein assay 

(Smith et a[., 1985) was used to detemine the protein concentration of this lysate as 15 

mg/rnL. The resulting Iysate was coupled to either cyanogen bromide activated 

Sepharose 4B (Pharmacia Biotech, Quebec) or adsorbed ont0 a nitrocellulose membrane 

(B ioRad, Mississauga, Ontario). 

The ce11 lysate fiom E. coli SK2881 was coupied to cyanogen bromide activated 

Sepharose 4B as specified by the manufacturer. The Sepharose 4B gel was hydrated in 

1 mM HCL at room temperature for 15 minutes (1 gram of dry gel results in a f i a1  gel 

volume of 3.5 mL). The gel was then poured onto a sintered glass filter (porosity G3) and 

washed with 1 mM HCI. The E. coli lysate was diluted in coupling buf5er to a final 



concentration of 6 mg/mL and mixed with the washed and swelled gel. The resulting 

slurry was incubated for 2 hours, with agitation, at roorn temperature. The slurry was 

incubated (ovemight at 4OC) with b l o c h g  buffer to block d l  available protein binding 

sites. The gel was washed once with coupling buffer and then three times with acetate 

buffer and blocking buffer (altematively) on a sintered g l a s  filter. Fioally, the gel was 

washed with 0.0 1 M PBS, suspended in more 0.0 1 M PBS and degassed. The slurry was 

poured into a mini column and allowed to settle. 

The gel, which contained conjugated non-pilus proteins was used to adsorb non- 

pilus specific antibodies. Briefly, the rabbit polyclonal anti-pilus senun was passed 

though the a f f i t y  column (at a ratio of approximately 1 mL of s e m  to mL of gel) and 

non-pilus specific antibodies were bound to the antigen coupled to the column. As a 

result, anti-P pilus senim was passed through the column and collected as an enriched 

polyclonal antiserum. S e m  was collected in 2-5 mL fractions and each fiaction was 

tested for its ability to inhibit mannose-resistant hernagglutination of sheep red blood 

cells by cells of E. coli strain HU734. Pre-immune rabbit semm was used as a control 

since it did not inhibit hemagglutination. Fractions containhg anti-P pilus antisenim 

were pooled. 

Lysate fiom E. coli SK2881 was also adsorbed to nitrocellulose membrane 

(BioRad, Mississauga, Ontario). A ten-fold dilution of lysate (in 0.01 M PBS) was 

incubated with three nitrocellulose membranes (40 mm in diameter) ovemight, at 4OC 

with shaking. The membranes were incubated in blocking reagent (see section 2.4.1 .) 

ovemight at 4OC with shaking after which they were washed three times with 0.0 1 M PBS 



(10 minutes with shaking at room temperature). A 20-fold dilution of polyclonal rabbit 

semm against P pili (in 0.01 M PBS containing 10% (dv) sodium azide) was applied to 

the nitrocellulose membranes. Adsorption of the serum was camied out ovemight, with 

shaking, at 4OC. The senim was decanted and adsorbed (for a second time) with another 

antigen-coated membrane ovemight, with shaking, at 4OC. Upon cornparison of both 

singly and doubly adsorbed senun by westem immunoblot analysis, significant 

ciifferences between the two adsorbed semm samples were not apparent. Therefore, 

s e m  was adsorbed only once on nitrocellulose membranes in this study. 

2. S. Anolysis of Pilus Expression 

In order to analyze the expression of P pili as a function of ProP and varying 

osmolality, crude pilus extracts fiom strains W734, WG541 and WG671 were prepared 

and analyzed by hemagglutination, SDS-PAGE, and westem immunoblot analysis. 

2.5.1. Preporotion of Pili frorn Chical E. coli Isolates 

Cultures of clinical E. coli isolates (Table 3, section 2.2) were grown in LB 

overnight, and 100 pl of the resultuig suspension was used to inoculate 25 LB agar plates 

(containhg 0,0.3 or 0.6 M NaCl). AAer 24 h o m  of growth, 5 rnL of 5 rnM NaMOPS 

(pH 7) was added to each plate and a sterile paperclip was used to suspend cells by 

agitation of the paperclip on top of a magnetic stirring platform. Ce11 suspensions kom 

25 LB plates were pooled and the final volume was approximately 100 mL. At this point, 

ODm readings (of 50-100 fold dilutions), strain tests (Table 5), viable counts (on LB 





final volume of the sample up to 275 pi, 37.5 pl of water was added This concentrated 

solubilized sample could be fiozen and re-boiled before use. 

2.5.3. SDS-PA GE Analjsis 

Coomassie Brillliant B lue Staining Solution 

450 mL methano I 

100 mL acetic acid 

450 mL water 

2.5 g Coomassie Brilliant Blue R250 

Coornassie Briilliant Blue Destainhg Solution 

methano1 

acetic acid 

water 

glycerol(80% w/v) 

Polyacrylamide gels were prepared acco rding to the methods described b 

Laernrnli (1970) using 15%T and 2.6%C. Once the gels were prepared, the samples 

(including low molecular weight standards (BioRad, Mississauga, Ontario) a d o r  low 

molecular weight prestained standards (BioRad)) were loaded. 

Cornparison of both marker profiles clearly demonstrated that the electrophoretic 

mobilities of identically labelled unstained and prestained markers differed. The covalent 



binding of dyes to the prestained standard proteins is an uncontrolled reaction and results 

in lot-to-lot variation on the molecular weight of the proteins. BioRad individually 

calibrates the molecular weights of every lot with SDS-PAGE molecular weight standards 

and therefore, molecular weights of prestained standards are representative of lot numbes 

prepared by the Company. 

h an eEort to confirm that the molecular weights assigned to the prestained 

markers correspond with their electrophoretic mobilites, a doser examination of the 

prestained markers was performed. Electrophoretic mobilities of the unstained molecular 

weight standard markers (mm) were plotted against the log of their assigned molecular 

weights. n i e  molecular weights associated with the prestained markers were predicted 

by regression analysis and were found not to correspond to the assigned molecular 

weights detemined by BioRad. As a result, prestained markers were not used to 

determine the molecular weights of proteins in this study; they were solely used as a 

means of assessing the effectiveness of protein transfers during western imunobio t  

analysis. 

Electrophoresis was carried out for approximately 45 minutes at 200 volts and the 

resulting gels were stained with Coomassie Bnlliant Blue staining solution and destained 

with the appropnate destainhg solution. 

2.5.4. Protein Determin af ion of Crude Pilus Erfructs 

The amount of protein, both total protein content and PapA content, of crude pilus 

extracts was detemiined as follows. The BCA Protein Assay (Smith et al., 1985) was 



used to determine total protein. Gel electrophoresis was used to determine the amount of 

PapA protein in each sarnple preparation as follows. As reported by BioRad 

(Mississauga, Ontario), 2 p1 of low range rnolecular weight standards contains 21 pg 

(total protein content). Since 6 proteins exist in approximately equal arnounts on a gel, 

one can estimate that each protein band is equivalent to approximately 4 pg of protein, 

however, the bands associated with each of the standard proteins do not necessarily share 

the same intensities. Electrophoretic analysis of the PEG concentrated sarnple of Prep A 

(Figure 4, section 3.1.1 .) reveals two protein bands (of the same intensity) with apparent 

molecular weights in the range of PapA (17.2 kD and 15.8 kD). The intensity of one of 

these bands was compared to the most intense molecular weight standard (66 kD) and to 

the least intense molecular weight standard (31 kD) in order to estimate a range of the 

amount of PapA protein. In cornparison to the 66 kD and 31 kD standards, the band 

associated with PapA was estimated between 0.5-2.0 yg respectively. Since 25 pl of the 

PEG concentrated sample (0.5 mL fmal volume) was applied to the gel, the total arnount 

of PapA extracted liom preparation A was between 0.01-0.04 mg. The arnount of PapA 

protein (pg) divided by total CFU in 3 L of culture was used to estimate the amount of 

PapA protein associated with each CFU. 

2.5.5. Western Immunoblot Anaiysk 

SIGMA FAST TM BCIPMBT Buffered Substrate (1 0 mL) 

1 SIGMA FAST TM BCIEVNBT tablet which contains: 

1.5 mg 5-bromo-4-chloro-3-indolyl phosphate (BCIP) 



3 mg nitro blue tetrazolium (NBT) 

1 mmol Tris buffer 

50 v o l  MgCl? 

10 mL deionized water 

The method described by Towbin et al. (1979) was followed with a few 

exceptions. instead of being transferred ont0 nitroceilu~ose, proteins were transferred 

ont0 polyvinyiidene difluonde (PVDF) membrane (BioRad, Mississauga, Ontario) for 

approximately 1 hour at 60 volts. Upon completion of the transfer, the membrane was 

blocked ovemight at 4°C in blocking reagent and washed three tirnes with 0.01 M PBS- 

Tween (section 2.4.1). Washkig steps throughout the procedure involved three 10-minute 

washes in 0.01 M PBS-Tween. Primary antibody fiom rabbit $1 (either unadsorbed 

polyclonal rabbit anti-P pilus s e m  (diluted 20-fold in 0.01 M PBS) or adsorbed 

polyclonal rabbit serurn anti-P pilus serurn (used undiluted or diluted 20-fold in 0.01 M 

PBS) was applied to the blot and allowed to incubate (shaking) for two hours at room 

temperature. In order to rninimize the volume of senrm needed in this step, the blot was 

placed with the senun in a heat sealed polyethylene bag. After residual unbound primary 

antibody was washed fiom the blot, goat anti-rabbit secondary antibody (conjugated to 

alkaline phosphatase) was added at a dilution of 1 :20,000 (diluted in PBS). The blot was 

incubated with secondary antibody (shaking) at room temperature for at least two hours. 

Finally, the blot was washed with PBS-Tween before being developed with substrate 

(SIGMA FAST BCIPMBT tablet for alkaline phosphatase-conjugated enzymes). BCIP 



is hydrolyzed by aikaline phosphatase to form an intermediate compound which 

undergoes dimerkation to produce an indigo dye. This insoluble blue coloured 

precipitate occurs when NBT is reduced to NBT-fomiazan. The reaction is stopped by 

washing the blot in water. 



Chapter 3. Results 

3. I Preparing Antiserurn and Determinhg the Presence of An fi-PapA Antibodies 

3.1. I .  Antigen Preparu fion and Imrnunization 

The decision to prepare crude pilus extracts fkom E. coli strain SK2881 pAGK2 

was based on the expectation that this strain was an overproducer of P pili, and that it 

possessed rough LPS (an important feature since the presence of O antigen associated 

with smooth LPS would dominate an immune response) (S. Hull, personal 

communication). Cnide pilus preparations used during this study are described in Table 

7. Initially, preparation A was made afler growth in static broth with added glucose. 

Subsequently, preparation B and the control extract (made f?om the non-pilus producing 

strain SK2881) were made in the absence of glucose. 

Pilus preparation A was thought to have an unusually low and viable count 

upon harvest (Table 7). A study on the effects of glucose and aeration on growth of E. 

coli SIC288 1 pAGK2 was performed and suggested that added glucose decreased the pH 

and of static bacterial cultures (Table 8). More specifically, without aeration, 

ODsoo was reduced 2-fold (6om 0.8 t 0.2 to 0.4 k 0.1) by the addition of glucose while 

pH was reduced from 6.6 + 0.4 to 5.0 + 0.3. Aerated cultures were unaffected by the 

addition of glucose to the culture medium (OD6O0 did not change and pH was slightly 

lowered fiom 7.0 to 6.2). Data obtained fiom this study suggested that glucose negatively 

affected growth of static cultures and yield of pili. Therefore, preparation B was 





1 Bacteria extracteci to produce preparation A were grown in 3 L of static Lennox Broth (LB + 

0.1% glucose). Those extracteci to produce preparation B and the negative control were 

grown in 3 L of static LB without added glucose. 

Amount of protein was determined using two dserent methods as descnbed in Methods 

(section 2.5.4.): ( 1 )  the BCA Protein Assay (Smith et al., 1985) was used to determine 

total protein content of the crude extracts while (2) gel electrophoresis was used to 

estimate the amount of PapA protein in each sarnple preparation. 

' Volume of crude extract after concentration with PEG. 

4 ND; not detemiined. 



Table 8. Effect of Glucose and Shaking on ~ r o w t h '  (ODm and pH) 

of E. coli SK2881 pAGK2. 

' Each value is the mean * standard error of six data points 

Aeration 

S haking 

Non- 
Shaking 

' LB + Glucose ( L e ~ o x  Broth) 

subsequently made fiom cells grown without glucose in the culture medium. A control 

extract of strain SK.2881 was prepared in the same manner (Table 7). A cornparison of 

pilus preparations A and B demonstrate that in the presence of glucose (preparation A), 

optical density and viable counts decrease by factors of 2-fold and 5-fold respectively 

when compared to cultures grown in the absence of glucose (preparation B) (Table 7). 

Cnide pilus extracts were anaiyzed by SDS-PAGE (Figure 4). Pilus preparations 

A and B contained proteins with electrophoretic mobilities characteristic of the apparent 

molecular weight of PapA (Tables 1 and 2). Those apparent rnolecular weights were 17.2 

kD ( K A  precipitate of preparation A), 17.2 kD and 15.8 kD (PEG concentrated sample 

of preparation A), 17.2 kD (TCA precipitate of preparation B), and 18.5 kD and 16.6 kD 

(PEG concentrated sample of preparation B) (Figure 4). Since no proteins of comparable 

abundance were apparent in the preparation fiom the control strain SK2881, the low 

OD600 pH 

LB 
2.3 * 0.1 

0.8 * 0.2 

LB 
7.0 * 0.0 

6.6 =t 0.4 

LB + 
~ l u c o s e ~  
2.1 * 0.5 

0.4 * 0.1 

LB + 
~ l u c o s e ~  
6.2 * 0.9 

5.0 * 0.3 



Figure 4. SDS-PAGE Analysis of Pilus Preparations from E. coli Straias SK2881 

pAGK2 and SK2881. Three different crude extracts were prepared (Table 7). 

Preparations A and B were analyzed as a TCA precipitate and as PEG concentrated 

material. The non-pilus produchg strain ( S U 8 8  1) was included as a negative control 

(CON). The TCA precipitate of Preparation A (PrepA, TCA) was equivalent to 600 mL 

of the original 3L culture. The PEG concentrated sample of Preparation A (PrepA, PEG) 

was equivalent to 150 mL of original culture volume. The TCA precipitate of Preparation 

B (PrepB, TCA) was equivalent to 720 mL of original culture whereas the PEG 

concentrated sample of Preparation B (PrepB, PEG) was equivalent to only 5.3 rnL of 

original culture. Finally, the PEG concentrated sample of the controI strain (CON,PEG) 

was equal to 12.5 mL of the original bacterial culture. 





molecular weight proteins in preparations A and B were believed to represent PapA. The 

appearance of multiple bands representing the PapA protein bas been previously 

descnbed (McMichael and Ou, 1979) (see Section 1.4.1.). This occurrence may be the 

result of incomplete denaturation of the protein a d o r  variable binding of SDS to the 

denatured protein which would result in different migration mobilities of PapA. This 

scenario would contribute to the appearance of multiple bands of PapA with varying 

electrophoretic mobilities. 

Once the presence of PapA in the crude pilus extracts was conf5nned, New 

Zealand white rabbits (which had already been immunized once with Preparation A) were 

m e r  boosted with the cmde pilus preparation B. The rabbits' immune response to the 

administered antigen (Table 6, section 2.4.1.) was monitored over tirne using the ELISA. 

Polyclonal rabbit anti-P pilus senim was prepared and adsorbed against the parent, non- 

pilus producing strain SK2881 in order to remove non-specific antibodies and enrich for 

pilus-specific antibodies thus improving the specificity of the polyclonal serum (section 

3.1.4.). 

3.12. Handling of Pilî 

The ultimate goal of this study was to use electrophoretic and imrnunochemical 

analysis to compare pilus levels associated with equivalent quantities of bacteria which 

differed in genotype or growth conditions. It was therefore important to unambiguously 

identi@ the PapA protein band in SDS-PAGE gels and to demonstrate that the quantity of 

the PapA protein revealed by electrophoresis was reproducible. Multiple aliquots of 



preparation B and the corresponding preparation fiom strain SK.2881 were analyzed by 

SDS-PAGE. This was an important step in confuming the presence of the PapA protein 

(visualized at -20 kD) in preparation B and not in the preparation used as a negative 

control. This analysis revealed apparent variation in PapA protein content among 

diquots of preparation B (preparation A was no longer available at this time for 

cornparison) (Figure 5). This realization prompted a closer look at the handling of pili 

fiom preparation B. 

Two factors were identified that could have contributed to this variability. First, 

pili must be subjected to an acidic environment in order to dissociate (McMichael and 

Ou, 1976). Second, pili might be lost during sample transfers between various centrifuge 

tubes. 

The solubilization procedure outlined by McMichael and Ou (1976) emphasized 

that in order for pili to dissociate, they must be subjected to an acidic environment using a 

solution of HCi with a pH no higher than 1.8. When an HCI solution (pH 1.2) was used 

to solubilize the pilus samples, the pilus proteins dissolved and yielded reproducible 

SDS-PAGE patterns (section 3.1.4.). This sofubilization difficulty is also reflected in the 

fact that pilus protein levels cannot be accurately determined using conventional protein 

assays; relative amounts of pilus protein m u t  be quantified by SDS-PAGE analysis 

(McMichael and Ou, 1979). 

Pili may have been lost during sample transfers among various centrifuge tubes 

during the solubilization process. During the initial experirnents, aliquots of sample 

were thawed, transferred to an airfuge tube and spun in the aifige in order to obtain a 

final pellet. This pellet was resuspended and transferred to a new tube (for solubilization) 



Figure 5. Recovery of the PapA Protein from Aliquots o f  Pilus Preparation B. On 

three dserent occasions (1, 2 and 3). sarnples of Preparation B (PREP B) and the 

negative control extract (CON) were analyzed by SDS-PAGE using the sample 

preparation protocol described by McMchaet and Ou (1976) except that the solution of 

HCI used to solubilize the sarnples had a pH of 2.1. The PEG concentrated sample of 

Preparation B in aii cases was equivalent to 5.3 mL of the original 3L of bacterial culture. 

The PEG concentrated sample of the control strain was equivalent to 3.  l mL. 





since the aimige tubes are not heat resistant. Since these transfers provided opportunities 

for the loss of protein, an alternative approach to the airfiige was adopted. Samples of the 

crude pilus extract were lyophilized and solubilized in the same microfuge tube. This 

method seemed to retain the maximum amount of protein that was present in the sample 

and it reduced sample to sample variability (section 3.1.4.). It is important to note, 

however, that the proportion of PapA in these preparations seemed substantially lower 

when compared to similar preparations reported in other studies (Hadey er aL, 1985; 

Hoschutzky et al., 1 989). 

3.1.3. Stabiiity of P hmidpAGK.2 and of P Pilus Expression by E. coli SK2881 pAGK.2 

After pilus preparations A and B had been made, subsequent efforts to detect 

PapA protein expression by E. coli SK2881 pAGK2 were unsuccessfûl. 

Hemagglutination assays were therefore employed to determine whether strain S U 8 8  1 

pAGK2 was expressing P pili (Table 9). Pyelonephritis isolates CFT073 and HU734 

(Table 4) were used as positive controls for this work. 

E. coli strains CFT073, Hü734, SK2881 pAGK.2 and SIS288 1 were grown in non- 

shaking and shaking LB (with and without glucose) and on plates. Under al1 conditions, 

the only bacterial cells to show mannose-resistant hemagglutination were the 

pyelonephritis isolates HU734 and CFT073. These data also emphasized the higher 

expression of mannose-resistant hemagglutinating activity for bacteria grown on solid 

rather than in liquid medium. The lack of mannose-resistant hemagglutination of 

SK288 1 pAGK2 was surpnsing (especially since plasmid pAGK2 contains the genes 





required for agglutinating activity fiom HU734) and suggested that (1) the strain had lost 

its plasmid, (2) the strain was no longer expressing P pili (ie. the pap operon was in 

phase "off') if the plasmid was still intact or (3) the pap operon in plasmid pAGK.2 had 

been modifed by spontaneous mutation. 

E.coli strain SK2881 pAGK2 was grown under various conditions (with and 

without shaking, with and without glucose, on plates and in broth) and its lack of 

agglutinating activity was confirmed. Plasmid DNA prepared fiom equal quantities of 

bacterial ceils was analyzed (Figure 6). Plasmid DNA with the expected restriction 

endonuclease cleavage pattern was detected in al1 cultures of strain Sm88 I pAGK2 but 

not in strain SK2881 (Figure 6). The amount of plasmid DNA did depend on the culture 

prowth conditions, however, with a higher DNA yield for bacteria grown on plates than 

from those grown in broth. Since the plasmid was present, failure of the bacteria to 

produce pili m u t  have resulted fiom the pap operon being switched to phase "off'. In an 

attempt to switch the bacteria into phase "on", strain SU881 pAGK2 was serially 

passaged on plates, however, this attempt was unsuccessful. In view of this difficulty, 

pilus prepaxations fÎom E. coli strains HU734 (pap') and HU742 (KU731 pap') were 

used subsequently as controls for this study. 

3.1.1. Confrnzing the Presence of Antibodies to P Pili 

The use of polyclonal rabbit antiserum to recognize the PapA protein in crude 

pilus preparations was a primary goal of this study. The original intention was to screen 

the s e m  against preparation B and a corresponding, negative control preparation f?om 



Figure 6. Plasmid Analysis of pAGK.2. E. coli strain SK2881pAGK2 was grown on 

LB plates or in LB broth (with or without added glucose). Plasmid DNA was prepared 

from equivalent numben of cells fiom each culture. DNA prepared fiom E. coli strain 

SEC2881 grown on LB plates was used as a negative control. Plasmid preparations were 

analyzed by agarose gel electrophoresis either undigested (UN) or after digestion @) with 

restriction enzyme CZaI which is expected to cleave plasrnid pAGK2 twice, yielduig 

DNA fragments with the molecular weights 10 Kbp and 4 Kbp. 
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E. coli SK288 1 (Table 7) using western immunoblotting techniques. Experiments 

reported in sections 3.1.1. and 3.1.2. had revealed that the pilus content of preparation B 

was low even though E. coli SK2881 pAGK2 was reported to overproduce P pili. The 

experiment reported in section 3.1.3. indicated that cells of E. coLi strains SE2881 

pAGK2 and SEC2881 could no longer be used to assess the anti-PapA antibody content of 

the antisenun raised as described in section 3.1.1. E. coli strain HU742 @ap] was 

therefore obtained so that extracts fiom E. coli HU734 (pap') and HU742 @ap] could be 

used as controls during subsequent studies. Since the pop mutation in E. coli HU742 was 

not thorougldy characterized, that strain could not be presumed to be PapA-. Extracts of 

E. coli strains CFT073 @ap') and UPEC76 @ap-) were therefore also included as 

controls. 

The mannose-resistant hemagglutination inhibition assay was used to determine 

the specificity of the polyclonal rabbit anti-P pilus serurn. Mannose-resistant 

hemagglutination of E. coii strains HU734 and CFT073 had been demonstrated 

successfully (Table 9). If the polyclonal serum could prevent mannose-resistant 

hemagglutination of these strains (especially W734), it would give conclusive evidence 

that the semm had antibodies which bound to the adhesins of P pili (PapG) and inhibited 

the hemagglutination reaction. This assay would not, however, confirm the presence of 

antibodies against PapA. The antiserum £iom both rabbits (diluted to a maximum of 1: 1) 

did inhibit mannose resistant hemagglutination of strains HU734 and CFT073 whereas the 

pre-immune serum did not. 

Pilus extracts were prepared from strains HU734 and CFT073; control extracts were 

prepared fiom strains HU742 and UPEC76 (Table 10). Analysis by SDS-PAGE reveaied a 





pair of bands in the preparation fiorn E. coli HU734 with apparent molecular weights of 

19.8 kD and 18.3 kD (Figure 7, lane 2) and 2 1.3 kD and 19.2 kD (Figure 7, Iane 4). A 

protein bearing an apparent rnoiecdar weight of 19.8 kD was detected by western 

immunoblot analysis using adsorbed ad -P  pilus polyclonai semm (Figure 7, lane 8). 

Electrophoretic and immunochemical analysis also demomtrated trace arnounts of a protein 

with an apparent molecular weight of 19.0 kD in the cmde extract of E. coli HU742 (Figure 

7, lane 3) that was detected by the a n t i s e m  (Figure 7, lane 9). The presence of a sirnilar 

band in the cade  extract of HU742 in a second SDS-PAGE analysis was not apparent 

(Figure 7, lane 5); possibly a result of the decreased amount of sample applied to the gel. 

Based on the SDS-PAGE analysis of HU734 and HU742 (Figure 7, lanes 2 and 3), the 

predicted molecular weight of the PapA protein fiom E. coli HU734 is 19.8 kD. These data 

suggested that either (1) the genetic defect in the pap locus of E. coli HU734 may reduce 

but not eliminate PapA expression or that (2) a distinct protein present in HU734 and 

HU742 comigrated with PapA in these preparations. 

SDS-PAGE and westem immunoblot analysis demonstrated that an extract £iom E. 

coli CFT073 did (Figure 8A, lane 5) and an extract fiorn E. coZi UPEC76 did not (Figure 

8A, lane 4) express proteins widi the electrophoretic mobilities anticipated for PapA. 

Mobilities of the PapA bands associated with E. coli CFT073 have been reported as 17 kD 

and 22 kD (Mobley et OZ., 1993). These proteins reacted strongly with the adsorbed anti-P 

pilus serum prepared against exiracts of E. coli SK2881 pAGK2 (Figure 8B). In 

cornparison, the anti-P pilus activity was less apparent in the unadsorbed anti-P pilus serurn 



Figure 7. SDS-PAGE and Western Immunoblot Analysis of Crude Extracts from E. 

coli Strains W734 and W742. The equivalent of 10 mL of ce11 suspension (after 

cultures were harvested fiom plates and suspended in saline as described in Table 10) was 

Ioaded per lane for both HU734 and HU742 (experiment #1). The equivalent of 7.5 mL 

of ce11 suspension was loaded per lane for both HU734 and HU742 (experiment #2). 

Both adsorbed and unadsorbed polyclonal serurn (diluted 20 fold in 0.01 M PBS) were 

used in the western blot analysis of extracts bom E. cd i  strains HU734 and HU742. The 

serum was adsorbed against a ceIl lysate of E. coli strain SK2881 coupled to 

nitrocellulose (see 2.4.2.). 



PapA 

SDS-PAGE WESTERN BLOT (#2) 

UNADSORBED ADSORBED 
#2 SERUM SEKUM 



Figure 8. SDS-PAGE and Western Immunoblot Analysis of Crude Extracts from E. 

coli Strains W734, HU742, CFT073 and UPEC76. The proteins contained in the 

extracts fiom al1 four strain were analyzed by SDS-PAGE (A). Western Blot analysis of 

al1 four strains was cmied out using both adsorbed (using an SK.2881 lysated coupled 

column of CNBr-activated Sepharose 4B) (B) and unadsorbed (C) rabbit polyclonal 

serum. Unadsorbed s e m  was diluted 20 fold in 0.01 M PBS while adsorbed s e m  was 

used without M e r  dilution (after one adsorption on the column, the semm was diluted 

1.3 fold in 0.01 M PBS). The equivalent volume of cell suspension (after cultures were 

harvested fiom plates suspended in saline as descnbed in Table 10) applied to each lane 

was 5 mL for HU734 and HU742 and 1.25 mL for CFT073 and UPEC76. 
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(Figure 8C). The antiserum therefore contained anti-PapA antibodies and extracts of strains 

CFT073 and UPEC76 were used as controls during subsequent experiments. 

Both Figure 7 (lanes 6 and 8) and Figure 8 (B and C) illustrate the requirement for 

adsorption of the antisenim with extracts of E. coli SK2881 pnor to detection of the 

reaction with PapA. Western blot analysis of PapA expression by both E. coli strains 

HU734 and CFT073 also çuggests that the relative pilus expression by HU734 is 

significantly less than that by CFT073. 

3.2. The Effects of Osmolality, Beiaine and ProP on the Growth of E. coli HU734 and 

its Derivatives 

3.2.1. Genotypes und Phenotypes 00. coli Straim 

Through studies of E. coli CSH4 (a laboratory isolate of E. coli K-12 which had 

been subjected to repeated mutagenic treatrnents) and its derivatives, the radial streak 

assay has been shown to measure the sensitivity of the bacteria to toxic proline analogues 

azetidine-2-carboxylate (AC) and 3,4-dehydroproline (DHP), due to expression of 

transporters PutP, ProP and Prou on low and high osmoldi@ minimal media (MOPS 

medium f 0.3 M NaCl) (section 2.2.2.). This technique was used to estimate transporter 

expression by E. coli HU734 and its derivatives (Table 11). E. coli strains CSH4 and 

WG484 (a derivative of wild type E. coli K-12) and their derivatives were used as 

comparators. E. coli WG484 and its derivatives were recently isolated (Culham et al., 

1994) to serve as improved controls during these studies. Their sensitivities to the toxic 

proline analogues had not been rigorously charactenzed pior  to this work, however. 



Table 11. Proline Analogue Sensitivities of E coli Strains. 

Zone of Growth Inhibition (mm + SE)' 
Low Osmolality Medium High Osmolality Medium 

S train Genotype AC DHP AC DEjP 

CSH4 series3 
CSH4 wild type 27.8 IT 10.1 20.6 t 10.9 N G ~  NG 

pilPA' 3.6 + 2.5 20.2 t 2.9 24.8 + 2.6 34.0 It: 8.2 
WG170 putPAProP 2.0f 1.2 2 . 8 +  1.9 19.4f 2.3 23.8I 9.2 
WG207 putPAproU 2.8 t 2.3 21.4 I 4.5 27.6 I 7.0 28.8 f 6.9 
WG203 ptPAjmP 2.2 + 1.5 2.4 + 1.5 2.6 t 2.5 14.4 f 14.3 

prou- 
WG148 puaprfl  17.2k13.7 21.2It 4.8 23.W 2.8 29.6It 6.2 

wild type 16-8 + 6.2 14.2 -t 2.7 23.3 i 2.7 14.8 f 4.1 
putPA ' O + O 14.7 t 3.8 23.7 I 5.9 21-0 + 4.4 
p t P A  ProP O +  O O +  O I7.2+ 11.3 10.3f: 5.8 
prtPA'proU O + O 16 k 2.5 22.2 + 4.2 21.1 k 3.2 
prrtPAproP 0.3 r 0.8 0 1  O 0.5-t 1.2 O +  O 
p r o V  
proF 12.7 + 3.7 16.5 + 5.8 22.2 t 4.8 12.7 f 8.0 
prou 11.2 4 7.5 14.2 $ 3.2 22.2t 1 14.8 k 4.0 

8121734 Series 
KU734 wild type 16.4 f 2.0 16.5 + 2.0 37.2 k 5.4 24.9 I 9.6 
WG54 1 putPA' 2.5 t 3-0 15.4 4 2.9 37.4f 5.9 32.4 + 8.2 
WG67 I ptrtPA'proP 2.2i 2.6 8.7k 2.7 26.6f10.7 26.2f 8.9 



1 Zones of inhibition (mm) by 0.5 mg of toxic proline analogues (AC and DHP) were 

determined as described in section 2.2.2. Values are reported as means (mm) k standard 

error (SE) and are based on 6 (CSH4 series), 6 ( ' - 12  senes) and 18 (HU734 series) 

replicate assays. 

* Proline analogue sensitivities of strains RM2, WG170, WG207 and WG203 were 

onginally reported by Grothe el ai. (1986) using 1 mg of  inhibitor. Sensitivity of CSH4 

was not reported in this study. 

3 Proline analogue sensitivities determined in this study. 

4 NG, no growth observed. 



Previous studies of E c d i  CSH4 and its derivatives have revealed the following 

relationships between the proline transporters and proline analogue sensitivity. In the 

case of wild Spe E. coli, AC and DHP may enter the bacteria via transporters PutP, ProP 

and Prou (depending on the salinity of the environment) and inhibit ce11 growth (Grothe 

et al., 1986). Wild type bacteria also express proline dehydrogenase, a product of the 

put4 locus. This enzyme detoxifies DHP when it gains entry to the ce11 through either 

PutP, ProP or Prou. Bacteria deficient in put4 therefore become more sensitive to the 

toxic effects of DHP (Wood, 1981). When grown under conditions of low osmolality, 

putP bacteria are expected to be less sensitive than the wild type to DHP and AC. The 

putA defect should restore DHP sensitivity. However, the residual sensitivity of putPAm 

proP bacteria to DHP is reduced if a proP defect is introduced. If the bacteria are grown 

under conditions of high osmolality, their sensitivity to the toxic analogues will 

dramatically increase since the activities of the ProP and Prou are enhanced. In this way, 

proPt bacteria would show a higher sensitivity on high osmolality media (due to the 

presence of ProP) than their ProP-defective counterparts. 

Both the E. coli K-12 and E. coli HU734 series of strains demonstrated sirnilar 

sensitivities to the toxic proline analogues AC and DHP. The wild type strains showed 

high sensitivity to both AC and DHP on LOM (low osmolarity medium) which increased 

substantially after growth on HOM (hi& osmolarity medium). The effects of the putPA- 

and proP lesions were observed on LOM; sensitivity to AC was diminished with the 

putPA- lesion while sensitivity to both AC and DHP was diminished as a result of the 

putPA'proP - lesion. High levels of sensitivity to AC and DHP on HOM were observed 



in al1 cases and were most likely due to the presence of a functional Prou transporter. 

These results ve- that AC is a substrate for PutP and ProP, and that DHP is more toxic 

than AC. ProP maintains constitutive activity on LOM media. However, PutP and ProP 

deficient bactena are unable to accumulate either of the toxic proline analogues on LOM. 

When subjected to HOM, ProP and Prou activity is enhanced and the uptake of toxic 

proline analogues drastically increases. Sensitivity to toxic proline analogues is not 

completely diminished in ProP deficient bacteria due to the presence of functional Prou. 

Since results showed that the E. coli K-12 and E, coli HU734 series of strains 

produced analagous results, the radial streak test was used to charactenze E. coli HU734 

and its denvative strains WG54 1 ( p u t ~ ~ ~ r o ~ ' )  and WG67 1 (putPApro P-), thereby 

substantiating the use of this test for verification of culture identity and p-. 

3.2.2. Effects of Osmolality, Betaine and Transporter Mutations on Growth 

E. coli strains HU734 and WG484 were grown, shaking, in MOPS minimal medium 

with varying NaCl supplementation (0, 0.3, 0.4, 0.6, 0.8 and 1.0 M) and their growth rates 

were rnonitored. The bacteria were grown with and without glycine betaine (+ 1 mM GB) 

(Figures 9 and IO). Despite extensive analysis of osmoreguiation in E. coli and S. 

[yphimuriurn, detailed growth analysis of this sort in E. coli has not k e n  previously 

reporied. 

When grown in unsupplemented medium (O M NaCl), HU734 and WG484 shared 

similar growth rates (0.340 * 0.004 generationslhour vs. 0.370 * 0.004 generationslhour 

respectiveiy). The salt concentrations required to decrease growîh rates of HU734 and 



Figure 9. Growth Rate of E. coli Strain HU734 (With and Without Glycine Betaine) 

and Osmolality of MOPS Minimal Medium as a Function of Salt Concentration (M). 

The growth rate of E. co[i strain HU734 in MOPS muiimal medium, with and without the 

addition of 1 mM glycine betaine (GB), is plotted as a funciion of salt concentration (M). 

OsmolaIity of MOPS minimal medium was monitored as a function of sait concentration 

(M) and a regression line is plotted to demonstrate this relationship. Osmolality of 

MOPS minimal medium containing 1M NaCl exceeded the range of the osmorneter. 

Triangles; growth rate of HU734 with GB (IrnM); squares; growth rate of HU734 

without glycine betaine; x; osmolality of MOPS minimal medium. 





Figure 10. Growth Rate of E. coli Strain WG484 (With and Without Glycine 

Betaine) and Osmolality of MOPS Minimal Medium as a Function of Salt 

Concentration (M). The growth rate of E. coli strain WG484 in MOPS minimal 

medium, with and without the addition of 1 rnM glycine betaine (GB), is ploaed as a 

b c t i o n  of salt concentration (M). Osrnolality of MOPS minimal medium was 

monitored as a function of salt concentration (M) and a regression line is ploned to 

demonstrate this relationship. Osmolality of MOPS minimal medium containing 1 M 

NaCl exceeded the range of the osmorneter. Triangles; growth rate of WG484 with GB 

(I  mM); squares; growth rate of WG484 without glycine betaine; x; osrnolality of MOPS 

minimal medium. 
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WG484 by halfwere approximately 0.2 M and 0.5 M respectively. When these strains were 

grown in the presence of the osmoprotectmt glycine betaine (1 mM), the salt tolerance of 

HU734 and WG484 was increased to approximately 0.6 M and 0.8 M respectively. Salt 

toierance is defmed as the maximum NaCl concentration at which there was 50% growth 

(optical density after 48 hours) compared to a control culture in minimal medium without 

added NaCl (Kunin et al., 1992). Therefore, the dinical isolate HU734 appeared to be more 

salt sensitive than the lab strain WG484. However, the possibility of uropathogenic E. coli 

being more salt-tolerant than strains fiom other sites of the human body has k e n  explored 

by Kunin et al. (1992). Their work with 30 1 isolates (taken fkom blood, urine and stool as 

well as 12 enteric strains) dernonstrated that there were no significant differences in salt 

tolerance by site of isolation. 

The sait concentration at which the diEerence between growth rates (with and 

without 1 mM glycine betaine) was maximal occurred at 0.4M salt supplementation for 

strain HU734. Similar betaine stimulation rates were seen with strain WG484 at O.6M salt 

supplementation. 

Titmtions of glycine betaine were perfomed at the optimal salt concentrations 

detemiined in the previous experiments (Table 12). The effect of glycine betaine 

concentration on the growth rate of E. d i  KU734 was observed in minimal medium 

supplemented with 0.4 M NaCI. Full growth stimulation of E. coli HU734 was observed at 

the lowest concentration of glycine betaine tested (25 FM). When strain WG484 was 

studied as a cornparison (in minimal medium supplemented with 0.6 M NaCI), a smaller 

range of glycine betaine concentrations was used (62.5 pM to 1 mM). Again, the iowest 



concentration of glycine betaine tested (62.5 pM) could irigger full growth stimulation of 

E. coli WG484. The effects of bansporter mutations were also obsenred (Figure 1 1 ) .  

Strain HU734 and its derivatives WG541 and WG671 were grown in minimal medium 

supplemented with 0.4 M NaCl with and without glycine betaine. Neither the putPA 

mutation (in WG54 1 and WG67 1) nor the proP mutation (in WG67 1) affected the gowth 

rate of these bacteria in the presence of glycine betaine (IrnM) when compared to strain 

HU734. 

Table 12. Growth Rate as a Function of Glycine Betaine. 

Growth E2atei (generations per hour) of E. coii strains2 

Glycine Betaine HU734 
( L m  

' Growth rate represented the mean t standard errors fiom at least three replicates. 

E-coli strains HU734 and WG484 were grown in MOPS minimal medium 

supplemented 

with 0.4 and 0.6 M NaCl respectively. 

ND, not determined. 



Figure 11. Growth Rate as a Function of Transporter Mutation. Growth rates of E. 

coli strains HU734, WG541 and WG672 grown in MOPS minimal medium 

(supplemented with 0.4 M NaCl) with or without glycine betahe (GB) were detemined 

as described in Methods section 2.3. Grey, MOPS minimal medium supplemented with 1 

mM GB; white, MOPS supplemented with 100 p M  GB; black, no GB supplementation 





3.3. The Effec& of Osmoialily, Befaine and ProP on the Expression of Ppili 

The next objective of this study was to observe pilus expression. It was known 

that P pilus expression by bactena grown under aerated conditions was poor. The 

expression of pili by strains HU734 and CFT073 in static MOPS minimal medium was 

significantly suppressed as demonstrated by hemagglutination assays, however. As a 

result, bacteria cuitivated in static LB medium and artificial urine (Minuth et al., 1976) 

were exarnined. 

Artificial urine has been employed in growth studies since the concentration of 

glycine betaine can be altered as desired (Culham er al., 1994), fold concentrations of all 

constituents may be varied and urea levels can be maintained at a constant level in an 

effort to mimic physiological conditions. This method is preferred (as opposed to 

elevating the concentration of a single constituent like sodium chloride) since it seems to 

mimic physiological variations in urine more closely. Finally, 1 mM glycine betaine can 

be added to this artificial mixture to create an end product whose contents are consistent 

with authentic urine (Chambers and Kunin, 1987; Lever et al., 1994). Authentic urine 

was not an option for these experiments since it would be impossible to maintain the 

concentration of glycine betaine in dilutions of urine. 

3.3.1. PapG fipression 

The effects of osmolality, glycine betaine supplementation and transporter 

mutation on PapG expression were observed with E. coli strain HU734 and its derivatives 

after growth in LB and artificial urine (Table 13). 





1 Values reportai in this table are the mean f standard errors of the log (minimum number 

of cells (CFU/mL) required to dernonstrate mannose resistant hemagglutination (MRHA). 

The minimum number of ceLls required to demonstrate MRKA is calculated by multiplying 

the viable count of a cell suspension by the ce1 titre (maximal dilution of a ce11 suspension 

that can demonstrate M m ) .  Data was generated fiom three separate experïments. See 

Appendices A and B for the raw data on which this table is based. 

E. c d  strain HU742 was included as a negative control for the hemagglutination assay 

(Appendices A and B). 



E coli strains HU734, WG54 1 and WG67 1 were grown in LB, LB + 0.3M NaCl 

and LB + 0.6 M NaCl. The final osmolalities of these three media corresponded to 0.4, 

1 .O and 1.6 Osm respectively. AAer 24 houn of growth, viable counts, mannose-resistant 

hernagglutination and bacterial ce11 titres (a combination of data that would reflect the 

minimum number of bacterial cells required for hemagglutination to occur) were 

deterrnined. E. coli strain HU742 was included as a negative control for the 

hernagglutination assay (Appendices A and B). These data suggest that the amount of 

pilus expression was markedly reduced under increasing osmolality as seen with 

hemagglutination titres (Table 13 and Appendices A and B). When grown in LB with 0.6 

M NaCl (1.6 Osrn), E. d i  HU734 did not demonstrate any hemagglutination. 

Hemagglutination of celIs grown in artificial urine was much weaker than for 

those grown in LB as reflected by ce11 titres (Appendix B). The effect of betaine on pilus 

expression was also observed. The data obtained (Table 13) suggests that betaines have 

little or no effect on pilus expression by E. coli HU734. For HU734 grown in both two 

fold and one fold concentrated artificial urine, glycine betaine (whether it is present or 

absent) did not seem to affect the minimum numbers of cells required for mannose- 

resistant hemagglutination. 

E. coli strains WG541 and WG67I were used as a means of studying the effect of 

ProP on PapG expression in both LB and artificial urine (Table 13). nie data for this 

experiment clearly illustrate that the minimum number of cells required for mannose- 

resistant hemagglutination does not differ among the three strains tested. This implies 



that the absence of ProP fiom strain WG671 does not alter its ability to express PapG 

when compared to the parent strain, HU734. 

3.3.2. PapA Expression 

Cnide pilus extracts were prepared fiom E. coli strains HU734, WG541 and 

WG67 1 ; each strain was grown on LB, LB +0.3M NaCl and LE3 + 0.6 M NaCl (Table 

14). These extracts were analyzed for the presence of PapA by SDS-PAGE and western 

immunoblots (Figure 12). 

With al1 three strains, two bands were observed with the apparent molecular 

weight of PapA (1 8 kD and 16 kD). SDS-PAGE analyses illustrated a relationship 

beîween PapA expression and osmolality; the arnount of PapA expressed on bacteria 

decreased with increasing osmolality. When grown on LB medium, HU734 produced 

PapA which could be visualized as two bands on an SDS-PAGE gel within the range 

expected for PapA. The lower band of the doublet lost intensity when the same strain 

was grown on LB + 0.3 M NaCl and was virtually absent when the strain was grown on 

LB + 0.6 M NaCl (Figure 12A). As osmolality increased, the amount of higher molecular 

weight proteins in the crude pilus extracts also increased. These patterns were not only 

seen in E. coli HU734, but also in E. coli strains WG54 1 and WG671 (also grown on LB 

alone, LB + 0.3 M NaCI and LB + 0.6 M NaCl) which implies that the decrease in PapA 

expression was not related to transporter expression (Figures 12A and 12B). Western 

imrnunoblot analysis of these sarne preparations were in support of the SDS-PAGE 

analysis (Figure 1 2C). 



Table 14. Cnide Extracts of E. coli Strains HU734, WG541 and WC671 Crown on LB Plates of Varying Salt Concentrations 

Culture Characteristics Characterisitics of ~ x t r a c t ~  
Strain and Equivalent Viable PapA PapA Protein 
NaCl (M) Volume of Cell 01)600  of Cells Wet Weight Count Protein per CFU 
Suvdementation suspension' (mL) Mer ~ a r v e s t ~  of Pellet (a) (CFUfmL) (x 10" un/CFU) 
HU734 

O 29 20.8 1 . 1  1.4 x 10" 7.0-14 O, 17-0.34 
0.3 29 18.4 0.9 9.2 x 10' 3,5-7.0 O. 13-0.26 
0.6 3 1 10.4 0.9 8.2 x log O O 



t Al1 strains were harvested fiom 15 LB plates and each strain was suspended with saline 

up to a total volume of approximately 30 rnL. 

2 Afkr the celis were resuspended in saline* ODsm of the cells was detennined. Ideally, 

the ce1 suspensions would have been standardized to an ODm of 15 (in order to c w  

out hemagglutination assays). However, since the lowest ODm was as low as 7.5, the 

ceIls were standardized to an ODm of 10 and hemagglutination assays were perforrned in 

order to veri@ phenotypes of the strains. The suspensions with OD~O~Y less than 10 were 

used without f'urther dilution. 

3 Al1 extracts were lyophilized and resuspended in MOPS buffer to a £inal volume of 0.14 

mL. PapA content was determined (as described in Table 7) using Figure 1 2 k  



Figure 12. SDS-PAGE and Western Immunoblot Analysis of E. coli Strains W734, 

WG511 and WG671 as a Function of Increasing Osmolality. Cnide extracts of al1 

three strains were prepared after growth on LB plates supplemented with O M, 0.3 M and 

0.6 M NaCl. Al1 nhe  sarnples were analyzed by SDS-PAGE (A and B) and Western Blot 

analysis (C). The equivalent of 4.3 mL of the saline ceIl suspension (afier the cells were 

hamested) was Ioaded in each lane for each sample in (A) with the exception that the 

equivalent of 2.1 rnL of ce11 suspension was loaded for sample WG671 grown on LB + 

0.6 M NaCI. The equivalent of 2.1 rnL of unconcentrated supernatant was loaded in each 

lane for each sample in (B) and (C). 







Chapter 4. Discussion and Conclusions 

The osmoreguiatory transporter, ProP, may contribute to the ability of 

uropathogens to s w i v e  in the hypertonic environrnent of the urinary tract. E. coli 

pyelonephntis isolate HU734 had been used in previous studies associated with infections 

of the urinary tract (Hagberg et al., 1983), and was therefore chosen for use in this study 

of P pilus expression by uropathogenic E. coli. As an added advantage to using this 

strain, mutant derivatives of 

WG67 1 (containing lesions 

this isolate, strains WG54 1 (containing a pulPA lesion) and 

in both putPA and proP), were available and enabled a 

thorough investigation of the effects of ProP, glycine betaine and osmolality cn bacterial 

growth as well as on the expression of P pili. 

Growth studies of E. coli strain HU734 and its mutant derivatives illustrated the 

effects of putPA and proP lesions on bacterial growth. Although both the clinical isolate 

W734 and the K-12 laboratory strain WG484 shared simila. growth rates in minimal 

medium (without salt supplementation), their salt tolerances differed (0.2 M and 0.5 M 

respectively) (Figures 9 and 10). In the presence of glycine betaine, however, the salt 

tolerance of both strains was raised substantially (0.6 M and 0.8 M respectively); indicating 

that the bacteria were utilizing glycine betaine as an osmoprotectant. Surpnsingly, growth 

rates of bacteria bearing putPA and proP lesions did not appear to differ significantly fiom 

each other when grown in the presence of glycine betaine (Figure 11). This observation 

suggests that E. coli HU734 can maintain itself in a hypertonic environrnent and avoid 

dehydration through the activity of the osmoregulatory transporter Prou alone. In a similar 

study with Salmonella typhirnurium, both proP and prou lesions eliminated the use of 



giycine betaine as an osmoprotectant (Dunlap and Csonka, 1985). In this study, a lesion in 

the proP locus alone was not enough to duninish osmoprotection. 

Up to a certain point, bacterial growth rates (of wild type E. coli strahs HU734 and 

WG484) were sensitive to the concentrations of glycine betaine present in the hypertonie 

growth medium (Table 12). However, once concentrations that mimic those found in the 

normal mammalian urinary tract were used, die bactena appeared to be unresponsive to the 

inceased concentration of osmoprotectant in the growth medium. Low levels of betaine (as 

low as 25 $VI) were capable of stimulating growth of bactena. The betaine titrations clearly 

demonstrate that betaine levels as low as 25 and 62.5 pM Mly stimulated the growth of 

HU734 and WG484 respectively. Interestingly, this low concentration of betaine falls 

within the range of betaine levels found in normal human urine (approximatek !CO pM) 

(Lever et al., 1991). Based on these results, one can conclude that fluctuations in U a r y  

betaine levels do not appear to affect the growth of bactena dramatically. In fact, betaine 

concentrations are unlikely to limit the use of betaines as osmoprotectants during the growth 

of E. coli in the urinary tract. 

P pilus expression was observed as a function of osmolality, glycine betaine 

supplementation and the presence or absence of ProP. SDS-PAGE and western 

immunoblot analysis were used to monitor the extent of PapA expression. A polyclonal 

anti-P pilus serum was prepared against E. cdi SK2881 pAGK2 and used (in western 

imrnunoblots) as a tool to detect the presence of PapA in cmde pilus extractS. 

Hemagglutination assays were used to monitor the extent of PapG expression by bacteria. 



E. coli strain SK2 88 1 pAGK2 contains plasmid pAGK2 which (1) contains the pap 

operon of HU734 and (2) was believed to overproduce P p z .  For these reasons, preparing 

antiserum with crude pilus extracts of SK2881 pAGK2 seemed quite reasonable. Initially, 

shaking broth was used as a growth medium for E. coli SK2881 pAGK2 (preparation A, 

Table 7). Since this strain was beiieved to overproduce P pili, it was suggested that shaking 

broth wodd (1) be easier to handle and (2) yield a s a c i e n t  amount of P pili especially 

since the st- was known for its overproduction. However, growth in aerated medium 

gave a Iow yield of P pili and an alternative was required that would yield a significant 

arnount of pilus protein. 

Previous studies descnbed the use of static cultures when preparing pilus extracts 

(Korhonen et al., 1980; Mduszynska et al., 1997). In an attempt to rnirnic these conditions, 

the second pilus extract (preparation B) was made with minimal aeration in static broth. A 

total of three litres of media was spread between eight 4-litre flasks (containing 340 ml of 

media) and one 2-litre flask (containing 245 ml of media). This ensured that the media 

had a depth of no more than 1.2 cm. The irony of this method is that although pilus 

production is more favourable in an aerobic environment, increasing the total surface area 

of the cultures exposed to the air could have a negative effect on the bacterial cells' 

ability to produce adhesins (as demonstrated by a lack of mannose-resistant 

hemagglutination) (Maluszynska et al., 1 992). 

halysis  of data fkom Table 7 showed discrepancies between the optical density and 

viable counts. While the optical density between cultures used to make preparations A and 

B appeared to diEer substantially, the viable counts seemed quite similar. One must keep in 



mind that the optical density is a .  indirect measure of cell enurneration. In fact, this method 

carmot differentiate between Living and dead ceus and readings may be affected by changes 

in thz cell's exterior. Changes in ce11 size or shape or, in this case, longer and more 

numerous pili, may affect the path of light used to determine the optical density. 

Analysis of cmde extracts prepared fiom E. coli strain SIS2881 pAGK3 revealed 

that this strain's expression of pili was limited (Table 7 and Figure 4). Quantitative analysis 

of the extracts fiom crude preparations A and B suggest that the pilus yield per C N  was 

significantly lower when cultures were grown in the presence (than in the absence) of 

glucose (0.3-1.3 x 1 O-'' vs. 15-30 x 10 ''O pg PapAlCFU respectively ) (Table 7). Likewise, 

pilus extracts fkom E. d i  strains CFT073 and HU734 demonstrated that CFT073 produced 

a better yield of PapA (an amount reflected by the two PapA bands associated with this 

strain) when compared to the yield obtained by HU734 (0.7-0.9 x 10 ''O vs. 0.3-0.6 x 10 -Io 

pg PapA/CFU respectively) (Table 10 and Figure 8). 

Thepap operon expressed by pAGK2 came fiom E. coli HU734; a strain which has 

a history of mutagenesis treatment with nitrous acid. In retrospect, the lack of pilus 

production by strain SK288 1 pAGK.2 could have been a resuit of (1) the strain's history of 

chemical mutagenesis, (2) the likelihood of SIC288 1 pAGK2 reverting to phase "off' or (3) 

the fact that HU734 does not seem to produce a substantial amount of P pili to begin with. 

Plasmid analysis confirmed the presence of an intact pAGK2 plasrnid associated with 

SK288 1 pAGK2 (Figure 6) and hemaggiutination assays hdicated the lack of P pilus 

prodution (Table 9); a combination which implies that the strain had likely switched to 

phase "off '. 



Despite the limited production of the PapA protein by E. coli SK2881 pAGK.2, 

SDS-PAGE and western immuno blot analysis demonstrated that antisenun raised against a 

pilus extract fiom that strain recognized a protein bearing the apparent molecular weight of 

the PapA protein fiom crude pilus e m c t s  of E. coli HU734 and CFT073 (Figures 7 and 8). 

E. coli sûahs HU742 and UPEC76 were used as the conesponding negative controls. The 

negative controi, E. coli HU742, seemed questionable since crude pilus preparations of this 

strain seerned to contain trace amounts of a protein with the same molecdar weight as PapA 

(even though HU742 is supposed to be pap? (Figure 7, lane 3). E. coli strain üPEC76 did 

not contain any proteins that shared the apparent molecdar weight of PapA and therefore, 

the combination of this strain and CFT073 were used as control strains for analysis of cmde 

pilus preparations. Using HU734 seemed quite logical at fïrst; especially since the strain 

had been used in the mouse mode1 for ascending Un. However, much later in our research, 

hemagglutination assays showed that this strain was a poor producer of P pili, especially 

when compared to another wild type P pilus producing strain, CFT073 (Table 10). 

According to this data, E. coli CFT073 produces at least two times more PapAKFü when 

compared to E. coli HU734 (0.70 x 1 O-'' vs. 0.3 1 x 10~" pg PapA/CFU). In addition, SDS- 

PAGE analysis of CFT073 and HU734 confirms this observation (Figure 8). 

Despite these problems, anti-P pilus antisenim was prepared and an emiched 

polyclonal senim was made and used as a tool to detect PapA subunits as a function of 

osmolality in the SDS-PAGE and Western imrnunoblot analysis of HU734 and its mutant 

derivatives. These studies confirmed that P pili were (1) better expressed in LB (rich) 

medium as opposed to &cial urine, (2) that glycine betaine supplementation did not 



appear to affect P pilus expression and (3) that osmolality , and not ProP, significantly 

dtered PapA expression (Table 13, Appendices A and B). 

Hemagglutination studies confirmed that bacteria grown on LB agar plates 

produced more PapA protein than bactena fiom broth grown cultures (Table 9). 

Hemagglutination was also s h o w  to be negatively affected with increasing osmolality as 

previously demonstrated by Kunin et al (1994). ïhese observations were confirrned 

through SDS-PAGE and Western îmrnunoblot analysis of PapA expression (Figure 12). 

Interestingly, results from these studies confhned those found in the hemagglutination 

studies; the intensity of the PapA band decreased as osmolality increased (Table 14). The 

effect of ProP on PapA production was dso  studied using strains WG541 and WG671. 

The levels of the PapA protein in pilus extracts fkom these strains grown under varying 

conditions of osmolality were similar to those observed for the wild type strain, E. cofi 

W734,  which suggests that ProP does not have a direct effect on the expression of PapA 

in hypertonie environments. 

Pilus production was observed as a function of PapG expression; measured by 

hemagglutination. Both E-coli strains HU734 and CFT073 appeared to show similar 

hemagglutination titres; however, these titres varied depending on whether or not the 

strains were grown on agar plates or in broth (Table 9). The hemagglutination titres of 

both strains decreased as osmolality increased, however, the lack of a hc t ional  ProP 

transporter did not appear to M e r  inhibit P pilus production. 

The extent of hemagglutination for cells grown in artificial urine was much 

weaker than for those grown in LB (Table 12). This is an interesting observation since 



artificial urine more closely mimics the environment encountered by bacteria in the 

mammalian urinary tract. However, using artificial urine, the effect of betaine on 

hemagglutination was observed and shown not to alter P pilus expression. 

This study confvmed that the expression of P pili is affected in environments of 

hi& osmolality as detemiined by SDS-PAGE analysis and western irnrnunoblotting 

techniques. Hemagglutination studies c o b e d  these results and suggested that glycine 

betaine does not affect P pilus expression either. Finally, lesions in the proP locus do not 

appear to alter pilus expression either which suggests that the osmoregulated transporter 

ProP is not directly involved in the production of P pili. However, one cannot nile out 

the possiblity that ProP plays an indirect role in the virulence associated with 

uropathogenic E. d i .  
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