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ABSTRACT 

Lipopolysaccharides (LPS) are an integral component of the Gram-negative bacterial 

outer membrane and play an important role in maintaining cellular integrity. L-glycero

D-mannoheptose (Hep) is a primary component of the LPS core region and appears to be 

synthesised from sedoheptulose-7-phosphate via a four-step process. In Escherichia coli, 

the final step of Hep synthesis is performed by ADP-L-glycero-D-mannoheptose-6-

epimerase, encoded by the gmhD gene. The initial aim 0 f this study was to characterise 

Hep biosynthesis in Campylobacter jejuni. An E. coli K12 isolate defective in gmhD 

provided a model with which to study Hep biosynthesis in C. jejuni, in particular the last 

step in Hep biosynthesis catalysed by the enzyme GmhD. To test whether a functional 

equivalent of this enzyme is present within Campylobacter, a C. jejuni plasmid 

expression library was introduced into the E. coli K12 gmhD strain. Restored LPS was 

assessed by measuring changes in novobiocin sensitivity and LPS profiles of the 

transformants. Partial nucleotide sequencing of the cloned C. jejuni DNA insert revealed 

an incomplete ORF that, when translated into amino acid sequence, displayed strong 

similarity to the 3' end of the GmhD protein from Helicobacter pylori, Aquifex aeolicus, 

and Haemophilus injluenzae. Transformation of the E. coli K12 gmhD mutant with a 

plasmid (PDV08) containing a 350 bp in-frame deletion of a C. jejuni gmhD allele failed 

to restore novobiocin resistance or wild-type LPS expression. Based on this evidence, 

the gene present in C. jejuni has been named gmhD. Nucleotide sequence analysis 

indicated that one other gene involved in Hep biosynthesis was likely to be present within 

this insert (gmhC). Analysis of the assembled gmhD DNA sequence from the C. jejuni 

genome project revealed an ORF of 954 nucleotides, encoding a protein of 318 amino 

acids with a calculated mass of 36.0 kDA. Amino acid sequence analysis of the C. jejuni 

GmhD protein revealed an ADP-binding site as found in the GmhD protein of E. coli, 

Salmonella typhimurium, and Neisseria gonorrhoeae. Growth of the transformants in 

minimal and nutrient-rich media revealed reduced growth; however, this might be 

insignificant. Insertion of a kanamycin resistance cassette into pDV08 followed by gene 

replacement onto the C. jejuni chromosome by homologous recombination would have 

completed the construction of a null mutation in gmhD of C. jejuni. However, due to 

time constraints this was not completed. 
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CHAPTER I 

INTRODUCTION 

1.1 GENERAL INTRODUCTION. 

Over the past two decades, Campylobaeter species, in particular C. jejuni, have emerged 

as a major cause of human gastroenteritis. It has been estimated that 1-2% of the 

population in developed countries suffer from Campylobaeter enteritis each year 

(Skirrow 1990). Based on clinical, epidemiologic, and laboratory studies, C. jejuni is 

now recognised as one of the most common causes of gastrointestinal infection in the 

United States, exceeding Salmonella species in most studies (Tauxe 1992). With a 

marked increase in Campylobaeter infections since 1990, Campylobaeter sp. are 

considered the predominant cause of acute bacterial enteritis in Northern Ireland and the 

United Kingdom (Moore et aI., 1996). 

1.2 CAMPYLOBACTER HISTORY. 

Theodore Escherich first observed Campylobaeter enteritis at the end of the nineteenth 

century. He described spiral organisms in the faeces of children with diarrhoea that could 

not be cultured on solid media. Unfortunately, Escherich's article was published in 

German, thus his work went unrecognised for many decades (Escherich 1881 cited from 

Tauxe 1992). Campylobaeter (Vibrio) fetus was first isolated in 1909. This organism 

was initially associated with abortions in sheep and cattle (Walker et aI., 1986). It was 

not until 1947 when Vinzent et ai. reported that a pregnant woman infected with C. fetus 

aborted at six months gestation that C. fetus' potential significance in human disease was 

recognised (Vinzent et ai. 1947 cited from Walker et aI., 1986). King was the first to 

recognise that Campylobaeter could be associated with enteric disease. In 1957, King 

isolated Campylobaeter from blood cultures of humans who presented with diarrhoeal 

symptoms. King observed that C.fetus could be divided into two groups depending upon 

whether the organism was thermophilic or not. According to King, the thermophilic 
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vibrios were associated with diarrhoeal disease (King 1957; Walker et at, 1986). 

However, to prove this, it was important to develop a selective medium in order to isolate 

this organism from stool samples. In 1972, C. jejuni was first isolated by Dekeyser et al. 

from human diarrhoeal stools by a filtration technique developed for veterinary diagnosis 

(Dekeyser et al., 1972). Since then, many epidemiological studies, in particular those of 

Butzler and Skirrow, Blaser et al. and Skirrow, have established C. jejuni as a common 

cause of bacterial gastroenteritis (Butzler and Skirrow 1979; Blaser et al., 1979; Skirrow 

1977). 

1.3 DESCRIPTION OF THE GENUS. 

1.3.1 Basic Morphology and Physiology. 

In 1963, a new genus in the family Spirillaceae, Campylobacter, was created. The 

generic name Campylobacter is derived from two Greek words that mean 'curved rod' 

(Skirrow 1977). Members of the genus Campylobacter are observed as curved or helical 

rods that vary in length from 0.5 to 5 f.!m and in width from 0.2 to 0.9 f.!m (Nachamkin 

1992). Campylobacter sp. are generally described as being microaerophilic because 

atmospheric levels of oxygen (21 %) are usually damaging (Ketley 1995). These 

microaerophilic organisms replicate best in an environment where the oxygen 

concentration is between 5 to 10% and the carbon dioxide concentration is between 3 to 

10% (Bolton et aI., 1983). Members of the genera Campylobacter are Gram-negative 

bacteria that do not ferment carbohydrates but use amino acids as energy sources (Mendz 

et aI., 1996). They are oxidase positive with most species catalase and nitrate positive. 

Campylobacters are motile organisms utilising a single polar flagellum at one or both 

ends of the cell. Within the genus, the most frequently isolated human pathogens are C. 

jejuni and C. coli with infrequent isolation of C. fetus, c. upsaliensis and C. lari (Skirrow 

1990; Nachamkin 1992; Ketley 1995). Members of the genus can replicate efficiently 

through a wide range oftemperatures, with 30°C to 37°C being the most ideal. However, 

C. jejuni, C. coli, C. upsaliensis and C. lari are moderately thermophilic and have an 

optimum replication temperature of 42°C (Ketley 1995). Thermal stress experienced at 

temperatures above 48°C inactivates Campylobacter cells. C. jejuni is sensitive to 
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standard concentrations of common disinfectants, desiccation, salt concentrations above 

1 % w/v sodium chloride, and pH extremes, with optimal pH at 6.5-7.5 (Hasell 1994). 

1.3.2 Viable but Non-Culturable State. 

Campylabaeter sp. often undergo a transition from spiral to coccal morphology when 

exposed to stressful conditions. This morphological transition is thought to be a survival 

adaptation to environmental pressures (Rollins and Colwell, 1986; Moran 1986). 

Reasons for this transition have been proposed and include nutrient limitation such as 

those encountered within aquatic systems and experienced during stationary phase of 

growth or atmospheric oxygen tension (Moran 1986; Griffiths 1993; Harvey et aI., 1996). 

When bacteria are exposed to such unfavourable environments, it is believed that they go 

through a phase when they become non-culturable while remaining viable and capable of 

possibly causing infection (Harvey et aI., 1996). In an animal model study, dormant 

forms were demonstrated to be infectious by feeding non-culturable suspensions to infant 

mice and the infant mice became infected (Jones et aI., 1991; Harvey et aI., 1996). 

1.3.3 Genome Sizes of Campylobaeter Species. 

Pulsed field gel electrophoresis (PFGE) of restriction endonuclease-digested bacterial 

DNA has served as a powerful technique in determining genome sizes and in 

constructing the physical maps for Campylobaeter sp. PFGE has revealed that the 

genome sizes of Campylobaeter sp. range from 1.6-1.8 megabases (Mb), and the 

approximate size of C. jejuni and C. eali genomes is 1.7 Mb (Chang 1990; Kim 1992, 

1993). Recently, the Sanger Center has completed the genome sequence for C. jejuni 

strain NCTC 11168 by using a whole genome shotgun approach (Sanger website). This 

investigation has revealed that the genome size for C. jejuni strain NCTC 11168 is 

1,641,480 bp (~1.64 Mb) in length (Sanger website). 
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In comparison to strains of E. coli, which have a GC content of 50%, Camplyobacter sp. 

are extremely AT rich with a GC content of only 30%. In addition, C. jejuni and C. coli 

genomes are only about 36% of the size of the E. coli genome (4.6 Mb) (Smith et aI., 

1987). The small genome size of Campylobaeter sp. is consistent with their small and 

fastidious nature, their inability to ferment carbohydrates and degrade complex 

substances, and their requirement for growth supplemented medium (Taylor 1992). 

Conjugative plasmids and bacteriophages have been identified in Campylobaeter sp., and 

it is quite possible that these extrachromosomal elements serve as vectors carrymg 

essential genes needed by bacteria due to their small genome (Taylor 1992). 

1.4 EPIDEMIOLOGY. 

1.4.1 General Introduction. 

Although Campylobaeter species are recognised as one of the most common causes of 

diarrhoea world-wide, the clinical and epidemiological characteristics of Campylobaeter 

infections in the developing world differ considerably from the developed world. In 

industrialised countries inflammatory disease leading to bloody diarrhoea accompanied 

by abdominal pain and fever are common symptoms of a C. jejuni infection. 

Asymptomatic carriage is infrequent, and the majority of incidence of Campylobaeter 

infection is in young adults (Taylor 1992). In developing countries, non-inflammatory 

disease presenting as watery diarrhoea is more common and occurs predominantly in 

infants (Taylor 1992; Blaser 1997). There is a higher rate of asymptomatic carriage in 

less developed countries (Blaser et aI., 1983; Blaser et aI., 1981). The epidemiological 

differences between developed and developing countries are presumed to result from 

immunity acquired by individuals due to increased exposure and high infection rates 

early in life in developing countries (Blaser 1997; Taylor et aI., 1993). 
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1.4.2 Sources of Infection. 

Extensive epidemiological studies have been conducted to determine the sources and 

routes of transmission of Campylobacter to humans. While there are numerous 

environmental Campylobacter sources, the consumption of contaminated food, in 

particular, poultry and dairy products, and contact with untreated water supplies are the 

major vehicles of infection for these organisms (Eberhart-Phillips et al., 1995; Humphrey 

1995; Brieseman 1994; Pearson et al., 1993; Rollins and Colwell, 1986). A smaller 

proportion of human cases have been associated with pets (especially kittens and 

puppies) and person to person contact (Brieseman 1990; Blaser 1983; Lacey 1993; 

Nacharnkin 1992). Other food sources such as mushrooms, papaya, watermelon and 

shellfish, have also been reported as less significant means of transmission (Doyle et al., 

1986; Castillo et al., 1994; Wilson et al., 1996). 

1.4.3 Types of Infectious Cases. 

Sporadic cases of campylobacteriosis are far more commonly reported than outbreak 

cases. It is estimated that 50 to 70% of sporadic cases of human campylobacteriosis are 

associated with eating or handling poultry (Stem 1992). Since Camplyobacter sp. are 

part of the natural flora of poultry and human consumption of poultry has doubled since 

1970, it is likely that poultry is a leading reservoir for human campylobacteriosis (Stem 

1992; Smith 1996). The likely causes of most outbreak-associated cases appear to be due 

to consumption of untreated water or raw milk (Tauxe 1992). The first and largest 

Campylobacter outbreak to be reported occurred in 1978 where approximately 3000 

people were affected by a contaminated community water supply (Vogt et al., 1982). 

Frequently with waterborne outbreaks of campylobacteriosis, the causative organism is 

not isolated from the environmental source (Vogt et aI., 1982). Failure to culture the 

organism may be due to the presence of viable but non-culturable (VNC) forms. Studies 

have demonstrated that Campylobacters produce VNC forms in water microcosms 

(Rollins and Colwell, 1986). 
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1.4.4 Incidence of Infection. 

The overall incidence of campylobacteriosis is expected to be much greater than reported. 

One significant reason for this is that physicians do not always order a diagnostic 

laboratory investigation for all patients who consult them for a diarrhoeal disease. As 

some laboratories do not specifically test for Campylabaeter sp. unless requested by a 

physician, this important source of data is unrecorded. Underreporting may also occur if 

an afflicted person does not present to a physician. In comparison to Salmanella and 

Shigella species, it is more expensive and difficult to perform cultures for Campylabaeter 

sp., and this may also contribute to underreporting ofcampylobacteriosis. 

As mentioned previously, the age distribution of the reported cases of 

campylobacteriosis differs between developed and developing countries. In developed 

countries, the age distribution is bimodal with the highest incidence peaks seen in infants 

and young children followed by young adults of age 20 to 40; whereas, in developing 

countries, campylobacteriosis is virtually limited to young children (Nacharnkin, 1992; 

Skirrow and Blaser, 1992). The incidence of Campylabaeter enteritis is seasonal with 

peaks occurring during the spring and summer months (Tauxe, 1992). 

1.4.5 Infective Dose. 

Results of several studies demonstrate that the number of organisms needed to cause 

infection and illness varies (Black et aI., 1992; Black et aI., 1988; Jones and Telford, 

1991; Steele et aI., 1978). Possible reasons for this could be that variation exists either in 

individual susceptibilty to the organism or in the relative virulence of strains, or both 

(Walker et aI., 1986). Black et al. conducted a human volunteer study which showed that 

Campylabaeter organisms can produce illness, as defined by the presence of diarrhoea or 

fever, with as few as 800 organisms (400 flagellated and 400 aflagellated C. jejuni 

organisms), the lowest dose administered (Black et aI., 1988). They observed that as the 

ingested dose of C. jejuni was raised to 108 cells, the rate of infection, as judged by 

positive stool or rectal swab cultures, increased to 100%. Another study which focussed 
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on a milk-borne outbreak estimated that as few as 500 Campylobacter organisms had 

caused infection (Jones and Telford, 1991). 

1.5 CAMPYLOBACTER DISEASES. 

1. 5.1 Symptoms and Treatment of Campylobacteriosis. 

The clinical manifestations of disease caused by C. jejuni are variable in presentation and 

severity. Symptoms associated with Campylobacter infection include diarrhoea (often 

with rectal bleeding), acute abdominal pain, fever, nausea, headache, vomiting, malaise, 

and myalgia (Stehr-Green et aI., 1991; Blaser and Reller, 1981; Blaser 1997). 

Gastroenteritis due to C. jejuni requires an incubation period of between 1 to 7 days and 

the diarrhoea spontaneously remits in immunocompetent hosts. Campylobacteriosis can 

occur as a mild illness that lasts less than 24 hours and is indistinguishable from a viral 

gastro-enteritis. Most patients, however, present with a mild acute diarrhoeal illness and 

recover with little significant medical intervention (Moore 1984). Some sufferers of 

Campylobacterenteritis can present with a severe febrile illness along with severe 

generalised and right lower quadrant abdominal pain mimicking acute appendicitis 

(Moore 1984). 

As mentioned previously, most cases of Campylobacter enteritis are of short duration and 

self-limiting, and therefore, do not require treatment. Diagnosis of infection is mainly 

based on the isolation of the organism from culture of faeces. Supportive therapy with 

oral fluid and electrolytes replacement is recommended for mild cases of infection. 

Treatment is only necessary if the symptoms are prolonged (Blaser and Reller, 1981; 

Moore 1984). It has been suggested that very early treatment with antibiotics would limit 

the severity of Campylobacter infections. However, there are difficulties in 

administering the antibiotic early for treatment because of the length of time it takes in 

culturing and isolating the infecting organism (Doyle and Jones, 1992). While C. jejuni 

is susceptible to a wide range of antimicrobial agents such as erythromycin, clindamycin, 

chloramphenicol, tetracyclin, nitrofurantoin, aminoglycosides and fluroquinolones (Wang 

et aI., 1998), most strains of C. jejuni are resistant to penicillin, cephalosporins, 
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trimethoprim, vancomycin and rifampin (Allos and Blaser, 1995). Erythromycin appears 

to be the choice of treatment for several reasons: ease of administration, high host uptake, 

organism susceptibility and the lack of toxicity to host (Blaser and Reller, 1981). 

Fluoroquinolones may also shorten the duration of symptoms caused by 

campylobacteriosis; however, bacterial resistance to this antibiotic has increased (Lacey 

1993). It appears that the use of fluoroquinolones to treat infection in chickens has 

created strains of drug-resistance Campylobaeter in humans (Blaser 1997). 

1.5.2 Extl'aintestinal Campylobaeter Diseases. 

Although Campylobaeter enteritis is the most common form of Campylobaeter infection, 

extraintestinal diseases can also develop from infections. Extraintestinal infections 

include bacteremia, urinary tract infection, meningitis, reactive arthritis, bursitis, 

peritonitis, endocarditis, septicaemia, cholecystitis, Reiter's syndrome, pancreatitis, 

erythema nodosom, abortion, skin rashes, and neonatal sepsis (Yuki et aI., 1994; Walker 

et aI., 1986; Nachamkin 1992). C. jejuni bacteremia is rare. The true incidence of 

bacteremia caused by Campylobaeter sp. is unknown due to difficulties in culturing the 

organism from blood (Lacey 1993; Nachamkin 1992; Wang et aI., 1998). A number of 

cases of C. jejuni bacteremia have been documented in immunocompromised patients 

such as those with hypogammaglobulinemia, AIDS, malignant neoplasms, recipients of 

steroid therapy and the very elderly (Wang et aI., 1998). Campylobaeter sp. have also 

been associated with neurological diseases such as meningitis, stroke, empyema, 

encephalopathy, Guillain-Barre syndrome (GBS) and Miller-Fisher syndrome (MFS) 

(Yuki et aI., 1994). These neurological conditions are the result of a Campylobaeter 

post-infection complication and occur infrequently (see below). 

GBS is the most common form of acute neuromuscular paralysis in developed countries 

(Ropper 1992; Rees et aI., 1995; Steck et aI., 1998). GBS is a disorder in which the 

body's immune system attacks part of the peripheral nervous system leading to an 

autoimmune disease. In common with other immunologically mediated diseases, GBS is 

often preceded by an infectious disease (Allos 1997; Rees et aI., 1995; Mishu and Blaser, 

1993). Approximately two-thirds of patients with GBS have a history of gastrointestinal 
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or respiratory infection 1-3 weeks prior to the onset of neuropathic symptoms (Mishu et 

aI., 1993; Mishu and Blaser, 1993; Rees et aI., 1995). Although many infectious agents 

have been associated with GBS, the most frequent antecedent event is campylobacteriosis 

(Rees et aI., 1993; Rees et aI., 1995; Mishu and Blaser, 1993; Mishu et aI., 1993; Steck et 

aI., 1998). Evidence supporting that C. jejuni is the most important trigger of GBS 

includes anecdotal reports, serologic studies, and culture data (Allos 1997). It appears 

that the risk of developing GBS may be higher after infection with C. jejuni of the HS 

serotypes 19 and 41, with C. jejuni type HS:19 being the most frequent serotype 

associated with GBS (AlIos 1997; Lang et aI., 1997). The association of GBS with 

particular serotypes of C. jejuni implies that LPS contributes to the pathology of GBS 

(Lang et aI., 1997). It has been suggested that the oligosaccharide portion of the LPS 

molecule from certain C. jejuni serotypes resembles mammalian tissue gangliosides, with 

certain C. jejuni serotypes showing an unusual distal or branched sialic acid (neuraminic 

acid) trisaccharide (Aspinall et ai. 1994a, 1994b; Yuki et aI., 1994; Salloway et aI., 1996). 

Saida et al. (1997) showed by lectin typing that all C. jejuni HS:19 isolates from patients 

with GBS in their study contained terminal beta-N-acetylglucosamine residues on their 

cell surface; where as, C. jejuni HS:19 isolates from patients with gastroenteritis did not 

(Saida et aI., 1997). It is presumed that this molecular mimicry, the sharing of epitopes 

between C. jejuni and peripheral nerves, is significant in the aetiology ofGBS. 

1.6 CAMPYLOBACTERIOSIS IN NEW ZEALAND. 

Campylobacteriosis is the most commonly notified disease in New Zealand (Withington 

and Chambers 1997). Geographical variations exist with infection being the most 

common in the Wellington, Auckland, and Canterbury areas, and least common in the 

Gisborne district (ESR, Wellington, pers. comm.; Lane and Baker, 1993). Christchurch 

has one of the highest reported incidence rates of Campylobaeter infection in an 

industrialised nation (Ikram et aI., 1994). In New Zealand, the age distribution is bimodal 

with incidence peaks at 0-4 years and 20-29 years (Lane and Baker, 1993). A seasonal 

change in the incidence of Campylobaeter enteritis with peaks occurring in the summer 

months of January and February has been noted (lkram et aI., 1994). 
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The notifications of campylobacteriosis in this country have progressively increased since 

campylobacteriosis was made a notifiable disease in 1980 (Withington and Chambers, 

1997). Infection rates in New Zealand increased from a national average of 152 cases per 

too 000 in 1992 to 238 cases per 100 000 in 1993, a 56% rise (Lane and Baker, 1993; 

Brieseman 1994) (Table 1). A dramatic increase in the number of notified cases in 1993 

led to the suggestion that New Zealand was experiencing an epidemic of 

campylobacteriosis (Lane and Baker, 1993). Several contributing factors such as an 

increase in the incidence of infection, an increase in the diagnosis or reporting of the 

disease, or changes in laboratory techniques used to isolate and identify the pathogen 

might have been responsible for the observed increases. McNicholas et aI., (1995) 

investigated whether New Zealand's recent increase in campylobacteriosis could have 

been attributed to changing procedures in microbiology laboratories. However, their 

study concluded that changes in laboratory methodologies over the previous 5 year period 

did not appear to account for the recent increase in campylobacteriosis notifications 

(McNicholas et aI., 1995). This provided evidence that a real increase, at least in the 

referrals of Campy/obaeter positive specimens, had occurred in New Zealand. 

The financial impact inflicted by such a high incidence in New Zealand is considerable. 

Withington and Chambers (1997) estimated the costs of campylobacteriosis in the 

Canterbury region for 1995 at $582,194, 58% of which was due to time off work. The 

cost to the nation per notified case is approximately $596, with an overall national cost in 

1995 of$4.48 million (Withington and Chambers, 1997). Based on the estimate cost for 

each case of campylobacteriosis notified in 1995, the national cost in 1998 would be 

estimated at $6.9 million. However, this is likely to be an underestimate as many cases 

of Campy/obaeter infection are unreported. 
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1980 270 8.5 

1981 442 13.9 

1982 769 24.2 

1983 1251 39.4 

1984 1915 57.9 

1985 2390 72.3 

1986 2786 84.2 

1987 2921 88.3 

1988 2796 84.5 

1989 4187 124.1 

1990 3850 114.1 

1991 4148 122.9 

1992 5144 152.5 

1993 8101 240.1 

1994 7714 213.2 

1995 7442 205.7 

1996 7628 210.8 

1997 8848 244.5 

1998 11578 320.0 

Table 1.1 Notifications ofCampylobacteriosis in New Zealand. 
a The number of cases of campylobacteriosis reported. 
b The infection rate is per 100,000 population. 
(Adapted from ESR, Wellington, pers. comm) 

II 
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1.7 VIRULENCE DETERMINANTS. 

In order for a pathogenic bacterium to cause disease, it must be able to adhere to a 

susceptible host, invade and damage host cells, replicate and transmit progeny to a new 

host, and avoid destruction by the host's immune system. Although the molecular basis 

of Campylobacter virulence and the nature of the bacterial interactions with the host 

during the progress of infection are poorly understood, it appears that specific structures 

associated with the surface of the pathogen are critical in adherence and avoidance 

(Walker et aI., 1986; Ketley 1995). The various virulence determinants that have been 

implicated or proven to playa role in the causation of gastroenteritis and extraintestinal 

diseases by Campylobacter sp. are discussed below. 

1. 7.1 Flagella. 

Campylobacter sp. enter the host intestine by ingestion of contaminated liquids or solid 

food. In order for Campylobacter sp. to cause disease, the pathogen must be able to 

survive destruction by gastric acid in the stomach, which serves as an effective barrier 

against infection, and proceed to colonise the human intestinal mucosa. A number of 

studies have suggested that the flagella is an important virulence factor in this process. 

Ferrero et ai. (1988) demonstrated that C. jejuni, unlike E. coli, Salmonella enteritidis or 

Vibrio cholerae, retains its motility in highly viscous solutions. The rapid motility and 

spiral morphology provide Campylobacters with a preferential ability to penetrate and 

colonise the thick viscous mucus barrier of intestinal cells (Szymanski et aI., 1995, Lee et 

aI., 1986). 

The Campylobacter flagellar protein is highly immunogenic and is the predominant 

protein antigen of the Campylobacter cell. Phase and antigenic variations in flagella 

expression occur in Campylobacter species (Moens and Vanderleyden, 1996). Phase 

variation represents the ability to express either motile (flagellated) or non-motile 

(aflagellated) phenotypes (Caldwell et aI., 1985); whereas, antigenic variation refers to 

the ability to synthesise alternate flagellar subunits that differ in molecular weight and 

antigenicity (Harris et aI., 1987). 
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Although it is well established that Campylobaeter flagella is involved in the infection 

process, the precise role that flagella plays in bacterial pathogenesis is unclear. Some 

investigators have suggested that the flagellum may have a role as an adhesin to intestinal 

epithelial cells (McSweegan and Walker, 1986). McSweegan and Walker (1986) claimed 

that non-flagellated C. jejuni does not adhere to human epithelial cells (INT 407) as 

efficiently as flagellated bacteria. Other studies by a number of investigators have 

strongly suggested that flagella are not involved in cell adherence in Campylobaeter sp. 

but that flagella and/or motility is necessary for the intemalisation of C. jejuni (Black et 

aI., 1988; Nachamkin et aI., 1993; Grant et aI., 1993; Ketley 1995). Black et al (1988) 

conducted a study in which human volunteers were inoculated with a mixture of both 

motile (flagellated) and non-motile (aflagellated) C. jejuni cells. Only motile cells were 

recovered from the faeces of these volunteers suggesting that motility is essential for 

intestinal colonisation. Nachamkin et ai. (1993) further confirmed the importance of 

motility by showing that flagellated C. jejuni cells were able to colonise the cecum of 

three-day old chicks whereas mutants lacking flagella or mutants with altered flagella 

were unable to colonise (Nachamkin et aI., 1993; Smith 1996). To determine the role of 

C. jejuni flagella, Grant et ai. (1993) constructed flagellated, non-motile and non

flagellated, non-motile mutants of C. jejuni by in vivo homologous recombination and 

gene replacement techniques. In vitro cell assays for adherence and penetration of 

cultured cells of human intestinal epithelial origin (INT 407) were utilised. They 

observed that both mutants, flagellated and non-flagellated, were able to adhere to INT 

407 cells but were unable to enter the epithelial cells. Grant et ai. (1993) refuted the 

possibility that flagella is an essential adhesin by fmding that non-flagellated C. jejuni 

adheres to INT 407 cells as well as wild-type flagellated C. jejuni (Grant et aI., 1993). 

1. 7.2 Toxins of Campylobaeter. 

Campylobaeters are now recognised as important bacterial enteropathogens that induce 

human diarrhoeal disease. One possible explanation for the characteristic intestinal 

damage and diarrhoea is the production of toxins by Campylobaeter (Smith 1996; Walker 

et aI., 1986). Campylobaeter sp. have been reported to produce both cytotonic and 

cytotoxic toxins. Cytotonic toxins exert their effects by disturbing the normal ion and 
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water transport in enterocytes resulting in an efflux of fluid and electrolytes into the gut 

(Polotsky et aI., 1994; Smith 1996.) These cytotonic toxins are probably directly 

associated with the mechanisms for inducing diarrhoea. Some strains of C. jejuni have 

been reported to produce a heat-labile cytotonic toxin which is similar to V. eholerae 

cholera toxin and E. eoli heat-labile toxin (Walker et aI., 1986). Several cytotoxins such 

as a shiga-like toxin, a cytolethal distending toxin, a cholera-like toxin and a haemolysin 

are produced by some Campylobaeter (Wallis 1994, Walker et aI., 1986). The precise 

role of cytotoxins as a virulence determinant in diarrhoeal disease remains unknown 

(Smith 1996). 

1.7.3 LPS. 

Lipopolysaccharide (LPS) molecules are important factors in enhancing the virulence of 

infectious bacteria. Several aspects of the pathogenic process such as serum resistance, 

cell toxicity and resistance to phagocytic killing are attributable to LPS. The LPS of C. 

jejuni is biologically active and endotoxic and has recently been implicated as an adhesin 

mediating attachment of the bacterium to epithelial cells (Moran et aI., 1991; McSweegan 

and Walker, 1986, detailed further below). Interest in C. jejuni LPS has focussed for the 

most part on their use as markers for differentiating between isolates of C. jejuni in 

epidemiological studies (Mills et aI., 1992). However, since LPS has been shown to be a 

virulence determinant in other Gram-negative pathogens, it would seem appropriate to 

investigate whether LPS has a similar role in C. jejuni. Advances in our knowledge of 

the structure, function and genetics of C. jejuni LPS and the construction of isogenic 

mutants will increase our understanding of the role of C. jejuni LPS in virulence. 
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1.8 OVERVIEW OF LIPOPOLYSACCHARIDES. 

1.B.1 Gram-Negative Cell Wall. 

With the major exception of mycoplasmas, most bacteria produce cell walls. 

Peptidoglycan, a unique heteropolymer composed of N-acetyl glucosamine and N-acetyl 

muramic acid, is the primary constituent of the cell wall of both Gram-positive and 

Gram-negative bacteria (Figure 1.1). Peptidogylcan is responsible for the mechanical 

rigidity of the cell wall (Nikaido and Vaara, 1985; Jacques 1996). In comparison to 

Gram-positive bacteria, the cell wall of Gram-negative bacteria is much thinner being 

comprised of only 20% peptidoglycan. However, all Gram-negative bacteria contain 

external to the peptidoglycan an additional membrane, the outer membrane. Intensive 

research has been conducted on the bacterial outer membrane due to its large role in the 

virulence of Gram-negative bacteria. Components of the outer membrane include 

phospholipids, LPS, and proteins including the major OMPs (e.g., OmpA), 

transmembrane porins (e.g., OmpF), murein lipoproteins and enzymes such as 

phospholipase A and proteases. In addition, some members of the family 

Enterobacteriaceae contain a unique polysaccharide, enterobacterial common antigen 

(ECA), in its outer membrane (Nikaido and Vaara, 1985). 

The outer membrane of Gram-negative bacteria has several functional properties. The 

outer membrane protects Gram-negative bacteria from certain environmental and host

parasite interactions (e.g., phage attack). This lipid bilayer plays an important role in 

bacterial physiology by providing resistance against host defence factors such as B-Iysin, 

lysozyme and various leukocyte proteins. The outer membrane acts as strong 

permeability barrier to many antibiotics providing Gram-negative bacteria resistance 

against highly toxic hydrophobic antibiotics (Rietschel and Brade, 1992). Bacteria that 

live in the intestinal tracts of animals are challenged by the detergent action of bile salts 

and the degradation by digestive enzymes; however, the outer membrane serves as a very 

effective barrier and protects the bacterial cells from these deleterious substances 

(Nikaido and Vaara, 1985). The asymmetric distribution of phospholipids and LPS 

across the outer membrane has been implicated in providing this barrier effect (Fralick et 

aI., 1994; Parker et aI., 1992). Hydrophilic surfaces conferred by the outer membrane are 
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also essential in evading phagocytosis, complement resistance, and the ability to avoid a 

specific immune attack by altering the surface antigen constitution (Nikaido and Vaara, 

1985). Many of the functional properties of the outer membrane can be associated with 

the LPS. 

Figure 1.1. Schematic molecular representation of the envelope of Escltericltia coli. 
Ovals and rectangles represent sugar residues; circle represent the polar head groups of 
glycerophospholipids. MDO are membrane-derived oligosaccarides and KDO is 3-deoxy-D
manno-octulosonic acid (Adapted from Raetz 1993). 

1.8.2 LPS. 

LPS is a complex heterogeneous molecule that functions both as an integral component 

of the outer membrane and as an important determinant in the interaction of the organism 

with its environment (Roncero and Casadaban, 1992; Austin et aI., 1990). LPS is 

composed of three well-defined regions: a hydrophobic lipid A region that is anchored to 

the outer membrane, a distal hydrophilic 0 antigen that protrudes into the medium, and a 

non-repeating core oligosaccharide region that connects the lipid A to the 0 antigen 

(Hitchcock et aI., 1986; Reeves et aI., 1996; Raetz 1993) (Figure 1.2). The molecular 

weight of individual LPS molecules can vary from 3,000-54,000 Da depending upon the 
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number of O-antigen repeating saccharide units per core. The LPS of some bacterial 

species such as Haemophilus influenza, Bordetella pertussis, Neisseria meningitidis and 

Neisseria gonorrhoeae and some strains of C. jejuni and C. coli lack the 0 specific 

antigenic po lysaccharide. These bacteria differ from bacteria that contain O-antigen in 

two ways: (1) the edges of the bacterial colonies are irregular and rough, and (2) the 

carbohydrate portion attached to the lipid A consists of approximately 10 

monosaccharides. Because of these differences, bacteria lacking the O-antigen are 

denoted as rough LPS and referred to as lipooligosaccharides (LOS) (Hitchcock et aI., 

1986; Hancock et aI., 1994; Preston et aI., 1996). 
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Figure 1.2. LPS of S. enterica LTI (sv Typhimurium) showing the three regions of LPS. 
GleN, Glucosamine; GlcNAc, N-acetyl glucosamine; KDO, 3-deoxy-D-manno-octulosonic acid; 
Hep, L-glycero-D-mannoheptose;Glc, D-Glucose; Gal, D-Galactose; Rha; L-Rhamnose; Man, 
D-Mannose; Abe, Abequose; Rl,2,3,4, R-3-hydroxymyristic acid; M, myristic acid; L, lauric acid. 
(Adapted from Reeves 1994). 
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1.8.3 Heterogeneity of LPS. 

In order to survive host immune defenses, some microrganisms need to generate and 

maintain cell surface diversity. The diversity of the LPS at the species and subspecies 

level may be involved in survival of the pathogenic organism (Schnaitman and Klena, 

1993). In N gonorrhoeae, it has been observed that each strain can produce an 

assortment of lipooligosaccharides (LOS) that vary in structure at different times 

(Schneider et aI., 1984; Kerwood et aI., 1992). Aspinall et aI. (1992a) demonstrated that 

some strains of C. jejuni (HS:23 and HS:36) produce both, high-Mr LPS (core LPS with 

O-antigen) and low-Mr LPS (core LPS lacking O-antigen). The biosynthesis of a variety 

ofLPS by the same strain can contribute in mediating a microorganism's ability to evade 

the immune defenses of the host. 

Bacteria may avoid the host immune response by shifting their antigenic profile. Mills et 

aI. (1992) reported a shift in the LPS antigenic composition of C. jejuni within one host. 

The diversity of carbohydrate sequences in the O-antigen is one example of this variation 

(Mills et aI., 1992). One way the host's immune system recognises the bacterial 

organism is through the O-antigen. The host defenses will often raise antibodies against 

these foreign antigens leading to destruction of the antigen-bound invaders by scavenger 

cells called macrophages and by special blood protein components called complement. It 

is believed that variation in the composition of the O-antigen within a strain may be a 

means by which bacterial O-antigen protects the organism against host immune defenses 

such as complement and other serum components. Future possibilities include the 

development of O-antigen specific vaccines which could be used to deliver immunity to 

Gram-negative bacteria infections. 
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1.8.4 LPS and Virulence. 

1.8.4.1 LPS as an Endotoxin. 

LPS, an important virulence factor in Gram-negative infections, is often referred to as an 

endotoxin. The term, endotoxin, was introduced in the late 1800s to denote the toxic 

principle of Gram-negative bacteria (Raetz 1990; Hitchcock et al., 1986). Purified LPS 

obtained from bacteria were shown to induce toxic effects (Westphal 1984 cited from 

Kastowsky et al., 1992). Endotoxins elicit diverse biological responses both in vitro and 

in vivo. Exposure to endotoxins in humans or other mammals can result in disease 

symptoms ranging from chills and fever to irreversible shock and death (Rietschel and 

Brade, 1992). Even though it was established 100 years ago that the cell-associated 

toxins consisted of carbohydrates and lipids (LPS), it was only in 1983 that the lipid A 

moiety was shown to elicit the biological activities reported for bacterial endotoxins 

(Raetz 1990; Raetz 1993; Hitchcock et al., 1986). 

1.8.4.2 LPS as an Adhesin. 

Although many diverse biological activities have been linked to LPS, its role in 

adherence to host cells has only been recently recognised. Several studies have shown 

that bacterial LPS may also act as adhesins in various microorganisms (Jacques 1996; 

McSweegan and Walker, 1986). McSweegan and Walker (1986) detailed the role ofLPS 

as an adhesin by showing that extracted LPS from C. jejuni specifically binds to INT 407 

cells, where as periodate oxidation of the LPS reduces the binding of the LPS. 

Glutaraldehyde treatment ofINT 407 cells also prevented binding ofLPS to the host cell 

suggesting a protein on the epithelial cell surface specifically recognises the 

Campylobaeter LPS. This concept of receptors on the membrane of mammalian cells is 

growing in support. Any of the three regions of the LPS, lipid A, core oligosaccharide 

and O-polysaccharide, may be involved in mediating the specific binding of LPS to the 

cellular membrane (Jacques 1996). 
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1.9 OVERVIEW OF LPS STRUCTURES. 

1.9.1 Lipid A. 

Lipid A is a hydrophobic glycolipid whose basic structure appears to be highly conserved 

(Osborn 1979; Reeves 1994). In comparison to eubacterial phospholipids, lipid A is 

unusual in that it contains no glycerol molecules. Instead, the backbone of this lipid is a 

P(1-6)-linked disaccharide of two N-acetylglucosamine (GlcNAc) residues with R-3-

hydroxymyristoyl substitutions at positions 2, 3, 2' and 3' and phosphate substitutions at 

positions 1 and 4' (Raetz 1990; Anderson and Raetz, 1987). Two 3-deoxy-D-manno

octulosonic acid (KDO) residues are attached to the non-reducing end of lipid A at 

position 6' of the non-repeating GlcNAc through an a glycosidic linkage (Raetz 1990; 

Anderson and Raetz, 1987). 

Lipid A possesses most of the biological activities and toxic properties of LPS, and the 

lipid A moiety is essential for growth and survival of a Gram-negative cell. Because 

these properties reside mainly in lipid A, its biosynthesis is an attractive target for the 

design of novel antibacterial agents (Raetz 1990). In addition, lipid A and its precursors 

are responsible for the activation of macrophages which results in the rapid synthesis of 

tumour necrosis factor (TNF), interleukin I (IL I) and other proteins (Beutler and Cerami, 

1988; Raetz 1990). Since TNF secretion has been linked with the induction of septic 

shock, pharmacological suppression oflipid A induced TNF synthesis could promise new 

therapeutic approaches for septic shock (Raetz 1990). This has been demonstrated in an 

animal study. Flach and Schade (1997) showed that early endotoxin-tolerance in mice is 

associated with mouse peritoneal macrophages that produce activity against the synthesis 

ofTNF. The transfer of macro phages isolated from endotoxin-tolerant mice into normal 

mice protected the normal mice against endotoxic shock (Flach and Schade, 1997). 
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1.9.2 Oligosaccharide Core. 

The oligosaccharide core bridges the space between lipid A and O-antigen and is 

functionally divided into an inner and an outer core, with the outer core being more 

variable. The structure of the core oligosaccharide is conserved among Gram-negative 

bacteria (Raetz 1990), particularly the inner core region which shows common sugars and 

glycosidic linkages across a wide spectrum of organisms (Rietschel and Brade, 1992). 

The oligosaccharide is composed of approximately 10 monosaccharides which include 

KDO and L-glycero-D-manno-heptose (Hep) in the inner part of the core and hexoses 

(i.e. glucose and galactose) and N-acetylglucosamine in the outer part of the core. These 

core constituents are added sequentially by unique glycosyl transferases as nucleotide 

sugar precursors. 

As mentioned earlier, one of the functions of the outer membrane is that it acts as a 

permeability barrier to hydrophobic antibiotics. It appears that the inner core region is 

essential for the permeation properties of the bacterial outer membrane (Nikaido and 

Vaara, 1985). Mutants defective in inner core synthesis or assembly demonstrate a 

disrupted barrier function as judged by their deep rough phenotype (eg. sensitivity to 

hydrophobic compounds). Mutants defective in outer core assembly do not exhibit the 

deep rough phenotype but are unable to add distal sugars or O-polysaccharide to the LPS 

molecule (Makela and Stocker, 1984). The core region is also involved in 

immunomodulation and in mediating binding of activated T lymphocytes (Nikaido 1996; 

Moran 1997). However, the role of the core in pathogenesis is poorly understood. Some 

evidence suggests that the core may mediate the biological activities of lipid A by 

regulating selective interaction with proteins in serum and by binding to sites on host cell 

membranes (Nnalue 1998). 

In most Gram-negative bacteria, the core oligosaccharide is attached to lipid A by an a(2-

6)-linked KDO dimer, to which a third KDO may be linked. Research has focussed on 

the KDO biosynthetic pathway to design antibacterial agents effective against Gram

negative bacteria. The KDO sugar mo lecule is an attractive and promising target for 

several reasons. First, the biosynthetic pathway for KDO is for the most part well 

characterised. KDO is an important part of the LPS, and KDO mutants appear to be 
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lethal and have only been isolated as temperature sensitive mutants (Hammond et aI., 

1987; Reeves 1994). Up to the present time, KDO has not been located in mammalian 

cells (Hammond et aI., 1987). In addition, KDO is an essential prerequisite for the 

secondary acylation of lipid A, incorporation of the core and the O-side sugar chains, and 

the translocation of the LPS to the outer membrane (Osborn 1979; Hammond et aI., 

1987). The enzyme 3-deoxy-manno-octulosonate cytidylytransferase (CMP-KDO 

synthetase) encoded by the gene kdsB activates KDO for incorporation into LPS 

(Goldman et aI., 1987; Hammond et aI., 1987). Two synthetic antibacterial agents have 

been designed to target the CMP-KDO synthetase. These compounds have been reported 

to cease LPS synthesis and cause accumulation of lipid A precursors which results in 

growth stasis and disruption of the outer membrane structure and function and leads to 

cell death (Goldman et aI., 1987; Hammond et aI., 1987). 

1.9.3 O-Antigen. 

The outermost domain of LPS, the O-antigen, is a variable chain length polysaccharide 

that extends from the cell surface and is composed of repeating units of one to seven 

sugars (Hitchcock et aI., 1986). The repetitive O-antigen chains of the enteric LPS confer 

hydrophilic surfaces to Gram-negative bacteria (Preston et aI., 1996). The O-antigen side 

chains are also heterogeneous in length and are by far the most variable part of the LPS. 

The O-antigen has been found to vary not only between species but also between various 

isolates ofa species (Rietschel and Brade, 1992; Reeves 1994; Reeves et aI., 1996). 

1.10 ASSEMBLY OF LPS COMPONENTS AND EXPORT. 

LPS is synthesised as two separate components, lipid A/core and O-antigen. Lipid 

A/core and O-antigen are formed by independent assembly pathways (Heinrichs et aI., 

1998; Whitfield et aI., 1997; Schnaitman and Klena, 1993). The lipid A and the core 

region are synthesised as one unit by a series of reactions that sequentially add 

intermediates to form the lipid A/core unit. O-antigen synthesis occurs independently 

with each O-unit assembled on a lipid carrier. Completed lipid A/core molecules and 0-
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antigen are separately translocated to the periplasmic side of the cytoplasmic membrane. 

It is speculated that the ligation of the lipid Alcore molecule to an O-antigen occurs at the 

periplasmic side of the cytoplasmic membrane and the complete LPS molecule is 

subsequently transferred to the outer membrane. However, the mechanism involved with 

the ligation reaction remains elusive. The waaL gene product is the only enzyme known 

to be required for ligation of lipid AI core to O-antigen (Heinrichs et aI., 1998; Whitfield 

et aI., 1997). 

1.11 LIPOPOLYSACCHARIDE OF C. jejuni. 

1.11.1 Overview of C. jejuni LPS. 

The LPS molecules of C. jejuni are biologically active and have been shown to have 

endotoxic properties (Branquinho et aI., 1983 and Naess et aI., 1984 cited from Moran et 

at, 1991). Most C. jejuni strains (2/3) express a variant of the LPS molecule, the 

lipooligosacccharide (LOS) molecule, which lacks the O-antigen polymer, and are often 

referred to as the low-molecular-weight (low Mr) LPS. However, some strains of C. 

jejuni (1/3) also express lipopolysaccharides (LPS) with O-antigen polysaccharide 

repeats and are known as the high-molecular-weight LPS (high Mr) (preston and Penner, 

1987; Fry et at, 1998; Aspinall et at, 1992b, 1993b; Mills et at, 1992). 

Detailed compositional analysis on the C. jejuni lipid Alcore region showed the presence 

of common constituents such as D-glucose, D-galactose, Hep, KDO, glucosamine, 

galactosamine, phosphate, glucosamine-phosphate, phosphoethanolamine, ethanolamine, 

and fatty acids (Conrad and Galanos, 1990; Moran et at, 1991). The major fatty acids 

identified were 3-hydroxytetradecanoic, hexadecanoic acids, and tetradecanoic acid 

(Moran et aI., 1991). In comparison to other bacteria, C. jejuni isolates have been shown 

to have more structural and compositional variation in the lipid A and core region (Moran 

1995). 

The biosynthetic pathway and the enzymes required for LPS synthesis in C. jejuni have 

not yet been fully characterised, and this has hindered progress in determining the role of 
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C. jejuni LPS in the pathogenic process. By understanding the LPS genetics for C. jejuni, 

specific mutants can be created to discern the role ofLPS as a pathogenic determinant. 

1.11.2 LipidA. 

The overall architecture of the lipid A moiety of C. jejuni LPS conforms with the 

structural principle of lipid A found in other bacterial species. However, unlike the lipid 

A component of other Gram-negative bacteria such as E. coli and Salmonella sp., Moran 

has reported that three types of lipid A are present in at least one strain (NCTCI1168) of 

C. jejuni: 1. a J3(1-6)-linked GlcN3N-GlcN disaccharide, 2. a J3(1-6)-linked GlcN3N

GlcN3N disaccharide and 3. a J3(1-6)-linked GlcN-GlcN disaccharide (Moran 1995). The 

hybrid backbone composed of J3(1-6)-linked disaccharide containing 2,3-diamino-2,3-

dideoxy-D-glucose (GlcN3N) and D-glucosamine (GlcN) is the major molecular species 

(Moran et aI., 1991; Moran 1997). The variation in the backbone composition and the 

presence of a high proportion of longer chain fatty acids in the lipid A molecule of C. 

jejuni may be responsible for the lower biological and endotoxic activities of C. jejuni in 

comparison to Salmonella LPS (Moran 1995). 

The first step in lipid A biosynthesis involves the transfer of R-3-hydroxymyristic acid 

from an acyl carrier protein to the 3'-hydroxyl group ofUDP-GlcNAc (an intermediate in 

lipid A and peptidoglycan synthesis) by UDP-N-acetylglucosamine acyltransferase. 

UDP-N-acetylglucosamine acyltransferase is encoded by the IpxA gene, which has been 

cloned and characterised in C. jejuni (lbbitt, 1997). It appears that the gene order in C. 

jejuni isJabZ-lpxA, the same as that in E. coli. However, in E. coli there is a gene, IpxB, 

downstream of IpxA. This is not the case in C. jejuni. 

1.11.3 Oligosaccharide Core. 

As mentioned before, the LPS core for most bacteria is highly conserved within a genus. 

However, after analysing the sugar composition and the oligosaccharide core structure 

from several C. jejuni strains (HS:I, HS:2, HS:3, HS:4, HS:IO, HS:19, HS:23, and 
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HS:36), it is apparent that the core structure in C. jejuni is highly variable (Aspinall et aI., 

1992a, 1993a, 1993b, 1994b, 1994c, 1995; Salloway et aI., 1996; Fry et aI., 1998) (Figure 

1.3). Variability has also been reported in Neisseria and Haemophilus core 

oligosaccharides, but not to the same extent that it has been observed in C. jejuni (Fry et 

aI., 1998). Variations in the structure can result from the sequence of the sugars, linkage 

types, anomeric configuration and degree of phosphorylation. However, the 

carbohydrate composition is not very different between strains. As in the core regions of 

enterobacterial LPS, KDO, Hep, D-glucose, D-galactose, N-acetyl-D-galactosamine and 

N-acetyl-D-glucosamine were present and were common constituents of all C. jejuni 

serotypes investigated to date. Also, common to all of the C. jejuni strains, is the inner 

core trisaccharide L,D-Hep-a(I,3)-L,D-Hep-a(1-5)-KDO. It appears that sufficient 

variations in the composition and structure of the oligosaccharide core are accountable 

for serotypic differences (Mills et aI., 1992). 

Figure 1.3. Known structures of core molecules and O-antigen-like polysaccbarides from 
C. jejuni strains. 0: 1 (Aspinall et aI., 1993b); 0:2 (Aspinall et aI., 1993a); 0:3 (Aspinall et aI., 
1995); 0:4 (Aspinall et al., 1993b); 0:10 (Salloway et aI., 1996); 0:19 (Aspinall et aI., 1994b, 
c); 0:23 and 0:36 (Aspinall et aI., 1992a, 1993b). The serotpyes are shown. 'n' indicates that the 
oligosaccharide is repeated, forming an O-antigen like polysaccharide. 'P' represents a phosphate 
group. (Adapted from Fry et al. 1998). 
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An unexpected finding was the discovery ofN-acetylneuraminic (sialic) acid (Neu5Ac), 

which is an acidic carbohydrate related to KDO, and 3-amino-3,6-dideoxy-D-glucose 

(Qui3N) as branch or chain derivatives in the outer core region of some C. jejuni LPS 

(Moran et aI., 1991). The presence of Neu5Ac is surprising since it is rarely found in 

procaryotes, but when Neu5Ac is detected in bacteria, it usually occurs as a component of 

capsular polysaccharide (Moran et aI., 1991; Fryet aI., 1998). Neu5Ac residues in C. 

jejuni LPS attached by J3-2,3 linkages to D-Gal resemble gangliosides on human neuronal 

cells. Molecular mimicry of gangliosides confers on the capsular polysaccharide low or 

no immunogenicity and could also contribute to serum resistance (Moran et aI., 1991; Fry 

et aI., 1998; Moran 1997). In Neisseria and Haemophilus sp., sialylation of LPS plays a 

role in pathogenicity by enhancing serum resistance; however, such a role in 

Campylobaeter pathogenicity has not yet been determined (Fry et aI., 1998). 

1.11.4 O-Antigen. 

The O-antigen repeats of C. jejuni serotypes HS:3, HS:19, HS:23 and HS:36 have been 

studied (Aspinall et aI., 1992a, 1994b, 1995; Fry et aI., 1998). Detailed structural 

analysis has revealed that common to each of the 0- antigen chains is a trisaccharide 

repeating unit in which two of the three sugar residues (N-acetyl-glucosamine and 

galactose) are always the same. However, the third sugar residue is one of four similarly 

linked and stereo chemically related heptose sugars (6-deoxy-D-altro-heptose, D-glycero

D-altro-heptose, 6-deoxy-3-0-methy 1-D-altro-heptose, and 3 -O-methyl-D-glyeero-D

altro-heptose) (Fry et aI., 1998; Mills et aI., 1992). The position of the core 

oligosaccharide to which the O-antigen is attached is suggested to be the Hep-KDO 

region of the inner core and not the distal end of the oligosaccharide core (i.e. Salmonella 

sp.), thus making the heptose region even more interesting to examine in C. jejuni 

(Aspinall 1994c). 
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1.12 HEPTOSE BIOSYNTHESIS. 

In this next section, the key features of the biochemistry and genetics of heptose 

biosynthesis will be reviewed using E. coli and S. typhimurium as examples. When 

necessary, features of the heptose biosynthesis in other organisms will be described. The 

properties associated with the deep rough phenotype of heptose deficient mutants will 

also be discussed. 

1.12.1 Overview of Structure. 

L-glycero-D-mannoheptose represents the most common form of heptose incorporated 

into LPS of Gram-negative bacteria under normal conditions, and is a specific and major 

constituent of the inner core region The first ADP-Rep is attached to a KDO molecule 

through an a (1-5) glycosidic linkage while a second ADP-Rep is attached to Rep I 

through an a(1-3) glycosidic linkage (Figure 1.4). The third ADP-Rep , if present, is 

attached to Rep II via an a glycosidic linkage at position 7 of Rep II. The 

oligosaccharide core extensions, consisting of the outer core and the O-antigen, is 

attached to Rep II in Salmonella sp. (Reeves 1994). Unlike Salmonella sp. in which the 

O-antigen is attached to the distal end of the outer core oligosaccharide, in C. jejuni, the 

O-antigen is attached directly to RepII. Thus, the heptose molecule is paramount to the 

structural integrity ofLPS. 
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Figure 1.4. Proposed stereochemistry of the inner core LPS of E. coli and S. typhimurium. The 
alpha, 1-5 bond between the innennost heptose (residue I) and KDO is formed by heptosyltransferase I 
(ifaC (waaC) protein). The alpha 1-3 bond between the second heptose (residue II) and the innennost 
heptose is formed by heptosyltransferase II (ifaF (waaF) protein). The alpha 1-7 bond between the third 
heptose (residue III), if present, and the second heptose is formed by heptosyltransferase III (ifaQ (waaQ) 
protein. Possible partial substitutions are represented by dashes. The outer core is attached through a 
glucose residue to heptose (residue II). (Adapted from Sirisena et al. 1994; Raetz 1990). 

1.12.2 Overview of Biosynthesis. 

Bidels and Osborn (1971) fIrst demonstrated that sedoheptulose-7-phosphate is an 

obligatory precursor of the ADP-Hep units of the LPS of S. typhimurium. This evidence 

was obtained by isolating and characterising transketolase- (TK) mutants, mutants that 

are deficient in the synthesis of sedoheptulose-7-phosphate, a product of the pentose 

phosphate pathway. TK mutants were found to produce an incomplete heptose-deficient 

LPS, and were also sensitive to bile salts, a characteristic property of heptose-deficient 

mutants (Bidels and Osborn, 1971). Further, Bidels and Osborn proposed a pathway for 

the synthesis of ADP-Hep from sedoheptulose-7-phosphate via four enzymatic steps 

involving an isomerase, a mutase, a synthase and an epimerase (Figure 1.5). The first 

step of the pathway is the conversion of sedoheptulose-7-phosphate to D-glycero-D

mannoheptose-7 -phosphate by phosphoheptose isomerase. D-glycero-D-mannoheptose-

7-phosphate is converted to D-glycero-D-mannoheptose-l-phosphate by phosphoheptose 



Chapter I Introduction 29 

mutase. The third step occurs when D-glycero-D-mannoheptose-l-phosphate is charged 

with ATP producing ADP-D-glycero-D-mannoheptose and pyrophosphate (PP1) by an 

ADP-Hep synthase. The last step of the pathway is the epimerisation of ADP-D-glycero

D-mannoheptose to the L isomer, L-glycero-D-mannoheptose by an epimerase. The 

addition of the completed ADP-Hep molecule to the inner core is achieved by the action 

of specific enzymes, heptosyltransferases. 
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Figure 1.5. Biosynthesis of ADP-L-glycero-D-mannoheptose. Eidels and Osborn proposed a pathway 
for the synthesis of ADP-Hep from sedoheptulose-7-phosphate via four enzymatic steps involving an 
isomerase, a mutase, a synthase and an epimerase (see text for further details) (Bide Is and Osborn, 1971). 

1.12.3 Heptose Deep Rough Mutants. 

Some mutations that affect the structural integrity of the LPS also result in an alteration 

in the permeability barrier of the outer membrane (Koplow and Goldfme, 1974; Nikaido 

and Vaara, 1985). These mutations are phenotypically known as deep rough mutants. 

The deep rough phenotype is highly pleotropic and includes an increase in outer 

membrane phospholipids, accessibility of phospholipid to the outer leaflet of the outer 

membrane, hypersensitivity to hydrophobic compounds and detergents, a dramatic 

decrease in outer membrane proteins (OJ\1P), resistance to LPS-specific and some protein 

specific bacteriophage, an increase in the capsular polysaccharide, loss of motility and 
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leakage ofperiplasrnic enzymes (Nikaido and Vaara, 1985; Schniatman and Klena, 1990; 

Austin et aI., 1990). Mutations in genes whose products are involved in the biosynthesis 

and assembly of the inner core region of LPS exhibit the deep rough phenotype. These 

include mutations in gmhA, -B, -C, -D, waaC, -F, which are involved in the synthesis or 

attachment of L-glycero-D-mannoheptose; waaG, which is responsible for attaching the 

fIrst glucose to the heptose region; and waaP, which is involved in the phosphorylation of 

heptose (Figure 1.6). Bacterial strains with mutations in genes such as rlaB, -1, -J, -K, -L 

(waaB, -1, -J, -K, -L) and galE whose protein products are required for the synthesis or 

addition of sugar distal to the first glucose do not exhibit the deep rough phenotype. 

Instead, these outer core mutants are termed rough mutants because they are not able to 

add O-antigen (Parker et aI., 1992; Austin et aI., 1990). 
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Figure 1.6. Core structures of E. coli K 12 and S. enterica LTI. Overall structure is similar in both 
organisms and all glycosidic linkages are u. The genes are essentially the same for both organisms but are 
displayed only for E. coli K12. Mutants blocking formation of the bond shown produce LPS with truncated 
cores named Ra to Re as indicated for S. enterica LT2. LPS with truncated cores named Re, Rd2, and Rd l 

exhibit the deep rough phenotype. The traditional LPS gene nomenclature has been used in this figure; 
however, the LPS gene nomenclature has been revised (Reeves et al. 1996) and is described on-line 
(www.microbio.su.oz.auIBPGD/default.htrn). rjaJ(waaJ); rfal (waal); rfaB (waaB); rfaG (waaG); rfaF 
(waaF); rfaP (waaP); rfaC (waae); luilA (waaA); rfaK (waaK). (Adapted from Reeves 1994). 
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Deep rough mutants, which are represented by the Re, Rd2 and Rd) chemotypes (Figure 

1.6) are extremely sensitive to hydrophobic agents. Hydrophobic agents to which 

heptoseless deep rough mutants become particularly sensitive include hydrophobic 

antibiotics e.g., novobiocin and actinomyocin (Tamaki et ai., 1971), detergents e.g, 

sodium dodecyl sulfate (SDS) and sodium deoxycholate (Sanderson et ai., 1974; Vaara 

1981), hydrophobic dyes e;g, eosine, brilliant green, and methylene blue (Chatterjee et 

ai., 1976; Nikaido and Vaara, 1985), lysozyme (Sanderson et ai., 1974), bile salts 

(Wilkinson et ai., 1972), fatty acids (Sheu and Freese, 1973), polycyclic hydrocarbons 

(Ames et aI., 1973), and phenol (Scmidt et ai., 1969 cited from Nikaido and Vaara, 1985). 

Several hypotheses have been proposed to explain the increased sensitivity to 

hydrophobic molecules in deep rough mutants. It has been proposed that the 

redistribution of phospholipid molecules to the outer leaflet of the outer membrane and 

the lack of strong LPS-LPS interaction in deep rough mutants are responsible for the 

observed change in permeability (Nikaido and Vaara, 1985). Even though it was at first 

suggested that the lack of carbohydrate residues in deep rough mutants could be 

attributable for the increase in the diffusion of hydrophobic compounds, it now proposed 

that the loss of phosphate groups and the presence of bridged phosphate residues in LPS 

may be of greater importance than the truncated carbohydrate structure (Nikaido and 

Vaara, 1985). 

Another aspect of the deep rough phenotype is a dramatic reduction in proteins including 

the porins' (Schnaitman and Klena, 1993). Koplow and Goldfme (1973) conducted an 

investigation in the composition of the outer membrane of heptose-deficient mutants of 

E. coli. They noted a significant decrease in the relative amounts of protein recovered in 

the outer membrane accompanied by an increase in the proportion of protein recovered in 

the cytoplasmic membranes (Koplow and Goldfme, 1973). It is possible that the LPS 

could be involved in the transport of proteins to the outer membrane. Specific sites on 

the LPS such as the phosphate (P) and pyrophosphorylethanolamine (PPEA) moieties on 

Hep I could serve as recognition sites for the binding of outer membrane proteins and 

their export to the outer membrane (Parker et ai., 1992). Thus, mutations leading to 

defects in the recognition site could reduce the export process rate and lead to 

accumulation of protein in the cytoplasmic membrane (Misra and Reeves, 1987; Parker et 

ai., 1992). 
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A dramatic decrease in buoyant density of the outer membrane is another characteristic 

feature of deep rough mutants. This reduction may presumably result from the combined 

decrease in protein and compensatory increase in phospholipid in the outer membrane. 

The phenotype of deep rough mutants can also be characterised by their sensitivity and 

resistance toward bacteriophages. Since bacteriophages respond to specific receptor sites 

on the LPS, defects or modifications in these specific residues of the LPS can alter 

bacteriophage adsorption. 

1.12.4 Genes Involved in Heptose Biosynthesis and Attachment. 

At least seven genes have been identified whose products are involved in heptose 

synthesis or attachment in E. coli and S. typhimurium. These include four structural 

genes (gmhA, gmhB, gmhC, gmhD) whose products are necessary for the biosynthesis of 

Hep, two heptosyl transferase genes (waaC, waaF) involved in the transfer ofHep to the 

inner core and the waaP gene which is likely to encode a protein that is involved in LPS 

phosphorylation and crosslinking. 

gmhA (formerly IpeA). 

As mentioned earlier, the first step in the synthesis of ADP-Hep is the conversion of 

sedoheptulose-7-phosphate to D-glycero-D-mannoheptose-7-phosphate. The enzyme 

that carries out this reaction is phosphoheptose isomerase encoded by the gmhA. 

Initially, Eidels and Osborn (1974) demonstrated the conversion of sedoheptulose-7-

phosphate to D-glycero-D-mannoheptose-7-phosphate, thus showing that the first 

enzyme in their proposed pathway for heptose synthesis was an isomerase. Tamaki et al. 

(1971) showed the importance of this gene by isolating mutants that were supersensitive 

to novobiocin and lacked heptose in their LPS. One of the isolated mutations mapped 

between the ara and lae genes (1-10 min) next to the proAB genes and was designated 

lpeA (gmhA). However, the precise function of the gmhA gene was not established until 

recently when Brooke and Valvano (1996a) identified and characterised the gmhA gene 

in E. eoli K12 using genetic and biochemical approaches. The translated amino acid of 

gmhA exhibited discrete similarities with a family of conserved aldolketo isomerases. 
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The gmhA gene from H injluenzae has also been cloned and sequenced, and it shows 

78% amino acid identity with the gmhA gene of E. coli (Brooke and Valvano, 1996b). 

Recently, the gmhA gene in C. jejuni has been isolated and characterised from strain 

F38011 and NCTC11168 (Upritchard 1997). Like E. coli and H influenza, the C. jejuni 

gmhA gene also encodes for a phospho heptose isomerase as determined by the 

complementation of the E. coli K12 gmhA- mutant and supported by sequence 

information as well (Upritchard 1997). 

gmhB. 

The gene involved in the second step, the conversion of D-glycero-D-mannoheptose-7-

phosphate to D-glycero-D-mannoheptose-l-phosphate by a phosphoheptose mutase has 

recently been defined. Valvano et al. (1999) cloned and characterised an E. coli gene that 

complemented the heptoseless core LPS phenotype of a mini-Tnl 0 mutant that is 

analogous of the Salmonella enterica gmhC mutant. Their studies revealed the presence 

of two domains that were functionally different and genetically separable within the gene. 

As the protein product of domain I was capable of complementing the gmhC defect in S. 

enterica, they proposed that domain I was involved in the third step of heptose synthesis. 

It appears that domain II of this gene may also be involved in core LPS synthesis as it 

was capable of complementing a mutant that produced a heptoseless LPS core phenotype 

that was unique to gmhC. Valvano et al. (1999) have proposed that this gene encodes for 

a bifunctional protein that is required for the intermediate steps in the synthesis of ADP

L-glycero-D-mannoheptose. They have suggested that the gene corresponding to domain 

I and domain II be designated gmhC and gmhB, respectively. 

gmhC (formerly rfaE). 

It is presumed that the third step of heptose biosynthesis involves the gene product of 

gmhC, an ADP-synthase. For the conversion ofD-glycero-D-mannoheptose-l-phosphate 

to ADP-D-glycero-D-mannoheptose to occur, a synthase activity is required. The 

evidence for this step is based on in vitro experiments in which the addition of 
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exogeneous ADP-DD-Hep to an heptoseless gmhC biosynthetic mutant of S. 

typhimurium restores the incorporation of Hep into the KDO-Lipid IVA backbone 

(Sirisena et aI., 1992). The gmhC gene in H injluenza (Lee et aI., 1995), N gonorrhoeae 

(Levin and Stein, 1996) and E. coli (Valvano et ai., 1998) have been cloned and 

characterised. As the isolated gmhC gene from H injluenzae, N gonorrhoeae and E. coli 

were capable of restoring wild-type LPS in a gmhC mutant, this demonstrated that the 

protein product of gmhC is required in heptose biosynthesis. 

gmhD (formerly rfaD). 

Coleman and Leive (1979) isolated a novobiocin-supersensitive mutant in E. coli K12. 

This mutant produced a defective LPS that consisted of a small amount of an atypical 

heptose, D-D-Hep and a markedly reduced sugar content (Coleman and Leive, 1979). 

Since D-D-Hep was incorporated into the LPS of this mutant instead of the L-D-Hep 

form, and because D-D-Hep is the likely precursor of L-D-Hep, it was thought this 

mutation resulted in the loss of an epimerase activity, and thus, this mutant was 

designated rfaD (gmhD). Evidence for this assumption was provided by Coleman 

(1983), who demonstrated that the nucleotide sugar ADP-D-glycero-D-mannoheptose 

accumulates in an E. coli gmhD mutant strain. This led to the discovery that the gmhD 

gene product, ADP-L-glycero-D-mannoheptose-6-epimerase is necessary for the 

epimerisation of ADP-D-glycero-D-mannoheptose to ADP-L-glycero-D-mannoheptose 

(Coleman 1983). 

Although the enzymatic activity of the gmhD gene product had been described earlier 

(Coleman 1983), Pegues et al. (1990) were the ftrst to clone, sequence and characterise 

the gmhD gene product in E. coli. The gmhD gene has since been identified and 

characterised in S. typhimurium (Sirisena et aI., 1994), N gonorrhoeae (Drazek et aI., 

1995) and H injluenzae (Nichols et aI., 1997). It was expected that in the absence of 

epimerase activity in these species, no heptose would be incorporated into the KDO 

portion of the LPS/LOS. However, it has been observed that some genera of bacteria 

containing gmhD mutants incorporate the D-D-Hep molecule in their LPS/LOS. A 

possible explanation for incorporation of the incorrect heptose isomer into the LPS/LOS 
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could be that heptosyltransferase I may have a low affmity for the D-form of heptose and 

may transfer it to the KDO-Lipid A core. As gmhD mutants of some Gram-negative 

bacteria produce a reduced amount of the wild-type LPS in addition to the truncated LPS, 

it has been suggested that the full outer core oligosaccharide may be attached to D-D-Hep 

in the inner core ( Sirisena et al., 1994; Drazek et ai. 1995). 

gmhD is required for viability of E. coli K12 at high temperatures (Raina et al., 1991). 

Even though the GmhD protein is strongly conserved between E. coli K12 and S. 

typhimurium, it appears that the regulation of the gene may be different. While both S. 

typhimurium and E. coli gmhD genes share a consensus sigma-70 promoter (PI), E. coli 

gmhD also has an rpoN-dependent promoter (P2) and a heat shock promoter (P3) (Raina 

et aI., 1991; Sirisena et al., 1994). 

waaC (formerly rfaC). 

It has been proposed that the transfer of nucleotide sugars to the LPS core is carried out 

by glycosyltransferases. The genes waaC, waaF, and waaQ have been identified to 

encode for heptosyltransferase I, II and III respectively (Sirisena et al., 1994). 

Heptosyltransferase I, the gene product of waaC, is responsible for the attachment of the 

frrst heptose unit to KDO I by an a(I-5) bond. The waaC gene was frrst biochemically 

defined in S. typhimurium through in vitro studies that showed isolated LPS from a waaC 

mutant was defective in the addition of heptose to the KDO-Lipid IVA backbone (Sirisena 

et al., 1992). Since then, through the functional complementation of the S. typhimurium 

waaC mutant, the waaC gene has been isolated and characterised in E. coli (Chen and 

Coleman, 1993), N. gonorrhoeae (Zhou et al., 1994); Pseudomonas aeruginosa (De 

Kievit et al., 1997), C. jejuni (Klena et al., 1998) and H injluenzae (J. D. Klena pers. 

comm). The apparent functional exchangeability of the waaC gene among a variety of 

Gram-negative species suggests that the WaaC protein is functionally conserved. 
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waaF (fo.rmerly rfaF). 

The protein product enco.ded by the waaF gene, hepto.syltransferase II, is invo.lved in the 

additio.n o.f the seco.nd a 1,3 linked backbone hepto.se (Rep II) to' the inner co.re (Sirisena 

et aI., 1994). The evidence fo.r this is genetic and bio.chemical. Mutants o.f S. 

typhimurium were iso.lated who.se LPS co.ntained o.nly o.ne hepto.se mo.lecule attached to' 

KDO-Lipid IVA. Because these same mutants co.uld synthesise hepto.se, which is 

apparent by the presence o.f the attached RepI, it was inferred that the mutatio.n was the 

result o.fa gene (waaF) invo.lved in the transfer o.fRep II (Sirisena et aI., 1994). Detailed 

mo.lecular analysis o.fthe waaF gene has been repo.rted in S. typhimurium (Sirisena et aI., 

1994), E. coli (Schnaitman and Klena, 1993), N. gonorrhoeae (Schwan et aI., 1995), H 

injluenzae (Nicho.ls et aI., 1997), P. aeruginosa (De Kievit and Lam, 1997) and C. jejuni 

(J. D. Klena pers. co.mm). 

waaQ (fo.rmerly rfaQ). 

The protein pro.duct o.f the waaQ gene shares stro.ng sequence similarity with the waae 

and waaF gene pro.ducts (Sirisena et aI., 1994). Thus, this gene, waaQ, has been 

po.stulated to' enco.de fo.r hepto.syltransferase III, the gene product necessary fo.r the 

transfer o.fthe third hepto.se mo.lecule (RepIII) to' the Rep II residue. The Rep III branch 

which is present as a substituent in about o.ne-half o.f the LPS mo.lecules is a no.n

sto.ichio.metric additio.n (Schnaittman and Klena, 1993). The ro.le o.fwaaQ in E. coli has 

recently been defined. The waaQ gene was mutated by insertio.n o.f a no.n-po.lar antibio.tic 

resistance cassette, and the resulting co.re o.ligo.saccharide was examined by chemical 

analysis and pho.spho.rous nuclear magnetic spectrosco.py (Yetho.n et at, 1998). The E. 

coli waaQ mutant pro.duced a core o.ligo.saccharide devo.id o.fthe RepIII residue o.n RepII 

and blo.cked the activity o.f Waa Y (described belo.w). This indicates that the pro.tein 

pro.duct o.f waaQ is required fo.r the transfer o.fRepIII to. RepII. 
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waaP (formerly rfaP) and waa Y (formerly rfa Y). 

Even though the waaP gene has been cloned and sequenced in E. coli (parker et al. 

1992), much of the evidence for the function ofwaaP was speculative. Recently, Yethon 

et al. (1998) were able to determine the function of waaP and waa Yin E. coli using the 

same methodology as described for waaQ. It appears that waaP and waaQ are involved 

in the modification of the heptose region of the core oligosaccharide. A mutation in 

waa Y resulted in loss of phosphoryl substituents on RepII while a mutation in waaP 

resulted in the loss of phosphoryl substituents on RepI and prevented WaaQ and WaaY 

activity. The waaP mutation also resulted in hypersensitivity to novobiocin and sodium 

dodecyl sulfate which is characteristic of deep rough mutants (Yethon et aI., 1998). 

1.12.5 Organisation of Heptose Biosynthetic Genes. 

The genes involved in the synthesis of the core region ofLPS in enteric bacteria such as 

E. coli and S. typhimurium are organised primarily into clusters of contiguous genes in 

the rfa (waa) locus with the exception of those genes specifying KDO biosynthesis 

(Roncero et aI., 1992; Schnaitman et aI., 1991; Schnaitman and Klena, 1993). The rfa 

locus is located at 81 minutes in the linkage map of E. coli K-12 (Bachman 1990) and at 

79 minutes in the S. typhimurium linkage map (Sanderson and Roth, 1988). The rfa 

cluster can be divided into 3 operons with 17 genes present in E. coli and 12 genes 

present in S. typhimurium (Schnaitman and Klena, 1992). The overall arrangement of the 

genes in the rfa cluster appears to be conserved between E. coli and S. typhimurium 

(Klena et aI., 1992). 

Four of the genes involved in heptose synthesis and attachment are located in the rfa gene 

cluster. These include the biosynthetic structural gene, gmhD, and the three heptosyl 

transferases, waaC, waaF and waaQ. The gmhC gene is located outside of the cluster at 

64 minutes on the S. typhimurium chromosome (Schnaitman and Klena, 1993) and at 66 

minutes on the E. coli chromosome (1. D. Klena pers. comm.). The gmhA gene is 

positioned about 5.3 minutes on the E. coli K-12 chromosome map (Brooke and Valvano, 

1996a). 
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1.13 OBJECTIVES OF THIS STUDY. 

C. jejuni is recognised as a major causative agent of gastroenteritis in humans. LPS is an 

integral component of the outer membrane of C. jejuni and may function as an important 

virulence determinant in C. jejuni infections. Even though LPS is implicated in causing 

disease, its exact role in C. jejuni virulence is unknown. In order to understand the exact 

role ofLPS in C. jejuni virulence, it is necessary to study the organisation and regulation 

ofLPS biosynthetic genes and construct isogenic mutants in C. jejuni. 

L-glycero-D-mannoheptose (Rep), a highly conserved component of the LPS core 

region, is crucial to the ultimate configuration of the LPS. According to Eidels and 

Osborn's proposed pathway, Rep is synthesised from sedoheptulose-7-phosphate via a 

four-step process. The last step of Rep biosynthesis, the conversion of ADP-D-glycero

D-mannoheptose to L-glycero-D-mannoheptose, is performed by ADP-L-glycero-D

mannoheptose-6-epimerase encoded by the gmhD gene. The initial aim of this study was 

to characterise Rep biosynthesis in C. jejuni. To achieve this, identification and 

characterisation of a functional gmhD in C. jejuni and the construction of a null mutation 

in gmhD in C. jejuni was to be performed as time permitted. 

AIMS 

• To determine whether a functional gmhD gene is present in C. jejuni. 

.. To characterise the functional gmhD gene by interspecies complementation of an E. 

coli K12 isolate defective in gmhD and LPS characterisation. 

CD To sequence the gmhD gene in C. jejuni and examine gmhD identity at the nucleotide 

and polypeptide level with other Gram-negative organisms. 

• To characterise the unique features of the gmhD gene in the C. jejuni chromosome. 

I» To create a null mutation in the C. jejuni gmhD gene, as time permitted. 
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CHAPTER II 

MATERIALS AND METHODS 

2.1 BACTERIAL STRAINS AND PLASMIDS. 

The bacterial strains and plasmids that have been used in this study are listed in Table 

2.1. 

Table 2.1. Bacterial Strains and Plasmids. 

Strain I Plasmid Description of Genotype! Source 

Escherichia coli 

KLC4000 DH5a; recAI Laboratory Stock 

KLC 4004 GM119, dem-, dam-, met Bl, thi-l, Laboratory Stock 

lacY 1 , galK2, galT22, mt12, tonA2 

KLC 4314 CL89; P- rpsL290(St?), gmhD70 E. coli Genetic Stock 
(gmhD mutant; ·see note below) SpoTJ, tfr-8 Center 

KLC4315 KLC 43141IpBluescriptSKII+, Apr This study 

KLC4316 KLC431411pDV01, Apr This study 

KLC4140 KLC 400011pDV05, Apr This study 

KLC 4141 KLC 400011pDV06, Apr This study 

KLC 4142 KLC 400411pDV05, Apr This study 

KLC4143 KLC 400411pDV06, Apr This study 

KLC 4613 KLC 400011pDV07, Apr This study 

KLC4805 KLC 400411pDV07, Apr This study 

KLC 5000 KLC 431411pDV07, Apr This study 

KLC 5001 KLC 400011pDV08, Apr This study 

KLC 5002 KLC 431411pDV08, Apr This study 

Campylohacter jejuni 

KLC 4132 NZRM 1958 (NCTCll168) CDC, Wellington 

F38011 human gastroenteritis M. Konkel, USA 
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Table 2.1 Continued. 

Strain I Plasmid 

Plasmids 

pBluescriptSKII+ 

pOEM-TEasy 

pDVOI 

pDV02 

pDV03 

pDV04 

pDV05 

pDV06 

pDV07 

pDV08 

pDV09 

Materials and Methods 

colE lori, Apr 

eolElori, PCR cloning vector, Apr 

pBIISK(+)::2.9kb 'gmhD' fragment 

(C. jejuni F3 8011), Apr 

pBIISK(+)::2.9kb 'gmhD' fragment 

(C.jejuni F38011), Apr 

pBIISK(+)::2.9 kb 'gmhD' fragment 

(C.jejuni F38011), Apr 

pBIISK(+)::2.9 kb 'gmhD' fragment 

(C. jejuni F380 11), Apr 

pOEM-T Easy::l.1 kb '98-10 / 98-20' 

fragment; (c. jejuni NCTC 11168); Apr 

pOEM-T Easy:: 1.4 kb '98-21 / 98-11 ' 

fragment; (C. jejuni NCTC 11168); Apr 

pOEM-T Easy:: 1.95 kb '98-30/98-33' 

fragment; (C. jejuni NCTC 11168); 

gmhD+;Apr 

pOEM-T Easy:: 1.6 kb pDV07 fragment 

with Bell deletion; (C. jejuni NCTC 11168); 

gmhD-; Apr 

pBIISK(+)::1.9 kb pDVOI fragment with 

StyI deletion; (C. jejuni F380 11); gmhD-; 

Apr 

Sonrce 

Stratagene 

Promega 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

I Abbreviations: Ap: ampicillin, Str: streptomycin; R = resistant, :: = insert. Bacterial strains 
followed by a double back slash indicates that a strain has been transformed with a plasmid. 
* Due to recent nomenclature changes, rfaD isolates are now referred to as gmhD (Reeves et al. 1996). 

40 
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2.2 BUFFERS AND MEDIA. 

Solutions and media used in this study were prepared as described in Appendices I and II. 

2.2.1 Antibiotics and Supplements. 

In order to maintain selection pressure or identify constructs, antibiotics and 

colourimetric reagents were added to liquid or solid media at the concentrations shown in 

Table 2.2. 

Table 2.2. Antibiotics and Supplements. 

Antibiotic/Supplements 

Ampicillin 

Cefoperazone 

Novobiocin 

5-bromo-4-chloro-3-indoyl 

B-D-galactopyranoside 

Abbreviation 

Ap 

Cp 

Nv 

X-gal 

2.3 BACTERIOLOGICAL METHODS. 

2.3.1 Culture Conditions. 

Final Concentration 

100 ~glml 

32 ~glml 

100 ~glml 

40 ~glml 

Unless otherwise stated E. coli strains were cultured in Luria-Bertani broth (LB) with 

aeration or on LB Broth containing 1.5% bacteriological agar (LBA) plates at 37°C with 

the appropriate antibiotics and supplements listed in Table 2.2. C. jejuni strains were 

cultured in a microaerophilic environment (10% CO2) at 37°C either on Campylobacter 

Charcoal Differential Agar (CCDA) plates containing the antibiotic cefoperazone or 

Mueller-Hinton agar (MHA) plates containing 5% sheeps citrated blood. 
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1.3.1 Overnight Cultures. 

Single, well-isolated E. coli colonies were aseptically taken from streak plates and 

resuspended in 10 ml LB Broth supplemented with antibiotics as necessary. Cultures 

were incubated at 37°C for 16 hr with aeration (200 rpm) before harvesting. 

1.3.3 Storage of Strains. 

For short-term use, bacterial strains were maintained on agar plates containing the 

necessary antibiotics and stored at 4°C for up to 4 weeks. For long term storage, 

bacterial strains were cultured in LB Broth supplemented with antibiotics at 37°C with 

aeration for 16 hr. An aliquot of cells from the overnight culture (0.5 ml) was mixed with 

0.5 ml40% sterile glycerol (20% final concentration) and stored at -80°C. 

1.3.4 Bacterial Growth Curves. 

Growth characteristics of KLC 4134 transformants and control strain KLC 4000 were 

examined in rich media (LB Broth) and minimal media (M9 Minimal Salts Media). 

Initially, strains KLC 4000, KLC 4314, KLC 4315, KLC 4316, KLC 5000 and KLC 5002 

were incubated aerobically at 37°C in LB Broth for 16 hr. KLC 4135, KLC 4316, KLC 

5000 and KLC 5002 were also supplemented with appropriate antibiotics. 2 ml of the 

overnight culture was diluted 1: 1 00 dilution with fresh LB Broth or M9 Minimal Salts 

Media, depending upon the experiment, and antibiotics added as necessary. The cultures 

were incubated at 30°C with aeration. 800 ~l of culture was removed and the OD6oo was 

measured using a Hitachi Model U-2000 Double Beam Spectrophotometer at To and each 

hour thereafter. Bacterial growth measurements taken as absorbance measurements at 

OD6oo were analysed against time for a total of 10 hr and represented graphically. 
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2.4 TECHNIQUES FOR STRAIN CONSTRUCTION. 

Transformation of competent E. coli cells was achieved either by the calcium chloride or 

electroporation method. The calcium chloride method was found to be less efficient in 

transferring plasmid DNA to competent E. coli cells. 

2.4.1 Calcium Chloride Transformation. 

2.4.1.1 Preparation of Competent Cells. 

Competent cells were prepared using a variation of the method described by Sambrook et 

al. (1989). Briefly, cells from an overnight culture of E. coli were diluted 1: 100 into 10 

ml of LB Broth. To obtain early to mid-log phase growth of the culture, the cells were 

incubated at 37°C without aeration for 2 hr followed by 1 hr of incubation at 37°C with 

shaking (200rpm). Cells were transferred to sterile, ice-cold 30 ml centrifuge tubes and 

chilled on ice for 10 min. Cultures were pelleted by centrifugation (10,000 x g, 4°C, for 

10 min). The bacterial pellet was resuspended in 1/5 volume of ice-cold 100 mM CaCh 

and incubated on ice for 1 hr. Cell suspensions were centrifuged as above, resuspended 

in 1/25 of the original volume with ice-cold 100 mM CaCh, and incubated on ice for 1 

hr. At this point, aliquots of competent cells (200 Ill) were either immediately used for 

transformation, stored at 4°C overnight for next day use, or mixed with glycerol (final 

concentration 20%) and frozen at -80°C for up to 2 months. 

2.4.1.2 Transformation. 

Approximately 100 ng of pre-chilled plasmid DNA and 200 III of ice-cold CaCh treated 

cells were gently mixed and incubated on ice for 30 min. Cell mixtures were heat 

shocked at 42°C for 90 sec followed by an immediate incubation on ice for 2 min. 

Transformants were supplemented with 800 III LB Broth and grown aerobically at 37°C 

for 1 hr to permit antibiotic gene expression. Transformants were collected by pUlsing the 

tubes briefly in a microfuge and resuspended in 200 III LB Broth. Using a sterile glass 
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spreader, transformants were spread onto LBA plates containing selective antibiotics and 

incubated at 37°C overnight. In order to purify the trans formants, well-isolated, single 

colonies were streaked onto LBA selective plates. Pure colonies were restreaked onto 

LBA plates with antibiotic selection to obtain single, highly purified isolates. To confirm 

the presence of the desired construct, plasmid DNA was extracted from the pure isolates 

and analysed using restriction endonucleases (described in sections 2.7.2 and 2.7.4). 

2.4.2 Electroporation Transformation. 

In comparison to the calcium chloride transformation method, the electroporation method 

presented by Zabarosky et al. (1990) proved to be more efficient in transferring plasmid 

DNA into E. coli strains. 

2.4.2.1 Preparation of Competent Cells. 

Electrocompetent cells were prepared using a variation of the protocol supplied with the 

Bio-Rad Gene Pulser (Bio-Rad, Richmond, CA). Briefly, an overnight culture was 

diluted 1:100 with 10 ml LB Broth, incubated at 37°C to early-mid log phase as 

described for the CaCh method above, and chilled on ice for 20 min. Ice-cold cells were 

collected by centrifugation (lO,OOOx g, 4°C for 10 min). The bacterial pellet was 

resuspended in one volume ice-cold, sterile ddH20 and cells were collected by 

centrifugation as before. The cell pellet was resuspended in one-half of the original 

volume with ice-cold, sterile ddH20 and centrifuged as before. Cells were resuspended 

in 1150 volume of ice-cold, sterile 10% glycerol, transferred to a sterile 1.5 ml Eppendorf 

tube and centrifuged at 13,OOOx g, 4°C for 10 min. The cell pellet was resuspended in 

11500 of the original volume ice-cold, sterile 10% glycerol. 40 III aliquots of 

electrocompetent cells were either used immediately for transformation or stored at -80°C 

in glycerol (20% final concentration) for later use. Frozen electro competent cells were 

gently thawed on ice before transformation. 
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2.4.2.2 Electroporation. 

Prior to electroporation, sterile cuvettes (0.2 em gap length) were chilled on ice. Thawed 

electrocompetent cells were mixed with approximately 100 ng of DNA and incubated on 

ice for 60 sec. The mixture was transferred to a sterile, chilled cuvette, placed in the 

chamber slide and subjected to an electric pulse using a Bio-Rad Gene Pulser (Bio-Rad, 

Richmond, CA) set at 2.5 kV, 25 J-tF capacitance and 250 ohms in resistance. Overall, 

these settings produced a time constant between 4.0 - 4.6 msec. 1 m1 ofLB broth + 20% 

glucose was immediately added to the pulsed cells and the transformants were transferred 

to a sterile 1.5 m1 Eppendorf tube. Transformants were grown aerobically at 37°C for 1 

hr. Transformed cells were spread plated with a glass spreader onto LBA plates with 

antibiotic selection and incubated at 37°C overnight. Isolated colonies were streaked 

onto fresh LBA plates containing the appropriate selection to obtain pure isolates. To 

confirm the presence of the desired construct, plasmid DNA was extracted from the pure 

isolates and analysed using restriction endonucleases (described in sections 2.7.2 and 

2.7.4). 

2.5 POLYMERASE CHAIN REACTION (PCR). 

Specific amplification of nucleotide segments from plasmid and chromosomal DNA was 

performed by the polymerase chain reaction (PCR) using a Corbett Research FTS-320 

Thermal Sequencer. The Oligo 6 software package was used to design some of the 

primers; others were designed manually. Buffers, dNTPs, Taq polymerase and 

oligonucleotide primers were purchased from Gibco-BRL (Table 2.3). 
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Table 2.3. PCR Primers. 

Primer name Primer Nucleotide Sequence Target Genel Organism 

T7 5'-TAATACGACTCACTATAGGGAGA T7 promoter 

T3 (R) 5' - T AACCCTCACTAAAGGGA T3 promoter 

98-]0 (F) 5'-CACCATGGCATACTGCGC hisM in C. jejuni NCTC 11168 

98-11 (R) 5'-AGCTGCGGCTTCATTGGC gmhBIC in C. jejuni NCTC 11168 

98-19 (F) 5'-TATGCAAGTTCAGCTTCGG gmhD in C. jejuni NCTC 11168 

98-20 (R) 5'-CCGAAGCTGAACTTGCATA gmhD in C. jejuni NCTC 11168 

98-30 (F) 5'-TGATCGCACCTTGACCATAA hisM in C. jejuni NCTC11168 

98-31 (R) 5'-CAGGATCCTGTTAAGATCTA gmhD in C. jejuni NCTC 11168 
TGCTAAGTTC 

98-32 (F) 5'-CAGGATCCTGTCGGTTTATG gmhD in C. jejuni NCTC 11168 
GTGATGCAAA 

98-33 (R) 5' - TACGCGAACAA TCACACCAA gmhBIC in C.jejuni NCTC11168 

(F) - Forward pruner (R) - Reverse pruner 

2.5.1 peR of Plasmid DNA. 

PCR reactions were carried out in sterile 0.5 fll thin-walled PCR Eppendorf tubes. The 

PCR mixture consisted of the following reagents (final concentration): 200 ng plasmid 

DNA, 300 pmol forward primer, 300 pmol reverse primer, I roM MgClz, 25 flmoVfll 

dNTP mix (dATP, dCTP, dGTP, dTTP), IX PCR reaction buffer (Mg2+ free) and sterile 

ddH20 to a final volume of 100 fll. 0.5 fll of Taq DNA Polymerase (Boehringer 

Mannheim) was added to each PCR reaction tube. PCR containing all of the reagents 

except for template DNA or Taq DNA Polymerase were used as controls for each 

reaction. The reactants were gently mixed, briefly pulsed in a microfuge and overlaid 

with 100 fll of paraffin oil. A program involving 32 cycles was utilised to amplify the 

DNA in the thermal sequencer. Amplification cycles 1-31 consisted of three steps: 

1. Denaturation (94°C for 1 min), 2. Annealing (55°C for 1 min) and 3. Extension (72°C 

for 1 min). The annealing temperature of each reaction was varied depending on the Tm 

value of the primer (Bolton and McCarthy equation, Sambrook et al. 1989). The 

extension time of the PCR product was based upon the size of the DNA fragment being 

amplified. In genera~ a minute was added to the extension time of each cycle for every 
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kilobase of DNA to be amplified. Amplification cycle 31 had an extension time of 5 min 

to assure that all PCR products that initiated reached completion. The final step in the 

program involved incubation of the PCR products at 4°C until they were removed and 

stored in 4°C or -20°C without the paraffm oil. 5-10 J.tl of the PCR products were 

subjected to electrophoresis through agarose gels (the actual percentage of agarose in the 

gels varied depending upon the size of the PCR product to be resolved, ego for large PCR 

amplicons the percentage of agarose was 1%) and visualised using ethidium bromide 

staining and UV light (section 2.7.7). PCR products used for cloning purposes were 

purified using the Geneclean III Kit (Bio 101, La Jolla, CA) according to the 

manufacturer's protocol. 

2.5.2 PCR of Chromosomal DNA. 

Either extracted chromosomal DNA or whole bacterial cells served as the template for 

each PCR. The PCR protocol for extracted chromosomal DNA was the same as the PCR 

method for plasmid DNA (section 2.5.1). PCR reactions involving whole bacteria cells 

as the template were performed by immersing a colony of bacteria (about 106 cells) into 

the PCR mixture described in Section 2.5.1 (mix 1) without PCR buffer and 0.5 J.tl of Taq 

DNA polymerase. These reagents were mixed separately (mix 2). Tubes containing mix 

1 and target DNA were placed in a Corbett Research FTS-320 Thermal Sequencer, 

denatured at 99°C for 10 min and rapidly cooled to 4°C before adding mix 2. The 

reactants were gently mixed, briefly pulsed in a microfuge and overlaid with 100 J.tl of 

paraffin oil. DNA amplification conditions for chromosomal DNA were the same as 

plasmid DNA (section 2.5.1). MgCh concentrations were varied to optimise PCR results. 

2.6 FUNCTIONAL COMPLEMENTATION. 

E. coli K-12 strain CL89 (KLC 4314), is a gmhD mutant strain obtained from the E. coli 

Genetic Stock Centre, Yale University. KLC 4134 does not produce the protein product 

of the gmhD gene, ADP-L-glycero-D-mannoheptose-6-epimerase (Coleman 1983); and 

therefore, this strain produces a truncated LPS and lacks the ability to grow on media 
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containing hydrophobic antibiotics, dyes or bile salts. To carry out cross-specIes 

complementation, a C. jejuni F38011 plasmid expression library obtained from Dr. M. E. 

Konkel (Washington State University) was utilised. The plasmid libraries were 

constructed from C. jejuni F38011 genomic DNA after partial Sau3A digestion and 

subsequent ligation of either 2-3 or 3-4 kb DNA fragments into the BamHI site of the 

CoIEI vector, pBIISK(+). Using the electroporation method, both the F2 and F3 libraries 

were used to transform CL89 cells to Ap resistance. Initial selection for the 

transformants was done at 37°C using LBA + Ap medium. Transformants were 

subsequently screened on LBA + Ap + Nv at 37°C. Transformants that were able to 

grow in the presence of Nv suggested that the E. coli gmhD mutant cells had corrected 

the defective outer membrane, and this was most probably due to expression of a 

functional homolog of the gmhD gene from the C. jejuni plasmid expression library. To 

ensure that the ability to grow on medium containing Nv was due to genetic determinants 

expressed by the plasmids and not reversion of the gmhD mutation in CL89, 

electro competent CL89 cells were transformed a second time with the complementing 

plasmids and the frequency ofNv resistant transformants measured. Tranformants were 

screened as described above (initially at 37°C on LBA + Ap overnight prior to plating on 

LBA + Ap + Nv at 37°C). As a control, KLC 4314 cells were transformed with 

pBIISK( +) alone and transformants were selected on LBA, LBA + Ap and LBA + Ap + 

Nv. This was performed to assess whether the frequency of spontaneous reversion of the 

gmhD mutant was low. 

2.7 DNA MANIPULATIONS AND CLONING TECHNIQUES. 

2.7.1 Extraction of Chromosomal DNA from C. jejuni. 

Chromosomal DNA from C. jejuni was extracted by a modification of the method 

presented by Giesendorf et al. (1994). Briefly, C. jejuni cells were scraped using 10 ml 

ddH20 and a sterile glass rod from a 48 hr streak culture of C. jejuni growing on either 

Campylobacter Charcoal Differential Agar (CCDA) or Mueller-Hinton agar (MHA) 

media (supplemented with 5-10% defribrinated sheep's blood) into a sterile 30 ml Oak 

Ridge tube. Cells were centrifuged at 1500 x g at ambient temperature for 10 min. The 
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supernatant was removed and the bacterial pellet was washed with 10 ml sterile, cold 

ddH20. Cells were centrifuged for a second time as above. The supernatant was 

removed and the cells resuspended in 10 ml sterile, cold ddH20. To determine the 

volume of the cells which resulted in the highest yield, the cells were aliquoted into 2 x 

0.5 ml, 2 x 1.0 ml and 2 x 1.5 ml aliquots in 1.5 ml Eppendorf centrifuge tubes. Cells 

were centrifuged at 12,000 x g for 2 min, the supernatant removed and the bacterial pellet 

resuspended in 150 J.tl Solution 1(50 mM glucose, 10 mM EDTA, 25 mM Tris, pH 8.0). 

10 J.tl of lysozyme (125 mg/ml) was added to the resulting solution and the celllysates 

were incubated at ambient temperature for 5 min. 12.5 J.tl proteinase K (1 mglml) and 

12.5 J.tll0% SDS (w/v) were added to the suspension and the celllysates were incubated 

at 37°C for 30 min (185 J.tl, approximate volume at this stage). Nucleic acids were 

extracted with an equal volume of Tris-saturated phenol (PH 8.0), vortexed to emulisfy, 

and centrifuged at 37°C for 5 min before transferring the aqueous phase to a clean 

Eppendorftube. Nucleic acids were extracted two additional times with an equal volume 

ofphenollchloroformlisoamyl alcohol (25:24:1), vortexed to emulsify and centrifuged at 

ambient temperature for 5 min before transferring the aqueous phase to a sterile 1.5 ml 

Eppendorf tube. Nucleic acids were precipitated with 0.1 volume 3 M sodium acetate 

(PH 5.2) and 2.5 volumes 100% (v/v) ethanol. Nucleic acids were collected by 

centrifugation at 12,000 x g at 4°C for 10 min. The resulting pellet was washed with 

70% (v/v) ethanol before resuspension in 100-200 J.tl ddH20 with RNase (20 J.tg/ml) and 

stored at -20°C until required. 

2.7.2 Alkaline Extraction of Plasmid DNA. 

Plasmid DNA from bacterial cells was extracted by a modification of the alkaline lysis 

method presented in Sambrook et ai. (1989). Briefly, 1.5 ml from an overnight culture 

was transferred to a sterile 1.5 ml Eppendorftube. Cells were centrifuged at 13,000 x g 

for 2 min at ambient temperature. The supernatant was removed and the cell pellet was 

resuspended with another 1.5 ml aliquot of cells from the overnight culture. Cells were 

centrifuged as above. The supernatant was discarded leaving the bacterial pellet as dry 

as possible. The bacterial pellet was resuspended in 100 J.tl of ice-cold Solution I 
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(Appendix II), vortexed to emulsify and incubated for 5 min at ambient temperature. To 

the cell mixture, 200 JlI of Solution II (Appendix II) was added and mixed by vigorously 

inverting the Eppendorftube 5 times. The suspension was incubated on ice for exactly 5 

min. 150 JlI of ice-cold Solution III (Appendix II) was added, mixed by vigorous 

inversion and incubated on ice for 5 min. Cellular debris was collected by 

centrifugation at 13,000 x g for 10 min at 4°C and the supernatant was transferred to a 

fresh, sterile 1.5 ml Eppendorf tube. Denaturisation of protein contaminants in the 

plasmid DNA was achieved by the addition of an equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1) with vigorous vortexing to emulsify 

followed by centrifugation at 13,000 x g for 5 min at 4°C. The aqueous phase was 

transferred to a fresh, sterile 1.5 ml Eppendorf tube. To precipitate the plasmid DNA, 

two volumes of 100% ethanol was added, mixed and incubated at ambient temperature 

for 5 min. Plasmid DNA was collected by centrifugation at 13,000 x g at 4°C for 12 

min. Pelleted plasmid DNA was quickly washed with 2 volumes of70% ethanol and air 

dried before resuspending in 100 JlI of sterile ddH20 containing RNAse (20 Jlg/ml). 

2.7.3 Estimation of Nucleic Acid Concentration. 

In order to estimate the DNA concentration (yield) of the above DNA preparation 

procedures and PCR, samples were analysed by electrophoresis through an agarose gel 

(generally 0.8% but ranging to concentrations of 2%), stained with ethidium bromide 

and detected with UV light (section 2.7.7). Samples were quantified by comparison of 

the unknown concentrations to known concentrations of 1 kb, lkb plus or 100 bp marker 

DNA. 

2.7.4 Restriction Endonuclease Digestion of DNA. 

Restriction endonuclease digestions were performed according to the protocol furnished 

by the manufacturer. In genera~ reactions were carried out in a final volume of 15 JlI 

using the enzymes and buffers supplied by the manufacturer. The digestion reactions 
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were incubated for 2-3 hr at 37°C. With restriction digestions that involved more than 

one enzyme, the most compatible buffer between the enzymes was used in accordance 

with the manufacturer's instructions. 

2. 7. 5 Fill-in Reactions of 5' Overhangs. 

DNA 5' overhangs were converted to blunt-ended DNA as described in Ausubel et al. 

(1989) with modifications. Briefly, 21 III of DNA (approximately 100 ng/IlI) was mixed 

with 1 III of each dNTP (stock concentration 10 mM, Gibco-BRL), 3 III of 10 x Klenow 

buffer (Boehringer Mannheim) and 4 Units of Klenow fragment (Boehringer 

Mannheim) and incubated at 37°C for 10 min. The reaction was terminated by 

incubation at 75°C for 10 min. EDTA was not added to the reaction mixture to avoid 

interference in subsequent reactions. 

2.7.6 DNA Ligation. 

DNA ligation was generally carried out in a final volume of 20 Ill. 1 III of T4 DNA 

ligase (Gibco-BRL) and 4 III of 5x DNA ligase buffer (Gibco-BRL) were used to ligate 

vector DNA to a desired DNA fragment (e.g., a PCR amplicon or restricted DNA 

fragment). Overall, a 1:3 vector to insert ratio was preferred for high intermolecular 

ligation and low concatamer formation. Ligation mixtures were incubated at 12°C for 

12-16 hr. The ligation efficiency was usually checked by UV visualisation of the ligated 

products after agarose gel electrophoresis and ethidium bromide staining (section 2.7.7). 

Before transforming ligated DNA into electrocompentent cells, ligated products were 

precipitated by the addition of ammonium acetate and ethanol. To purify ligated DNA, 

10 III of a ligation reaction was mixed with 90 III of sterile ddH20, 10 III of 3M NaAc, 

and 500 III of 100% ethanol. The reactants were incubated at -80°C for 20 min and 

centrifuged at 13,000 x g for 10 min at 4°C. The precipitated DNA was resuspended in 

500 III of 70% ethanol and centrifuged as above. The DNA pellet was air dried and 
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dissolved in 10 J.tl of sterile ddH20. 3 J.tl of the precipitated ligated DNA was used to 

transform electrocompetent cells. 

2.7.7 Agarose Gel Electrophoresis of DNA. 

2.7.7.1 Gel Electrophoresis. 

Tris-Acetate-EDTA (T AE) buffered gel electrophoresis was employed to separate 

restriction endonuclease digested DNA fragments, PCR products and ligated products. 

Agarose was dissolved in 1 x T AE buffer (Appendix II). The final agarose concentration 

of the gel varied according to the size of the DNA fragment being analysed. Typically, a 

0.8% agarose gel was used to separate DNA fragments of 1.5 kb or larger; whereas, a 

2% gel was utilised to resolve DNA fragments of less than 800 bp. DNA samples were 

mixed with 2-3 J.tl of 6x gel loading buffer (Appendix II) before loading into a 

preformed well in an agarose gel. DNA fragments were separated by exposure to an 

electrical current of 70 volts/cm2 for 1.5-2.5 hrs or 100 volts/cm2 for 1-1.5 hrs in a mini 

sub (Bio-Rad) or DNA sub cell apparatus (Jordon) connected to a Model 1000/500 (Bio

Rad) power supply. To stain the DNA, agarose gels were gently incubated in ethidium 

bromide (0.5 J.tg/ml) contained in Ix TAB for 15-20 min. DNA fragments were 

visualised using an Ultra-Lum KS-3000 Visualisation-Documentation and Analysis 

System (Ultra-Lum, Carson, CA) or Sigma T2210 UV Transilluminator (302 nm). 

Known concentrations of either 1 kb DNA marker, 100 bp DNA marker or 1 kb plus 

DNA marker served as a standard reference of DNA size and concentration. Images 

were captured either on Polaroid film or thermal paper supplied with the Ultra-Lum. 

2.7.7.2 Elution of DNA Fragments from Agarose Gels. 

After visualisation of DNA fragments by ethidium bromide staining and UV 

transillumination as described above (section 2.7.7.1), desired fragments were excised 

from agarose gels using a sterile scalpel blade and placed into sterile 1.5 ml Eppendorf 

tubes. DNA was extracted from the agarose matrix using the Geneclean III Kit (Bio 
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101, La Jolla, CA) with a few modifications to the manufacturer's instructions. Briefly, 

3 volumes ofNa! stock solution was added to the gel slice and placed in a 55°C water 

bath until the agarose was solubilised. 5 J..tl of silica matrix (EZ-Glassmilk) was added to 

the mixture and incubated at ambient temperature for 5 min. During incubation, the 

Eppendorf tube was repeatedly inverted to ensure that the silica matrix remained 

suspended. The silica matrix with the bound DNA was collected by centrifugation at 

13,000 x g at ambient temperature for 5 sec. The sample was centrifuged again as above 

to extract any remaining Na!. The matrix was washed three times with New Wash 

Solution to remove residual Na!. With each wash, 700 J..tl of New Wash was added, the 

pellet was resuspended and the mixture was centrifuged at 13,000 x g at ambient 

temperature for 5 sec. DNA was eluted from the silica matrix using 7 J..tl sterile ddH20 

and incubated at 55°C for 5 min. The sample was centrifuged as above and the 

supernatant containing DNA was transferred to a fresh, sterile 1.5 ml Eppendorf tube. 

DNA elution steps were repeated to further extract DNA from the silica matrix. To 

ensure complete removal of the silicon matrix, a third centrifugation step was performed 

on the 1.5 ml Eppendorf tube containing the 14 J..tl of eluted DNA. In order to avoid any 

silicon matrix contamination, only the top 10 J..tl of the supernatant with the eluted DNA 

was transferred to a new, sterile 1.5 ml Eppendorf tube. To confirm that the protocol 

was effective, 3-4 J..tl of the purified product was visualised under UV light after agarose 

gel electrophoresis and ethidium bromide staining (section 2.7). 

2.8 PLASMID CONSTRUCTS. 

pBluescript II SK + 

pBIISK(+) was used as a vector to clone DNA fragments from C. jejuni F38011 for 

cross-species complementation or gene expression studies. Genomic DNA isolated from 

C. jejuni F380 11 was partially digested with Sau3A and these fragments were ligated into 

the unique BamID site of pBIISK(+) creating a plasmid expression library (Dr. M. E. 

Konkel, Washington State University). Depending upon the size of the inserts, the 
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plasmid expression library was classified as either F2 (2-3 kb inserts of F38011 DNA) or 

F3 (3-4 kb inserts ofF38011 DNA). 

pGEM-TEasy 

The vector, pGEM-T Easy, serves as a convenient cloning and expression vector for 

PCR products. pGEM-T Easy is commercially prepared by cutting the vector with 

EcoRV and adding a 3' terminal thymidine to both ends. These 3'-T overhangs at the 

insertion site provided a compatible overhang for most PCR products and improved the 

efficiency of ligation of PCR product into the plasmids. Foreign DNA fragments were 

cloned in pGEM-T Easy's specific insertion site within the a-peptide coding region of 

the enzyme p-galactosidase. Insertional inactivation of the a-peptide allowed the 

desired clones to be differentiated from plasmids containing no insertion by colour 

screening on X-gal plates. Since the plasmid vector also carries a selective Ap 

resistance gene, selection for recombinant clones was achieved on LBA + X-gal + Ap 

medium. These constructs were used for protein complementation, LPS analysis and 

creation of a null mutation. The important plasmids constructed in this study are briefly 

described below. 

pDVOl-pDV04 

These plasmid constructs were isolated directly from the F2 C. jejuni F38011 plasmid 

expression library. Each construct is 2.9 kb in size and complements the gmhD mutation 

in an E. coli K12 strain, KLC 4134. Apr. 

pDV05 

A 1.1 kb DNA fragment from C. jejuni strain NCTCIl168 was amplified by PCR using 

primers 98-10 and 98-20. The amplicon was ligated into the pGEM-T Easy vector. This 
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plasmid construct was used to create a null mutation of gmhD and does not complement 

the gmhD mutation in an E. coli K12 strain, KLC 4314. Apr. (See Figure 2.2). 

pDV06 

A 1.4 kb PCR amplicon was generated using primers 98-19 and 98-11 with C. jejuni 

NCTC11168 DNA as the template. The amplicon was cloned into pGEM-T Easy. This 

plasmid construct was used to create a null mutation in gmhD and does not complement 

the gmhD mutation in an E. coli K12 strain, KLC 4314. Apr. (See Figure 2.2). 

pDV07 

A 1.95 kb DNA fragment of C. jejuni strain NCTC11168 was amplified by PCR using 

primers 98-30 and 98-33. The amplicon was ligated into pGEM-T Easy. The plasmid 

construct restores wild-type LPS in an E. coli K12 strain, KLC 4134, that lacks the gmhD 

gene. Apr. (See Figure 2.3). 

pDV08 

pDV07 was restriction endonuclease digested with Bell for 3 hrs and ligated together 

with T4 DNA ligase to create a 350 bp Bell-Bell in-frame deletion within the gmhD 

locus. This 1.6 kb plasmid construct does not restore wild-type LPS to an E. coli K12 

strain, KLC 4134. Apr. (See Figure 2.4) 

pDV09 

pDVOI was restriction endonuclease digested with StyI and religated together with T4 

DNA ligase to create a 1.0 kb StyI-StyI in-frame deletion in pDVOl. This plasmid 
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construct does not complement the gmhD mutation in an E. coli K12 strain, KLC 4134. 

Apr. 

2.9 DNA SEQUENCING. 

DNA sequencing of the gmhD gene of C. jejuni F38011 was achieved by a fluorescent 

version of the Sanger dideoxy sequencing method using an ABI 377 sequencer at the 

Waikato DNA Sequencing Facility, Hamilton, New Zealand. Comparison of C. jejuni 

nucleotide or subsequently translated amino acid sequence to that of other organisms was 

performed with the program Blast2 via the National Centre for Bioinformatics server. 

Computer software used for analysing DNA sequence consisted of the following 

programs: DNASIS, RETRIEVE, CLUST AL W and BOXSHADE. DNASIS was used 

for translating nucleotide sequence into amino acid sequence and restriction enzyme 

analysis. CLUST AL W was used for nucleotide comparison of the various sequences. 

The program RETRIEVE obtained the nucleotide sequence of gmhD for other organisms. 

Protein sequence alignments of the various translated sequences were prepared with 

ClustalW and edited with BOXSHADE. Transmembrane regions and orientation 

program (Tmpred) was used to analyse the secondary structure of the GmhD protein 

deduced from the nucleotide sequence of C. jejuni gmhD. 

2.10 LIPOPOLYSACCHARIDE ANALYSIS. 

2.10.1 Isolation of Bacterial Lipopolysaccharide. 

Bacterial lipopolysaccharide isolation and proteinase K digestion were performed using 

the method described by Hitchcock and Brown (1983). Briefly, individual bacterial 

isolates were inoculated into 10 ml LB Broth supplemented with the appropriate 

antibiotic and incubated for 16 hrs at 37°C with aeration. A 1.5 ml aliquot from the 

overnight culture was transferred to a sterile 1.5 ml Eppendorf tube and centrifuged at 

13,000 x g for 2 min at ambient temperature. The supernatant was removed and the cell 

pellet was resuspended with another 1.5 ml aliquot of cells from the overnight culture. 
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The cells were centrifuged as above. The cell pellet was solubilised in 50 Jlllysis buffer 

(4.6% SDS, 20% glycerol, 5% 2-p-mercaptoethanol, 0.125M Tris, pH 6.8, and 0.004% 

bromophenol blue) and boiled for 10 min. Samples were allowed to cool to ambient 

temperature for 5 min prior to addition of proteinase K (25 Jlg/ml). Lysates containing 

proteinase K were incubated for 1 hr at 60°C. After cooling samples to ambient 

temperature for 5 min, lysates were diluted 1: 1 in lysis buffer without 2-13-

mercaptoethanol (4.6% SDS, 20% glycerol, 0.125M Tris, pH 6.8, and 0.004% 

bromophenol blue) and stored at -20°C. Prior to loading LPS samples onto 18% SDS

polyacrylamide gels, lysates were diluted 1:8 with lysis buffer without 2-13-

mercaptoethano 1. 

2.10.2 LPS Electrophoresis. 

LPS fragments were separated using a tricine sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis system (discontinuous SDS-PAGE) consisting of an 18% polyacrylamide 

separating gel and a 4.5% stacking gel (Appendix II) as described by Lesse et al (1990). 

Polymerisation was catalysed with TEMED initiation using 10% ammonium persulfate 

(APS). A Hoefer gel rig was used in casting and electrophoresis of LPS samples with a 

Pharmacia power supply at constant current (35 rnA). At the completion of 

electrophoresis (i.e when the bromophenol blue dye reached the bottom of the gel), the 

plates were separated and the SDS-PAGE gel was fixed in 25% v/v isopropanol and 7% 

v/v acetic acid) for 16 hr. 

2.10.3 Silver Staining ofSDS-PAGE Gels. 

A modification of the silver staining method presented by Hitchcock and Brown (1983) 

was applied to visualise the LPS. Fixed gels were oxidised in freshly made Oxidizing 

Solution (Appendix II) for 5 min. The Oxidizing Solution was decanted and the gel was 

washed 8 times in 200 ml ofddH20 (2 x 30 min, 2 x 20 min, 4 x 10 min). The water was 

aspirated off and the gel was stained in 150 ml of freshly made silver stain (Appendix II) 
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for 10 min. Silver stain was decanted and the gel was washed 4 times in 200 ml of 

ddH20 for 10 min each. The gel was developed in 200 ml of citric acid developer 

(Appendix II) for 1-10 min. Stop solution (Appendix II) was added when LPS and the 

background were at highest contrast. In all of the above steps, gels were agitated on an 

orbital shaker set at a slow speed. Gels were allowed to soak for a minimum of 1 hr 

before photographing the results using a SLR camera and colour slide photography. 

2.11 MUTATIONAL ANALYSIS ofgmhD. 

To examine the role of gmhD in LPS biosynthesis, the gmhD gene from C. jejuni 

NCTCI1168 was disrupted. Several methods were employed to create a mutant gene. 

2.11.1 Method 1. 

The aim of this method was to isolate the gmhD gene from C. jejuni NCTC11168 and to 

disrupt the C. jejuni gmhD gene by creating a 350 bp in-frame Bell deletion within the 

gene. The procedure involved with this method is outlined in Figure 2.1. The primers, 

98-10 and 98-11 were designed to generate a 2.5 kb PCR amplicon containing the 1.1 kb 

gmhD gene. Chromosomal DNA of C. jejuni NCTC11168 was used as the DNA 

template. The 2.5 kb PCR product was purified from agarose using the Geneclean III Kit 

(section 2.7.7.2). The purified product was cloned into the PCR vector, pGEM-T Easy, 

and transformed into competent DH5a cells by the calcium chloride method (section 

2.4.1). There are two Bell sites within the gmhD gene. Disruption of gmhD by digesting 

the PCR amplicon with Bell creates an in-frame deletion of 350 bp within the gmhD 

gene. The digested products would be ligated together with T4 DNA ligase and cloned 

into the pGEM-T Easy vector. 
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Figure 2.1. Physical map ofPCR amplicon generated using primers, 98-10 and 98-11. To create 
an in-frame deletion in gmhD, the two Bell sites within gmhD would be used to delete ~350 bp of gmhD. 
The two Bell sites are unique to the ~2.5 kb insert. Bell does not cut the cloning vector, pGEM-T Easy. 

2.11.2 Method 2. 

59 

This method was utilised to construct a mutation in gmhD of C. jejuni NCTCII168. In 

Method 2, the aim was to isolate two smaller DNA fragments of the size 1.1 kb and 1.4 

kb which covered the same region as the 2.5 kb DNA fragment from Method 1. Figure 

2.2 summarises the strategy undertaken in Method 2. Using chromosomal DNA of C. 

jejuni NCTC11168 as the DNA source, the gmhD gene was amplified in two parts by 

PCR amplification using primers 98~10 / 98~20 and 98-19 / 98-11 (section 2.5.2). Both 

of the amplicons generated contained a unique Bell site within the gmhD gene, not found 

in the cloning vector, pOEM-T Easy. The two PCR products were separately ligated into 

the cloning vector, pOEM~T Easy, creating pDV05 and pDV06 (section 2.8.). Using the 

electroporation method, pDV05 and pDV06 were independently introduced into 

electrocompetent DH5a cells (section 2.4.2). Transformants were analysed by restriction 

enzyme analysis to confirm the presence of the gmhD insert and to determine the 

orientation of the insert within the multi~cloning site in the vector. 

The constructs pDV05 and pDV06 were individually introduced into electro competent 

dam- dem- cells (strain KLC 4004) by the electroporation method creating KLC 4142 and 

KLC 4134, respectively (section 2.4.2). pDV05 and pDV06 isolated from KLC 4142 and 

KLC 4143, respectively, were subjected to a double restriction digest with Bell and Sall 

(section 2.7.2 and 2.7.4). Digesting pDV05 with Bell and Sall generated two DNA 

fragments. The 4.0 kb DNA fragment consisted of the pOEM-T Easy vector plus the 

insert minus 100 bp of the gmhD gene while the second DNA fragment represented the 



Chapter II Materials and Methods 60 

100 bp fragment (Bell/Sail) of the gmhD gene. With pDV06, two DNA fragments were 

also produced: 1. pGEM-T Easy vector + 250 bp of the gmhD gene and 2. a 1.2 kb DNA 

fragment which included the insert minus 250 bp of the gmhD gene. The 4.0 kb DNA 

fragment from the pDV05 digestion and the 1.2 kb DNA fragment from the pDV06 

digestion were excised from a 2% agarose gel, purified using the Geneclean III Kit 

(section 2.7.7.2), and ligated using T4 DNA ligase (section 2.7.6). This plasmid 

construct which harboured a 350 bp deletion in gmhD was introduced into 

electro competent DH5a cells by electroporation, selected for on the basis of ampicillin 

resistance and screened by restriction enzyme digests . 

98-10 ~ 

I 

.... 98-20 

(1.1 kb) 

98-19 ~ 
Bell Bel! 

;hmA 
~ 98-11 

I 

(1.4 kb) 

Figu re 2.2. Physical map of PCR amplicons generated in Method 2. A 1.1 kb PCR amplicon 
was produced by primers 98-10 and 98-20 (shown in green). Primers 98-19 and 98-11 generated 
a 1.4 kb PCR amplicon (shown in blue). Both of the DNA fragments contain a single Bell 
restriction enzyme site which was used to disrupt the gmhD gene. 

2.11.3 Method 3. 

This approach was used to construct a site-specific mutation in the gmhD gene from C. 

jejuni NCTC11168 (Figure 2.3). The external primers were chosen for directional 

cloning. The internal primers 98-31 and 98-32 were designed to create the mutation by 

adding 10 bases that included a 6-base restriction site, BamHI, not found in the gene. 

Thus, the internal primers consisted of a BamHI site at each 5' end. The gmhD gene was 

amplified in two parts by PCR with primers 98-30 / 98-31 and 98-32 / 98-33 and C. jejuni 

NCTC11168 as the genomic DNA (section 2.5.2). The amplified fragments were 

digested with BamHI and ligated with T4 DNA ligase (section 2.7.4 and 2.7.6). Ligated 

products were purified and cloned into the pGEM-T Easy vector. These constructs were 
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transformed into DH5a cells by the electroporation method (section 2.4.2) and selected 

for on the basis of Ap resistance. Restriction endonuclease analysis was performed on 

transformants to determine if a site-directed mutation had been created in gmhD. 

However, despite several attempts, no transformants were recovered with this method. 

An alternative approach to create the mutant was explored with method 3. A PCR 

reaction was performed using the two DNA fragments generated by 98-30 / 98-31 and 

98-32 / 98-33 as the template and the external primers, 98-30 / 98-33 (section 2.5.l). 

Since the two DNA fragments have overhanging Bamill sites engineered into them, it 

was possible that the ends would hybridise and a single amplicon containing the mutant 

gmhD gene could be generated with the external primers. This also proved to be 

unsuccessful. Further attempts were not made with site-directed mutagenesis. 

gmhD 

(- 750 bp) (- 500 bp) (BamHI) 
.... I---GTCCTAGGAC (98-31) 

(98-32) CAGGATCCTG ---I~" 
(BamHI) (- 560 bp) 

gmhD 

(- 100 bp) 

+--
98-33 

Figure 2.3. Physical map showing peR amplicons generated in Method 3. The -- represents the 
gmhD gene. Primers 98-30 198-31 were used to produce a - 1.2 kb PCR amplicon. Primers 98-32/98-33 
were used to produce a - 660 bp PCR amplicon. As shown above, primers 98-30 and 98-31 have been 
designed by adding a BamHI site flanked by ''noise'' nucleotides CA and TG. Also, a section of - 25 
nucleotides in gmhD between 98-30 and 98-33 was not covered. 

2.11.4 Method 4. 

The aim of this method was to isolate the gmhD gene from C. jejuni NCTC11168 and to 

disrupt the C. jejuni gmhD gene by creating a 350 bp in-frame Bell deletion within the 

gene. The strategy involved with this method is outlined in Figure 2.4. The primers 98-30 

and 98-33 were designed using the Oligo 6 software package. A PCR reaction using 
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primers, 98-30 and 98-33, and C. jejuni NCTC11168 as the genomic DNA was 

performed to generate a 1.95 kb PCR amplicon containing the 1.1 kb gmhD gene (section 

2.5.2). The 1.95 kb PCR product was purified as outlined in section 2.5 and cloned into 

the pOEMT-Easy vector creating pDV07 (section 2.8). pDV07 was introduced into 

electrocompetent DH5a cells by the electroporation method (section 2.4.2). 

Transformants were analysed by restriction endonuclease analysis to confIrm the 

presence of the appropriate insert in the multi-cloning site of pOEM-T Easy vector. In 

order to perform a restriction digest using Bell, electrocompetent dam- dem- cells (strain 

KLC 4004) were transformed with pDV07 by the electroporation protocol (section 2.4.2). 

The two Bell sites found within the gmhD gene are unique to the 1.95 kb amplicon and 

are not found in the cloning vector, pOEM-T Easy. Digesting pDV07 isolated from the 

dam- dem- transformed cells with Bell created an in-frame deletion of 350 bp within the 

gmhD gene (section 2.7.4). Restriction endonucleases were heat-inactivated for 30 min 

at 70°C. The digested products were ligated using T4 DNA ligase (section 2.7.6) and 

cloned into the pOEM-T Easy vector creating pDV08 (section 2.8). Restriction enzyme 

analysis established that a deletion had been made in the gmhD gene and LPS analysis 

further confirmed this. 

Bell Bell 
98-30 

" ~ 98-33 
~ r------;>~IIIIIIIipI~--I-----... -1 g4nb 

(750 bp) (1.1 kb) (100 bp) 

Figure 2.4. Physical map of the PCR amplicon generated using primers, 98-30 and 98-33. To 
create a deletion in gmhD, the two Bell sites within gmhD were used to delete ~350bp of the gene. 
The two Bell sites are unique to the ~ 1.95 kb insert. Bell does not cut the cloning vector, pOEM-T Easy. 
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CHAPTER III 

RESULTS 

3.1. CLONING OF A FUNCTIONAL HOMOLOG OF THE E. coli gmhD GENE 
FROM C.jejuni. 

3.1.1. Screeningfor a gmhD functional homologfrom the C. jejuni plasmid library. 

In order to identify a Campylobacter jejuni gene whose product is capable of restoring 

the LPS of an E. coli K12 gmhD-defective strain, plasmid expression libraries made from 

the C. jejuni strain F380 11 were introduced into KLC 4314. KLC 4314 does not produce 

a functional ADP-L-glycero-D-rnannoheptose-6-epimerase protein. It synthesises a 

deeply truncated LPS and as a result KLC 4314 cannot grow on media containing bile 

salts or media with even low concentrations of novobiocin (Coleman and Leive, 1979; 

Coleman, 1983). 

Transforrnants of KLC 4314 were initially selected on LBA supplemented with Ap at 

37°C to select for the plasmid libraries and to allow sufficient cell replication to restore 

defects in the LPS by a trans-complementing gene product. In order to identify the 

transformants which contained the gmhD homolog, transforrnants were patch streaked 

onto LBA, LBA+Ap and LBA+Ap+Nv (see Table 2.1 in Section 2.2.1 for concentration 

of Ap and Nv) at 37°C. Four transforrnants carrying plasmids from the C. jejuni F2 

expression library complemented the gmhD-defect in KLC 4314. Plasmid DNA was 

isolated from those transforrnants and designated pDV01, pDV02, pDV03, and pDV04 

(KLC 4316-KLC 4319 respectively). 

Transforrnants that were able to grow in the presence novobiocin were either expressing a 

functional homolog of the gmhD gene from the C. jejuni's plasmid expression library or 

were revertants of the E. coli gmhD gene. To ensure that the transformants were not 

simply the result of a spontaneous reversion of the gmhD mutation in KLC 4314, KLC 

4314 cells were transformed a second time using plasmids pDVO 1-4 and the frequency of 

Nv-resistance measured. It would be predicted that if the transformants arose due to the 
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reversion of the gmhD mutation in E. coli, then when the electro competent KLC 4314 

cells were transformed a second time with pDVOl-4, the frequency of Nv-resistant 

transformants should be variable (any where from no transformants to a few 

transformants which may have arisen from another spontaneous mutation). In other 

words, as the frequency of spontaneous reversion of the gmhD mutant appears to be low 

as judged by the gmhD/pBIISK(+) control experiment (see Section 2.6), few, if any, KLC 

4314 cells from LBA+Ap would be able to replicate on LBA+Ap+Nv. However, if 

growth on LBA+Ap+Nv was due to the complementing activity from the plasmid, then a 

detectable frequency difference in the number of transformants arising on LBA+Ap+Nv 

should be observed. In this case, all transformants receiving a complementing plasmid 

are expected to be able to replicate on LBA+Ap+Nv. All fifty transformants containing 

each complementing plasmid were able to grow in the presence ofNv (data not shown). 

Since the parental strain, KLC 4314, was unable to produce colonies on LBA+Ap+Nv, it 

was apparent that the parental strain, KLC 4314, had not reverted prior to cell 

competence preparation. To ensure that the parental strain had not reverted during 

preparation of the competent cells, KLC 4314 containing pBIISK(+) alone was shown to 

form colonies on LBA and LBA+Ap only and not on LBA+Ap+Nv. Table 3.1 

summarises the growth phenotype of E. coli K12 strains KLC 4000 (wild-type), KLC 

4314, KLC 4315 and KLC 4316-KLC 4319 on LBA, LBA+Ap, and LBA+Ap+Nv. 

Table 3.1. Growth of E. coli strains KLC 4000, KLC 4314 and KLC 4314 
transformants on non-selective and selective media. 
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3.1.1. Restriction En'!J'me Mapping of plasm ids pDVOl - pDV04. 

Restriction enzyme digestions were performed on plasmids, pDVO 1-4 using several 

different enzymes. The purpose of these digestions was to determine whether a common 

DNA fragment existed among the C. jejuni plasmid isolates. Initially, a double digest 

with KpnI and Sad was carried out to assess the sizes of inserted C. jejuni F38011 

genomic DNA within pDVOl-4. It was observed that all of the C. jejuni plasmid isolates 

produced a common DNA fragment with an insert size of approximately 2.9 kb (Figure 

3.1a, lanes 2-5). Additional digests (EcoRI, HindIlI and PstI) were performed in order to 

assess whether or not the C. jejuni inserts contained common DNA fragments. These 

restriction digestions revealed that the plasmids shared identical restriction enzyme 

profiles (data not shown). Since all of these plasmid isolates generated a common DNA 

profile, only the plasmid designated pDVO 1 was used for further analysis. Restriction 

endonuclease digestions of the plasmids with the enzyme EcoRI site revealed a single 

EcoRI site in the pBIISK(+) vector, resulting in one DNA fragment of approximately of 

5.9-6.0 kb. As pBIISK(+) is 3 kb, this further confirmed that the C. jejuni insert size was 

approximately 2.9 kb (Figure 3.1 b, Lane 3). 
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Figure 3.1. Restriction enzyme mapping of plasmids pDV01-pDV04. (A) Plasmids pDV01-pDV04 
restriction endonuclease digested with KpnI and Sacl to visualise the C.jejuni F38011 DNA insert from the 
plasmid vector pBIISK(+). Lane 1, 1 kb marker; Lane 2, pDV01; Lane 3, pDV02; Lane 4, pDV03; Lane 5, 
pDV04. DNA samples were subjected to an electrical current through a 1.0% agarose gel, stained with 
ethidium bromide and visualised under UV light (see Section 2.7.7). (B) pDVOl restriction endonuclease 
digested with KpnI and SacI (Lane 2) and EcoRI (Lane 3) to further assess the correct size of the insert. 
Lane 1, 1 kb plus marker. DNA samples were subjected to an electrical current through a 1.0% agarose gel, 
stained with ethidium bromide and visualised under UV light (see Section 2.7.7). 
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3.1.3. LPS Analysis. 

Complementation of the deep rough mutant suggested that pDVOI either harboured a 

gene (or genes) capable of restoring the rjaD- defect ofKLC 4314 or encoded a protein 

which was able to modify the bacterial membrane allowing detoxification of hydrophobic 

antibiotics and permitting growth. Further experiments were required to investigate 

which factor contributed to the bacteria's resistance to novobiocin (i.e the expression of 

the protein product of the gmhD gene or the expression of a protein which confers 

novobiocin resistance.) It was presumed that if the interspecies-complementation was 

due to the restoration of the gmhD- defect, the LPS from the E. coli K12 gmhD mutant 

harbouring the complementing plasmid, pDV01, would be restored to wild-type. 

To obtain direct evidence of an altered LPS, comparison of the electrophoretic profile of 

LPS from E. coli strain KLC 4000 (wild-type), E. coli gmhD mutant strain KLC 4314, 

KLC 4314 transformant harbouring pDVOI (KLC 4316) and KLC 4314 transformant 

harbouring only the pBIISK(+) vector (KLC 4315) were performed. The isolated 

bacteriallipopolysaccharides from the strains were analysed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by silver staining (Lesse et al. 1990) (Figure 3.2). 

Since E. coli K12 does not synthesise O-antigen, no O-antigen repeats were observed in 

the SDS-PAGE. The gmhD mutant strain E.coli KLC 4314 expressed a highly truncated 

LPS molecule (Figure 3.2, Lane B) in comparison to the wild-type strain KLC 4000 

(Figure 3.2, Lane A). The SDS-PAGE analysis revealed that the E. coli K12 gmhD 

mutant (KLC 4314) produces a small amount of a larger LPS structure. This was not 

expected as previous studies have reported that the E. coli K12 gmhD mutant does not 

allow the addition of distal sugars to the heptose precursor, D-D-Hep (Coleman and 

Leive, 1979; Coleman 1983). This may have resulted from our chosen method 

(Hitchcock and Brown, 1983) for isolation of the LPS. However, it is also possible that 

E. coli may be similar to S. typhimurium and N gonorrhoeae, organisms in which a 

defect in gmhD results in the production of a truncated LPSILOS as well as a reduced 

amount of LPSILOS that migrates in SDS-PAGE with same mobility as parental 

LPSILOS (Sirisena et al., 1994; Drazek et al., 1995). 
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As expected, LPS isolated from strain KLC 4315 (Figure 3.2, Lane C) migrated 

identically to the gmhD mutant KLC 4314. Complementation of the gmhD mutant by 

pDV01, strain KLC 4316 (Figure 3.2, Lane D), resulted in slower migration of the LPS 

species consistent with a higher-molecular weight LPS, and this molecule displayed a 

LPS migration of equivalent mobility to that of the wild-type strain of E. coli (KLC 4000) 

(Figure 3.2, Lane A). This finding is consistent with the cross-species complementation 

studies which demonstrated that pDV01 restored novobiocin-resistance to KLC 4314. 

Figure 3.2. Electrophoretic analysis of proteinase K-treated whole cell Iysates of E. coli K12 
KLC 4314 (gmhDj transform ants. Lysates were resolved in an 18% SDS polyacrylamide gel 
(SDS-PAGE) using a tricine buffer system and the LPS visualised by silver staining (See section 
2.10). Lanes: A. KLC 4000 (wild-type); B. KLC 4314; C. KLC 4315; D. KLC 4316. 
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3.2. CHARACTERISATION OF pDVOl. 

3.2.1. Restriction Mapping o/pDVOJ. 

Using pDVO 1 as a model, a series of single restriction digests with EcoRI, PstI, HindIII, 

StyI, Sall, BgllI, ApaI, followed by double restriction digests with HindIII and PstI, Sall 

and BgllI, StyI and BgllI, and EcoRI and BgllI were performed. The purpose of these 

digestions was to construct a restriction map of the C. jejuni gmhD complementing 

plasmid, pDVOI (Figure 3.4). In essence, this map would be used to localise the 

complementing activity, presumed to be a gmhD gene homolog, to a particular region on 

pDV01 by constructing a series of subc1ones. Restriction endonuclease characterisation 

ofpDVOl would also assist in sequencing ofthe complementing gene. 

Digestions of pDVOl with PstI resulted in three fragments of approximately 4.0 kb, 1.1 

kb and 900 bp (Figure 3.3, Lane 4). When pDVOl was digested with HindIII, four DNA 

fragments, 3.7 kb, 900 bp and a 700 bp doublet fragment resulted (Figure 3.3, Lane 5). 

The doublet fragment of 700 bp from the HindIII digest was not as apparent at first; 

however, a double restriction digest with HindIII and PstI split one of the two 700 bp 

bands into two smaller bands of approximately 300 bp and 400 bp indicating that a 700 

bp doublet fragment is produced in the HindIII single digest (Figure 3.3, Lane 7). The 

fragment sizes produced by the double HindIII and PstI digest were analyzed in 

comparison with the fragment sizes generated by the single digests with HindIII and PstI 

to determine where the HindIII and PstI sites occurred within the insert. Since both ApaI 

and Sall have one known restriction site within the vector and one restricition site within 

the insert, it was possible to determine the location of these sites within pDVO 1 without a 

second enzyme (data not shown). The restriction enzyme BglII cut within pDVOl only 

once producing a band of 6.0 kb (Figure 3.3, Lane 2). As there are no sites for BgllI in 

the vector, it was necessary to perform a double digest with EcoRI and BglII to determine 

the exact location of the BgllI site within the insert (Figure 3.3, Lane 3). When pDVOl 

was digested with StyI, two fragments of approximately 4.8 kb and 1.2 kb, were produced 

indicating that the enzyme has two restriction sites within the insert since the vector has 
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no known StyI sites (Figure 3.3, Lane 4). Once it was known where the Bgill site 

occurred within the insert, the BglIl enzyme was used in a double restriction digest with 

StyI to map the StyI restriction sites within the insert (data not shown). 

5.0 
4.0 

1 2 3 4 5 6 7 8 

kb 

1.5 

Figure 3.3. Plasmid pDVOl restriction endonuclease digested with several different restriction enzymes 
in order to construct a restriction map for the complementing plasmid, pDVO I. Lane I. 1 kb standard 
marker; Lane 2. pDVOl digested with Bg/II; Lane 3. pDVOl digested with Bg/II and EcoRl; Lane 4. 
pDVOl digested with StyI; Lane 5. pDVOI digested with PstI; Lane 6. pDVOl digested with HindIII; 
Lane 7. pDVOI digested with PstI and HindIII; Lane 8. 100 bp standard marker. DNA samples were 
subjected to an electrical current through a 1 % agarose gel, stained with ethidium bromide and visualised 
under UV light (see Section 2.7.7). Bands larger than 6kb are due to uncut or partially digested plasmid 
DNA. Bright bands at the bottom of the gel are indicative of RNA that has not been completely removed 
by RNAse A. Yellow arrow points to the fragment resulting from digestion of pDVOl with BglII. White 
arrows point to the fragments resulting from digestion of HindIII fragments with Pst!. 
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Figure 3.4. The restriction map of the C. jejuni gmhD complementing plasmid, 
pDVOl. The plasmid is estimated to be 5.9 kb. Restriction endonuclease sites 
for the C. jejuni F38011 2.9 kb insert are shown as deduced from restriction 
enzyme mapping studies. 
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3.2.2. Localisation of the gmhD gene in pDVOl. 

Two approaches were initially used to determine location of the complementing activity 

within pDVO 1, deletion mutagenesis and nucleotide sequencing. Based on the physical 

map for the insert (Figure 3.4), several deletion clones were produced. Introduction of a 

StyI deletion plasmid (pDV09) into KLC 4314 resulted in five transformants. None of 

these transformants were capable of growth on LBA+Ap+Nv (data not shown). Plasmid 

DNA was extracted from the transformants and digested with several combinations of 

restriction endonucleases to confirm that the appropriate plasmid constructs were 

recovered, demonstrating that the digestion and ligation had worked. The loss of 

complementation of the KLC 4314 mutant by plasmid pDV09 suggested that at least part 

of the gmhD gene was within the deleted 1.0 kb StyI fragment. 

3.2.3. DNA Sequencing. 

Nucleotide sequences of C. jejuni F38011 DNA from the KpnI and Sac! ends were 

determined (see Section 2.9) in order to confirm that the C. jejuni F38011 insert in 

pDVOI contains the gmhD homolog. DNA sequence from the insert was initially 

produced using primers T3 and T7. Approximately, 640 bp of DNA sequence was 

obtained from both the forward (T3) and reverse (T7) primer. Thus, about 1.3 kb of the 

2.9 kb insert was partially sequenced using these two primers. 

To search for possible protein similarities with known amino acid sequences of other 

genes, the DNA sequence from the T3 and T7 end from pDVO 1 was sent to the Blast 

server. Translated amino acid sequence from the T7 end revealed protein similarity to 

two genes: ADP-L-glycero-D-mannoheptose (gmhD) from Aquifox aeolicus, H pylori, 

H injluenzae, S. typhimurium, E. coli and V. cholerae and ADP-heptose synthase (gmhC) 

from A. aeolicus, H pylori, and H injluenzae (Appendix III-Blast Data). It appeared 

that the gene gmhC is located directly downstream of the gmhD gene in C. jejuni F38011 

and both of these genes are transcribed in the same direction (Figure 3.5). Translated 

amino acid sequence from the T3 end showed protein similarity to an ATPase gene 

(Figure 3.5). 
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Figure 3.5. The physical map ofpDVOl. represents the region ofpDVOI that was 
sequenced using primers T3 and TI. The 640 bp fragment generated using primer T7 contains 
the 3' end of the gmhD gene and the 5' end of the gmhC gene. The 640 bp fragment generated 
using T3 contains a portion of an ATPase gene. Arrows indicate the direction of transcription. 
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While this work was in progress, the entire sequence for the C. jejuni genome was made 

available (www.sanger.ac.uklProjects/Cjejuni). Since the DNA sequence for C. jejuni 

was now available on the computer database, it became unnecessary to continue with the 

sequencing ofpDVOl. It was apparent from the nucleotide sequence examination of the 

T7 end from pDVOl that a region of the gmhD gene was located approximately from 

nucleotides 1 to 379 in pDVOl. Comparison of the partial gmhD nucleotide sequence 

with the recently reported sequence of C. jejuni strain NCTCll168 made it possible to 

obtain the entire sequence for the gmhD gene of C. jejuni. Both the T7 and T3 sequence 

from pDVOl correlates with the reported sequence of the C. jejuni genome. The partial 

nucleotide sequence and deduced amino acid sequence of GmhD from C. jejuni F38011 

were aligned with the corresponding sequence in C. jejuni NCTCll168. These 

sequences, when aligned, displayed extensive conservation at both the nucleotide and 

amino acid levels (Figure 3.6a, 3.6b). The complete sequence of the gmhD gene and its 

neighbouring genes is shown in Figure 3.7. The shaded sequence represents the 

nucleotide sequence obtained from the sequencing ofpDVOl. 
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B. 
CjNCTClll68 
Cj F380ll 

Cj NCTCll168 
Cj F380ll 

CjNCTClll68 
Cj F380ll 

Results 

CCGCTTCTATGGTTTTGCAATTTGGCCATCAAATTTTAGCAGGAAAAAAT 
CCGCTTCTATGGTTTTGCAATTTGGCCATCAAATTTTAGCAGGAAAAAAT 
************************************************** 

CCACGATTGTTTGAAGGAAGTGATC-AAATTTATAGGGATTTTACTTATA 
CCACGATTGTTTGAAGGAAGTGATCCAAATTTATAGAGATTTTACTTATA 
************************* ********** ************* 

TTAAAGATGTTATTAGTGCTAATTTAATCGCCCTTGATTCAAAATGTGGG 
TTAAAGATGTTATTAATGCCAATTTAATTGCCCTTGATTCAAAATGCGGG 
*************** *** ******** ***************** *** 

GTTTATAATGTAGGCAGTGGTAAAGCAAGAACCTTTCAAGATATAGTTGA 
GTTTATAATGTAGGTAGTGGTAAAGCAAGAACCTTTCAAGATATAGTTGA 
************** *********************************** 

TATTTTGCAAAAAGAGTTAAAGACTGATTTGCCTTGTGAATATATCCCAA 
TATTTTGCAAAAAGAGTTAAAGACTGATTTGCCTTGTGAATATATCCCAA 
************************************************** 

ATCCTTATGTAAAATCTTATCAGTTCCATACTGAAGCAAAACTAGATCAA 
ATCCTTATGTAAAATCTTATCAATTCCATACTGAAGCAAAACTAGATCAA 
********************** *************************** 

ACTTGGAATTATCAGCCAAAATTTAGCCTTGAAGAGGGTATAAAAGATTA 
ACTTGGGATTATCAGCCAAAATTTAGTCTTGAAGAGGGGATTAAAGATTA 
****** ******************* *********** ** ******** 

TTTAGGCGAGATAAAAAGACTTTTTGAAAAGGAAGTAAATGCTTGA 
TTTAGATGAGATAAAAAGACTTTTTGAAAAGGAAGTAAATGCTTGA 
***** *************************************** 

ASMVLQFGHQILAGKNPRLFEGSDQIYRDFTYIKDVISANLIALDSKCGV 
ASMVLQFGHQILAGKNPRLFEGSDQIYRDFTYIKDVINANLIALDSKCGV 
*************************************.************ 

YNVGSGKARTFQDIVDILQKELKTDLPCEYIPNPYVKSYQFHTEAKLDQT 
YNVGSGKARTFQDIVDILQKELKTDLPCEYIPNPYVKSYQFHTEAKLDQT 
************************************************** 

WNYQPKFSLEEGIKDYLGEIKRLFEKEVNA* 
WDYQPKFSLEEGIKDYLDEIKRLFEKEVNA* 
*.*************** ************* 
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Figure 3.6. Alignment of C.jejuni F38011 (CjF38011) and C.jejuni NCTCll168 (CjNCTCll168) nucleotide 
(gmhD) and amino acid (GmhD) sequences. Panel A. Nucleotide sequence ofthe 5' end of the gmhD 
gene sequenced from C.jejuni F38011 aligned to the relevant region in C.jejuni NCTCll168. 
Panel B. Amino acid sequence from C.jejuni F38011 (GmhD) aligned to C.jejuniNCTCll168 (GmhD). 
>I< indicates identical amino acids; Full stops indicate conserved amino acids; Gaps, indicated by dashes, were 
introduced to obtain maximal alignment. 
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TTTTAAAAATCGTATTATGGCGCATAATCAGCAGGTTTTAAGACTGGATGAAGAAGATAT 1380 
FKNRIMAHNQQVLR LOEEOI 

AAGTGAGATTTTGCTTGAAAATGAGCTTATTGCTTTGTTTGATGAAAAGATTAAAnGACT 1440 
S ElL LE NELl AL FO E K J KXL 

TTAAGGCTGTGGTTTTAAGCGATTATGCCAAAGGTGTTnTAACCCCTAAAGTTTGTAAGG 1500 

K AVVL S DY AK G VXT PK VCKA 

CTGTGATAGAAAAGGCTAAGGTTTTAAATATCCCTGTTTTGGTTGATCCTAAGGGGAGTG 1560 
VI EKAKVLNIPVLVOPKGSO 

ATTTTAACAAATACAGCGGTGCAACTTTACTTACACCTAATAAAAAAGAAGCTTTAGAGG 1620 
FN KYS G AT L LT PNK K E ALE A 

CTTTGAAATTTGAAAATTTAGAGGGTGAAAATTTAGAAAAAGGCATCAAAAAATTAAAAG 1680 
LK FE NL E GE N LE KG I K K LKE 

AAGATTTTTCTTTGCGTTATTCTATCATCACTCTTTCAGAAGCTGGAATTGCACTTTTTG 1740 
OFSLRYSII TLSEAGIALFD 

ATGAGGGTTTGAAAATCGCACCTGCTAAAGCCTTAGAGGTTTATGATGTAACAGGAGCGG 1800 
EGLK IAPAKALEVYDVTGAG 

GCGATAGTGTGATCGCAGnTTTGGCTTTTTGTTTGGCAAATGAAATTGAAATTTTTAAAG 1860 
OSVIAXLAFCLANE IE IFKA 

CTnGCGAACTTGCCAATGAAGCCGCAGCTGTTGTGGTAAGTAAAATAGGTAGCGTGAGTG 1920 
XELANEAAAVVVSK IGSVSV 

TGAGTTTTGATGAGATT AAAAGTTTT AAGCGCGTGGATTTTGAGAAAAAAA TCAAAAGCA 1980 
SFOE IKSFKRVDFEKK KSK 

AAGAAGAACTTTTGGT ACTTTTGAAACAAAAT AAT AAAAAGAnTnnTTTTnCAAATGGTT 2040 
EEL LV LLK QNN KK XXFXNGC 

GTTTTGATATCGTGCATTTTGGACATATAAAATACCTTGACAAAGCTAAAAGATTGGGnn 2100 
FDIVHFGHIKYLDK AKRLGX 

nnGTTTTGATTGTAGGTTTGAACTCAGATGCGAGTGTGnAAAGACTCAAAGGCGAGAGTC 2160 
VL I VG LNS 0 AS VXR L K GE S R 

GTCCTGTAAATTCAGAATTTCAAAGAGCTTGTATGTnGGCAGCTTTTTATTTTGTTGATT 2220 
PVN S E FQR ACMXAAFY FVDF 

TTGTAGTGATTTTTGATGAAGACACGCCTTTAGAACTTATAAGCTTTTTAAAGCCTGATA 2280 
VVIFDEDTPLELI SFLKPDI 

TTTTGGTTAAAGGAnCTGATTATAAAGATAAnCTTGTTGTAGGTGCAGATATCGTTTCAA 2340 
LVK GXOYK DX LVV GA DI VS R 

GGGTTGAATTAATCGACTTTGAAGAAGGATTTAGTACAAGTAAGATCATAGAAAAGATTA 2400 
VELIDFE EGFSTSKI IE KIK 

AGGATAAAAAATGATAAATTTAGTGGAAAAAGAATGGCAAGAACATCAAAAAATTGTTCA 2460 
D K K • • 

MIN LV EKE WQ E H Q K 
gmhA ~ 

V Q 

AGCAAGCGAAATTTTAAAAGGACAAATCGCTAAAGTAGGTGAGCTTTTGTGTGAGTGTCT 2520 
ASE I LKGQ IAKVGELLCECL 

T AAAAAAGGTGGT AAAA TTTT AA TTTGCGGAAACGGTGGAAGTGCGGCTGATGCTCAGCA 2580 
K K GG K I L I CGN G GS AA 0 AQH 

TTTTGCGGCTGAACTTAGCGGGCGTTATAAAAAAGAACGCAAGGCTTTAGCAGGCATAGC 2640 
FAAE LSGRYKKERKALAGIA 

ACTTACAACCGATACTTCAGCACTTAGTGCCATAGGAAATGACTATGGTTTTGAGTTTGT 2700 
LTTDTSALSAI GNDYGFEFV 
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TTTTTCAAGACAAGTGGAAGCTTTAGGGAATGAAAAGGATGTTTTAATCGGTATTTCAAC 2760 
FS RQ VE AL GN E K DV L I G IS T 

GAGCGGAAAAAGCCnT AATGTTTT AGAAGCTTT AAAAAAAGCAAAAGAGCTT AA T ATGCT 2820 
S G K S XN V LEA L K K A K E L N M L 

TTGTCTAGGnCTTAnCGGAAAAGnTGGTGGAATGATGAATAAGCTTTGTGATCATAATCT 2880 
CL GLXGK XGGMMNK L CDHN L 

TGTfGTGCCAAGCGATGAT ACAGCT AGAATTCAAGAAATGCACnTTTT AA TCAT ACACAC 2940 
VVPSDDTARIQEMHXLIIHT 

ACTTTGTCAGATCATAGATGAGAGTTTTTAAGTAAATTTTTAGCCTGTTCTATCACT 3000 
LCQ IDESF·VNF" 

Figure 3.7. Nucleotide sequence and deduced amino acid sequence of C. jejuni NCTCll168 gmhD, 
gmhC and gmhA. The grey shaded nucleotide sequence represents C. jejuni F38011 DNA sequence of 
pDVOI obtained by primers T7 and T3. A third ORF is present at the termination of gmhC, gmhA, and is 
transcribed in the same direction as gmhD and gmhC. The yellow highlighted region at the N terminus of 
the GmhD protein denotes a possible ADP-binding site indicated by the highly conserved amino acid 
fingerprint sequence (Gly-X-Gly-X-X-Gly). The sequences in blue (AGGA) denote possible ribosomal 
binding sites (RBS). Start codon is indicated in bold and underlined for the respective ORFs. The stop 
codon is indicated in bold with a red asterick (*) below it. Restriction endonuclease sites located within 
GmhD are indicated in bold and labelled accordingly. The deduced amino acid sequence reported in single 
letter code is defined: A (alanine); R (arginine); N (asparagine); D (aspartate); C (cysteine); Q (glutamine); 
E (glutamate); G (glycine); H (histidine); I (isoleucine); L (leucine); K (lysine); M (methionine); F 
(phenylalanine); P (proline); S (serine); T (threonine); W (tryptophan); Y (tyrosine); V (valine). 
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Analysis of the assembled gmhD DNA sequence revealed the presence of one complete 

open reading frame (ORF) of 954 nucleotides, encoding a protein of 318 amino acids 

with a calculated mass of 36.0 kDa. The sequence of the gmhD gene from other Gram

negative bacteria such as E. coli K12 has been shown previously to range from 924 to 

990 bp (308 to 330 amino acids). Seven bases upstream of the proposed methionine 

initiation codon is a putative Shine-Dalgarno ribosomal binding site (AGGA). Analysis 

of the sequence upstream of the proposed ATG initiation codon failed to reveal potential 

-35 and -10 consensus sequences. The ORF has a G+C content of 30.3% which is 

consistent with that reported for other C. jejuni genes (Nuijten 1990). 

To determine if any amino acid similarities existed between the C. jejuni gmhD and other 

known amino acid sequences, the 954 nucleotides composing the ORF was analysed 

using the Blast server. Comparison of the deduced amino acid sequence of the identified 

ORF (c. jejuni gmhD) to amino acid sequences held in Gene Bank, PIR and Swiss 

Protein databases showed that the deduced amino acid sequence exhibited similarity with 

the gmhD gene from a number of Gram-negative bacteria. The predicted amino acid 

sequence of the C. jejuni GmhD protein revealed similarity values ranging from 

approximately 52 to 67% with the GmhD protein from H pylori (66%), A. aeolicus 

(67%), S. typhimurium (53%), E. coli (52%), V. cholerae (52%), and H injluenzae (52%) 

(Figure 3.8.). At the nucleotide level, the gmhD gene of C. jejuni showed little sequence 

similarity to the gmhD genes of H pylori, A. aeolicus, S. typhimurium, E. coli, V. 

cholerae, and H injluenzae indicating that while the overall protein sequences are 

conserved, the nucleotide sequences are quite different (Figure 3.9.) 

Based on the translated amino acid sequence similarity from the identified gene in C. 

jejuni with the GmhD protein from other Gram-negative bacteria and the earlier fmding 

that showed cross-species complementation activity and LPS restoration, the C. jejuni 

gene was designated gmhD and its product GmhD. 
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styp 1 
Ecol 1 
Hinf 1 
Vcho 1 
Ngon 1 
Cjej 1 
Hpyl 1 

styp 49 
Ecol 49 
Hinf 49 
Vcho 49 
Ngon 50 
Cjej 48 
Hpyl 61 

styp 99 
Ecol 99 
Hinf 99 
Vcho 99 
Ngon 101 
Cjej 108 
Hpyl 121 

Styp 159 
Ecol 159 
Hinf 158 
Vcho 158 
Ngon 160 
Cjej 167 
Hpyl 180 

Styp 208 
Ecol 208 
Hinf 207 
Vcho 213 
Ngon 215 
Cjej 214 
Hpyl 227 

Styp 259 
Ecol 259 
Hinf 258 
Vcho 264 
Ngon 275 
Cjej 262 
Hpyl 274 
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styp 
Ecol 
Hinf 
Vcho 
Ngon 
Cjej 
Hpyl 

335 
313 KEVNA 
327 EQHA-

Results 

Figure 3.8. Amino acid sequence alignment ofGmhD proteins from Salmonella typhimurium (Styp); 
Escherichia coli Kl2 (Ecol); Haemophilus injluenzae (Hint); Vibrio cholerae (Vcho); Neisseria 
gonorrhoeae (Ngon); Campylobacter jejuni NCTCll168 (Cjej); Helicobacter pylori (Hpyl). Amino 

80 

acid sequences were aligned (entire length) using ClustalW and displayed using Boxshade. Gaps, indicated 
by dashes, were introduced to obtain maximal alignment. Black shaded areas represent identical amino acids 
while grey shaded areas indicate conserved amino acids. 

styp 
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Ngon 
vcho 
Hinf 
Cjej 
Hpy1 

styp 
Eco1 
Ngon 
Vcho 
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Cjej 
Hpy1 

styp 
Eco1 
Ngon 
vcho 
Hinf 
Cjej 
Hpy1 

styp 
Eco1 
Ngon 
Vcho 
Hinf 
Cjej 
Hpy1 

Styp 
Eco1 
Ngon 
Vcho 
Hinf 
Cjej 
Hpy1 

--------------------AT--GA---TC-ATCG-------TTACCGGCGGCGCGGGC 27 
--------------------AT--GA---TC-ATCG-------TTACCGGCGGCGCGGGC 27 
--------------------AT--GACCATC-ATCG-------TAACAGGCGCGGCCGGC 30 
--------------------AT--GA---TC-ATCG-------TCACTGGCGGCGCTGGC 27 
--------------------AT--GA---TT-ATCG-------TAACAGGTGGTGCAGGT 27 
--------------------AT--GAAAAT--AGC------AATCACAGGTGGAGCAGGA 30 
ATGCGTTATATTGATGATGGATTAGAAAATCAAACGATTTTAATCACCGGTGGGGCTGGC 60 

** ** * * * * ** ** * ** ** 

TTTATCGGCAGCAAT----------ATCGTTAA---GGCCCTG--AATGATAAAGGTATC 72 
TTTATCGGCAGCAAC----------ATCGTTAA---AGCCCTG--AATGATAAAGGCATC 72 
TTTATCGGCAGCAAC----------ATCGTCAA---AGCCCTC--AACCAACGCGGCATT 75 
ATGATTGGCAGCAAT----------ATTATCAA---AGCGCTT--AATGAGCGCGGTATC 72 
TTTATTGGCAGCAAT----------ATTGTCAA---AGCGTTG--AATGATTTAGGGCGT 72 
TTTATAGGTTCGCAACTAGCTTTAAATTTGCAAGAAAAACATG--AAATTT----TAATC 84 
TTTGATGGCAGTAATCTGGCCTTTTATTTTCAAGAGAACCACCCTAAAGCTAAAGTAATC 120 

* ** * ** ** ** 

ACC---GATATTCT-GGTGGT----GGATAACCTGAAAGACG------GCACCA------ 112 
ACC---GATATTCT-GGTGGT----GGACAACCTGAAAGACG------GCACCA------ 112 
ACC---GACATCGT-CGCCGT----CGATAATCTGACAAAAG------GCGAAA------ 115 
ACA---GACATTTT-GGTCGT----TGATCATTTGAAAAATG------GTCGTA------ 112 
AAA---GATATTTT-AGTGGT----AGATAACTTAAAAGATG------GCACTA------ 112 
ATC---GATAAAATGCGTAGTAGTGCGA-CTTTTGAA-AATGGAAATTTGCAAAGTTTT- 138 
ATTTTAGATAAGTTTCGCAGTAACACG--CTTTTCAGTAAT---AACCGCCCCAGTTCTT 175 

* ** * * * ** * * * * * 

------AGTTTGTAAACCTGGTGGA-TCTGA-----AC---ATTGCTGACTATATGGATA 157 
------AGTTTGTGAACCTGGTGGA-TCTGA-----AT---ATCGCAGACTATATGGATA 157 
------AATTCAAAAACCTTGCCGAGTGCGA-----A----ATCGCCCACTACCTCGACA 160 
------AGTTCAAAAATCTGGTTGA--CCTAC----AG---ATCGCTGACTATATGGATC 157 
------AATTTGCCAATTTAGTTGA--TTTAG----AT---ATTGCAGATTATTGTGATA 157 
--GGGCATTTTAAAAATTTACTTGAATTTGATGGAGAACTTTTTGCAGGCGATATTAAC- 195 
TAGGGCATTTTAAGAATTTAATCGGTTTTAAGGGTGAGGTGATTGCAGCTGATATTAATA 235 

* ** ** * * * * * ** * * 
AGGA---AGATTTCCTGATCCAGATTATGTCCGGAGAAGAGCTCGGCG-------ATATC 207 
AGGA---AGACTTCCTGATCCAGATTATGGCTGGCGAAGAGTTCGGCG-------ATGTC 207 
AACA---CGAATTTATCCGCCAAGTGAGG----GAACACATTTTACCTTATCAAAACATC 213 
GAGA---TGACTTCCTAGCTCAGATCATGGCTGGTGATGATTTCGGGT---C----CATT 207 
AAGA---AGATTTCATTGCTTCTATTATTGCAGGCGACGAATTTGACG-------ATATT 207 
--------GATGAAAAAGTTTTAAAAAAG---ATTGAAGATTTTAAAC--------CAGA 236 
ACCCCTTAGATTTAAGGCGTTTAGAAAA----ATTGC--ATTTT---------------- 273 

** * * * 
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Results 

GAAGCTATTTTCCATGAAGGCGCCTGCTCTTCCACCACCGAGTGGGACGGC-AAGTATAT 
GAAGCGATTTTCCACGAAGGCGCGTGCTCTTCCACCACCGAGTGGGACGGC-AAGTATAT 
GAAGCCGTTTTCCATCAAGGCGCGTGTTCCGATACGATGAACCACGACGGT-TTGTATAT 
GACGCCATTTTCCATGAAGGTGCTTGCTCTGCGACCACAGAGTGGGATGGC-AAATATGT 
GATGCAGTATTCCACGAGGGAGCATGTTCTGCGACTACGGAATGGGATGGC-AAATACAT 
GATTATTTTT--CATCAAGCAGCAATTTCAGACACTACGGTTTTTGATCAA-ACTAAGGT 
GATTATTTATTCCACCAAGCGGCTGTTTCTGATACGACCATGCTGGATCAAGAATTAG-T 
** * * ** * * ** ** ** * ** * * 

GATGGATAATAACTATCAATACTCCAAAGAGCTGCTGCACTATTGTCTTGAGCGCGAA-
GATGGATAACAACTATCAATACTCCAAGGAGCTGCTGCACTACTGCCTGGAGCGTGAA-
GATGGAAAACAACTACCAGTACACGCTGGATTTGTTGGACTGGTGTCAGGA---CGAACG 
CATGCTCAACAACTATGAATACTCTAAAGAGCTGCTGCACTACTGTTTAGATCGTGAA-
TATGCACAACAACTACGAATATTCTAAAGAGTTATTACATTATTGCCTTGACCGCGAA-
TTTGCAAACCAATTTAAATACTTTTAAAGATTTTATAGAACTTAGCATAGATCTTAAT-
GATGAAAACCAATTATCAGGCTTTTTTAAACCTTTTAGAAATC-GC-TCGATCAAAAAAG 

** * ** * * * * * * * ** * 
-ATCCCGTTCCTCTACGCCTCTTCTGCCGCCACCTATGGCGGTCGC-AC----GTCTGAT 
-ATCCCGTTCCTGTACGCTTCTTCCGCAGCCACCTACGGCGGACGC-AC----CTCCGAC 
CATCCCCTTCCTTTATGCCTCCAGTGCGGCGGTTTACGGCAAAGGCGAA----ATC---
-ATACCCTTCCTGTATGCCTCTTCAGCAGCCACTTATGGTGAAACCGAT----ACC----
-ATCCCTTTCTTTTATGCCTCAAGTGCAGCAACTTATGGCGATACTAAA----GTA----
GCAAAGCTTA-TTTATGCAAGTTCAGCTTCGGTTTATGGTGATGCAAAAAGTCCACAAAC 
GCTAAAGTGA-TTTACGCTTCTTCAGCGGGTGTTTATGGCAACACCAAA-GCCCCCAA--

* * ** ** ** ** ** * 

TTCATCGAATC-GCGCGAATACGAAAAACCGCTTAACGTTTATGGCTATT-CTAAATTCC 
TTTATTGAATC-CCGCGAGTACGAAAAACCGTTGAACGTCTACGGTTACT-CAAAATTCC 
TTCCGCGAAGA-GCGCGAACTCGAAAAACCGCTTAATGTGTACGGCTACT-CCAAATTCC 
TTTATTGAAGAACCGC-AATACGAAGGTGCACTCAACGTTTACGGCTATT-CGAAGCAGC 
TTTCGTGAAGA-ACGTGAATTTGAAGGCCCATTAAATGTTTATGGCTATT-CTAAATTCT 
TGTAGGTAAG----GATGAA--GAA---CCAAAAAATCCTTATG-CTTTTTCAAAATTGA 
TGT-GGTA-G----GCTCAAACGAAAGCCCTGAAAACGTTTATGGCTTTTCCCAGCTT--

* * * *** * ** ** * * * * * 

TG-TTTGATGAA-TATGTGCGCCAGATCCTGCCAGAAGCG----AAC------------
TG-TTTGATGAA-TATGTTCGTCAAATCCTGCCTGAAGCG----AAC------------
TG-TTTGACCAAGTAT-TGCGCCGCCGCATGAAAGAAGGTCT-CACC------------
AA-TTTGAT-AACTATGTACGCCGCCTATGGCTAGATGCAAAACAACACGACGAAACCCT 
TG-TTCGACCAA-TATGTGCGTAACATTTTGCCAGAAGCAA---AA-------------
TG-ATGGATAAG~--TTAGCGAAAAAATATT----ACGAT----AAA------------

TGCATGGACGAA---TTTGTCCGATTCCATTCAA-ACGAC----AAT-------------
* ** * * * * * 

-TCGCAGATTGTCGGTTTCCGCTATTTCAACGTCTATGGACCACGTGAAGGCCATAAAGG 
-TCGCAGATTGTTGGCTTCCGTTATTTCAACGTTTATGGACCGCGTGAAGGCCATAAAGG 
-GCCCAAGTCGTCGGCTTCCGCTACTTCAACGTTTACGGACAACACGAACAACACAAAGG 
ATCGCAAATAACGGGATTTCGTTACTTCAACGTATACGGCCCTCGTGAGCAGCATAAAGG 
-TCGCCAGTATGTGGTTTCCGTTATTTCAATGTTTACGGACCGCGTGAAAATCATAAAGG 
-GCTCATTTGGTAGGACTTAGATATTTTAATGTTTATGGAAAAGGCGAATTTTATAAAAA 
-ATTCAA---GTGGGCTTAAGGTATTTTAATGTCTATGGGCCTAGGGAATTTTATAAAGA 

* ** * * ** ** ** ** ** ** ** * *** 

CAGCATGGCAAGCGTGGCATTTCATCT-------GAATACACAGTTAAACAACGG---CG 
CAGCATGGCGAGCGTCGCTTTCCATCT-------CAACACCCAGCTTAACAACGG---TG 
CCGCATGGCATCCGTCGCCTTCCACCATTTCCACCAATACCGCG---AACA-CGG---TT 
CTCGATGGCTTCGGTTGCCTTTCATTT-------GAACAATCAAATGAACGCGGG---TG 
TTCTATGGCGAGTGTAGCATTCCACTT-------GAATAACCAAATCTTAAAGGG---AG 
CAAAACCGCTTCTATGGTTTTGCAATTTGG---CCATCAAATTTT--AGCA--GG----
AAAAACCGCTTCCATGGTTTTGCAGCTCG-----CTTTAAGT------GCAATGGCGTTT 

* ** * * ** ** * ** 

AA--AGCCCG--AAACTGTTTGAAGGCAGCGAA---------AACTTCAAGC------GC 
AA--TCACCG--AAGCTGTTTGAAGGTAGCGAG---------AACTTCAAAC------GC 
A-------CGTCAACCTGTTCGGCAGCAACGACGGCTACGGCAACGGCGAACAAACCCGC 
AA--AATCCA--AAATTGTTTGCTGGCAGCGAG---------AACTTCAAAC------GT 
AA--AATCCA--AAATTATTTGCAGGTAGCGAA---------CACTTCCGCC------GT 
AAAAAATCCA--CGATTGTTTGAAGGAAGTGAT--------CAAATTTATA-------GG 
AAGGAAGTCA--AGCTT-TTTGAATTTGGCGAA--------CAA--TTA-A-------GG 

* * * ** * ** * * 
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Results 

GACTTCGTTTACGTGGGCGATGTG------GCCGCCGTTAAC-CTGTGGTTCCTGGAAAG 
GACTTCGTCTATGTGGGCGACGTG------GCTGATGTGAAT-CTGTGGTTCCTGGAAAA 
GACTTCGTCAGCGTCGAAGACGTC------GCCAAAATCAAC-CTCTACTTCTTCGACCA 
GATTTCGTTTATGTCGGCGATGTC------GCTGCGGTCAAT-TTGTGGTTTTTAGATCA 
GATTTTGTTTATGTAGGCGATGTG------GCTGCAGTGAAT-ATTTGGTGTTGGCAAAA 
GATTTTACTTATATTAAAGATGTTATTAGTGCTAATTTAATCGCCCTTGATTC---AAAA 
GATTTTGTCTATATTGAAGATGTGATCCAAGCGAATGTGAAAGCGATGAAGGCTCAAAAA 
** ** * ** ** ** * * * * 

CGGCAA---GTCCGGCATCTTTAACCTGGGCACAGGCCGTGCGGAATCTTTCCAGGCCGT 
TGGCGT---TTCCGGCATCTTCAATCTCGGTACTGGTCGTGCGGAATCCTTCCAGGCGGT 
TCCCGAACTTTCCGGCATCTACAACCTCGGCACCGGCCGCAGCCAACAGTTCAACGAACT 
TGGCGTA---TCCGGCATATTTAACTGTGGTACTGGTAAAGCGGAATCGTTCAACGAAGT 
TGGTAT---TTCGGGTATTTACAACCTTGGTACAGGAAATGCAGAAAGTTTCCGTGCGGT 
TG----------TGGGGTTTATAATGTAGGCAGTGGTAAAGCAAGAACCTTTCAAGATAT 
AG----------CGGGGTTTATAATGTGGGTTATTCGCAAGCCAGAAGTTATAATGAAAT 

** * * ** ** * * * * 

CGCCGACGCGACGCT----------------------GGCATACCATAA--------AAA 
AGCTGATGCTACGCT----------------------GGCTTATCACAA--------GAA 
CGCCGCCGCCACCGTCAACGCCTGCCGCGCCGCCGAAGGCAAATCTGAATTGAGCTTGAA 
GGCGAAAGCGGTGATC----------------------GCATTCCATGGTCGCGGC-GAA 
GGCTGATGCGGTAGT----------------------GAAATTCCACGGT--------AA 
AGTTGAT---ATTTTG----------------------CAAAAAGAG--TT-------AA 
CGTTGGC---ATTTT-------------------------AAAAGAGCATT-------TA 

* * * 

AGGTAGCATT--------GAA---------------TACATTCCGTTCCCGGATAAGCTG 
AGGCCAGATC--------GAA---------------TACATTCCGTTCCCGGATAAACTG 
AGAGTTGGTA--------GAAGAAGAACTTATCCGCTATATCCCCTTTCCCGACGCGCTC 
-------GTC--------GAA---------------ACCATTCCATTCCCAGACCATCTT 
AGGCGAGATT--------GAA---------------ACCATTCCATTCCCAGAGCATTTA 
AGACT-GATTTGCCTTGTGAA---------------TATATCCCAAATCCTTATG--T-
GGG---GATTTTAAA-GTGAGC--------------TATATCAAAAACCCTTACG--C--

* ** ** ** * 

AAAGGTCGCTATCAGGCGTTTACGCAGGCGGATTTA-ACCAATCT-GCGCAACGCGGGCT 
AAAGGCCGCTATCAGGCGTTCACTCAGGCAGATCTG-ACAAATCT-GCGCGCGGCGGGTT 
AAAGGCAAATACCAGGGCTTCACCCAAGCCGACATC-ACCAAATT-GCGCGAAGCCGGAT 
AAAGGTGCTTACCAAGAGTTCACTGAGGCTGACCTT-ACCAAACT-TCGCGCTGCTGGCT 
AAATCTCGCTATCAAGAATATACGCAAGCTGATTTA-ACTAAACT-TCGTTCAACAGGCT 
AAAA--TCTTATCAGTTCCATACTGAAGCAAAACTAGATCAAACT----TGGAATT--AT 
T-----TTTTTCCAAAAGCACACCCAAGCGCACATTGAGCCTGCTATTTTGGATTTGGAT 

* ** ** * ** * * * * * 

ACGACAAACCCTTTAAGACCGTCGCCGAA-GGCGTCACGGAGTAT---------AT---
ACGACAAACCGTTCAAAACCGTTGCTGAA-GGTGTAACGGAATAC---------AT---
ATAAGGAAGAATTTTTCGATGTCAAAGCA-GGTGTCAACCGCTACGT----CAAAT---
GTGATGTACAGTTCAAGAGCGTGGCTGAA-GGTGTCGCTGAATAT---------AT---
ACGATAAGCCATTCAAAACAGTCGCGGAA-GGCGTGGCTGAATAT---------AT---
--CAGCCAAAATTTAGCC---TTGAAGAG-GGTATAAAAGATTATTTAGGCGAGATAAAA 
TACACCCC---TTTATACGATTTGGAAAGCGGTATTAAAGATTATTTGCCCCATATCCAT 

* ** * ** * 

-GGC--CTGGCT---GAACCGCGACGCGTAA 933 
-GGC--CTGGCT---GAATCGCGACGCATAA 933 
-GGATGCTGGAA---AATTTG----GCTTAA 1005 
-GGC-GCTG-AT---TAATCGTAA---GTAA 945 
-GGC--GTGGTT---GAATAGAAA---ATAA 927 
AGACTTTTTGAAAAGGAAGTAA-ATGCTTGA 954 
GCGATTTTTAAA---GAACAGC-ACGCATGA 993 

* * * * 

** ** 
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Figure 3.9. Nucleotide sequence alignment of gmhD gene from Salmonella typhimurium (Styp); 
Escherichia coli K12 (Ecol); Haemophilus injluenzae (Hin£); Vibrio cholerae (Vcho); Neisseria 
gonorrhoeae (Ngon); Campylobacter jejuni NCTCll168 (Cjej); Helicobacter pylori (Hpyl). 
Nucleotide sequences were aligned (entire length) using ClustalW. Gaps, indicated by dashes, 
were introduced to obtain maximal alignment. II< indicates identical nucleotides. 
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ADP-binding pap fold within the GmhD protein. 

It has been demonstrated that the binding site for the ADP moiety in the families of flavin 

adenine dinucleotide (F AD)-binding and NAD-binding proteins consists of a particular 

pap unit (Rossmann et aI., 1974; Wieranga et aI., 1986). A similar ADP-binding site 

within the GmhD protein in E. coli, S. typhimurium, and N gonorrhoeae has also been 

reported (Pegues et aI., 1990; Sirisena et aI., 1994; Drazek et aI., 1995). All of these 

ADP-binding folds contain the fingerprint sequence Gly-X-Gly-X-X-Gly and are all 

located near the amino termini of the protein. Analysis of the amino acid sequence of the 

N- terminus of the GmhD protein from C. jejuni NCTC11168 suggested a possible ADP

binding site. The region of ADP-L-glycero-D-mannoheptose-6-epimerase from C. jejuni 

NCTC11168 which contains the putative ADP-binding site was compared with analogous 

regions of the GmhD protein of E. coli, S. typhimurium, N gonorrhoeae and several 

F AD- and NAD-binding proteins (Table 3.2). Comparative analysis confIrmed that the 

highly conserved amino acid fingerprint sequence (e.g. Gly-X-Gly-X-X-Gly) is present in 

the ADP-L-glycero-D-mannoheptose-6-epimerase of C. jejuni NCTC11168. 

Table 3.2. ADP-binding pap fold of 
ADP-L-glycero-D-mannoheptose-6-epimerase 

ADPHE, ADP-L-glycero-D-mannoheptose-6-epimerase; LipDH, Iipoamide 
dehydrogenase; NADHDH, NADH dehydrogenase; GLPDH, glycerol-3-
phosphate dehydrogenase; GPDH, glyceraldehyde-3-phosphate dehydrogenase; 
and LDH, lactate dehydrogenase. b The number preceding the sequence is the 
residue number of the first amino acid shown relative to the amino terminus of the 
protein. C Source, yeasts. d Source, human. e #I, conserved among all proteins; 
+, glycine or alanine in the pap motif. (Adapted from Pegues et aI., 1990; 
Drazek et aI., 1995). 



Chapter III Results 

3.3. IDENTIFICATION AND CHARACTERISATION OF THE gmhD GENE IN 

C.jejuni NCTC11168. 

3.3.1. Identification ofgmhD in C.jejuni NCTCll168 by PCR Analysis. 

84 

To further examine the role of gmhD in C. jejuni LPS biosynthesis, it was desirable to 

construct a mutation in the gmhD gene of C. jejuni. In order to accomplish this, 

experiments were conducted using C. jejuni NCTC11168 (NZRM 1958) instead of the C. 

jejuni F38011 strain. The main reason for this was that the C. jejuni gmhD sequence 

came predominantly from NCTC11168. 

The gmhD gene of C. jejuni NCTC11168 was amplified by PCR using chromosomal 

DNA of C. jejuni NCTC11168 as the DNA template and primers 98-30 and 98-33, which 

are located 5' and 3' ofthe gmhD gene (see section 2.5). This PCR reaction generated an 

amplicon of approximately 1.95 kb (Figure 3.10.). 

1 2 

kb 

2.0 

1.0 

0.5 

Figure 3.10. PCR amplicon generated using primers 98-30 and 98-33 and DNA template of C. jejuni 
NCTCII168. PCR conditions and primer sequences are described in Section 2.5 and Table 2.3, 
respectively. Samples were subjected to an electrical current through a 1 % agarose gel and visualised using 
ethidium bromide staining and UV light (see Section 2.7.7). Lane I, 1 kb plus marker; Lane 2, 1.95 kb 
amplicon generated using primers 98-30 and 98-33. 
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In order to demonstrate that the C. jejuni NCTCll168 gmhD was functional by trans

species complementation, it was necessary to clone the C. jejuni NCTCl1168 1.95 kb 

PCR amplicon into the plasmid cloning vector, pGEM-T Easy, creating pDV07. To 

confIrm that pDV07 harboured the 1.95 kb C. jejuni NCTC11168 insert, a single digest 

with EcoRI was performed. It was observed that pDV07 produced two DNA fragments 

of approximately 1.95 kb and 3 kb, suggesting the presence of the insert (Figure 3.11, 

Lane 2). 

1 2 

kb 

3.0 

2.0 

Figure 3.11. Plasmid pDV07 restriction endonuclease digested with &oRI to visualise the C. jejuni 
NCTC11168 DNA insert from the plasmid vector pGEM-TEasy and to assess the correct size of the insert. 
Lane 1, 1 kb plus marker; Lane 2, pDV07. DNA samples were subjected to an electrical current through a 
1.0% agarOse gel, stained with ethidium bromide and visualised under UV light (see Section 2.7.7). The 
band at approximately 3.0 kb is the vector pGEM-T Easy. 
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3.3.2. Characterisation ofpDV07 by Restriction Analysis. 

Known enzymes within the sequence of gmhD were used in restriction analysis to 

confirm that the 1.95 kb insert in pDV07 contained the gmhD gene from C. jejuni 

NCTCII168. It was predicted from the sequence that there were two Bell sites, 350 bp 

apart, within gmhD. Since there are no Bell restriction sites in the pGEM-T Easy vector, 

digestion of pDV07 with Bell was expected to produce two fragments of the size 4.6 kb 

and 350 bp. When pDV07 was digested with Bell, a 4.6 kb band and a 350 bp band were 

observed on an agarose gel (Figure 3.12, Lane 3). A double digest with EeoRI and Bell 

produced fragments of the appropriate sizes of about 3 kb (vector), 1.2 kb, 450 bp and 

300 bp (Figure 3.12, Lane 4). A single digest of pDV07 with BglII was also performed. 

Because BglII does not cut the pGEM-T Easy vector and there was only one predicted 

BgllI restriction site within the 1.95 kb C. jejuni NCTC 11168 insert, a single fragment of 

about 5 kb was generated (Figure 3.12, Lane 5). A double digest with EcoRI and BgllI 

also produced the expected fragments of 3 kb (vector), 1.2 kb and 750 bp (Figure 3.12, 

Lane 6). Restriction endonuclease characterization of pDV07 indicated that the gmhD 

insert from C. jejuni NCTC11168 was present in this construct. 

1234567 

kb 

3.0 
2.0 

1.0 
0.85 1.0 
0.65 0.7 
0.5 0.5 
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0.3 

Figure 3.12. Plasmid pDV07 restriction endonuclease digested with several different restriction 
enzymes. Lane 1. 1 kb plus standard marker; Lane 2. pDV07 digested with EcoRI; Lane 3. pDV07 
digested with Bell; Lane 4. pDV07 digested with EcoRi and Bell; Lane 5. pDV07 digested with BglII; 
Lane 6. pDV07 digested with EcoRi and BgnI; Lane 7. 100 bp standard marker. DNA samples were 
subjected to an electrical current through a 2% agarose gel, stained with ethidium bromide and visualised 
under UV light. 
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3.3.3. Demonstration offunction ofpDV07. 

The gmhD gene of C. jejuni NCTCll168 was shown to be functional by trans-species 

complementation. pDV07 was introduced into electro competent KLC 4314 (gmhD

mutant) cells. KLC 4314 transformants containing pDV07 were patch streaked onto 

LBA, LBA+Ap and LBA+Ap+Nv to assess susceptibility to hydrophobic antibiotics. 

Controls KLC 4000 (wild-type), KLC 4314, KLC 4315 and KLC 4316 were also patch 

streaked onto LBA, LBA+Ap, and LBA+Ap+Nv media. All KLC 4314 transformants 

harbouring pDV07 were able to grow on LBA+Ap+Nv. The growth phenotype and LPS 

analysis (see Section 3.3.4) suggested that pDV07 contains a functional homolog of the 

E. coli gmhD gene whose product is responsible for restoring the ability of KLC 4314 to 

grow on media containing hydrophobic antibiotics such as novobiocin. One of these 

transformants was designated KLC 5000. 

3.3.4. LPS Analysis. 

To obtain direct evidence of an altered LPS, a comparison of the electrophoretic profiles 

of LPS from E. coli strain KLC 4000 (wild-type), E. coli gmhD mutant strain KLC 4314, 

and KLC 4314 transformants harbouring plasmids carrying C. jejuni DNA was 

performed. The isolated bacteriallipopolysaccharides from the strains were analysed by 

SDS-polyacrylamide gel electrophoresis (PAGE) followed by silver staining (Lesse et al. 

1990) (Figure 3.13). The gmhD mutant strain E. coli KLC 4314 expressed a highly 

truncated LPS molecule (Figure 3.13, Lane B) in comparison to the wild-type strain KLC 

4000 (Figure 3.13, Lane A). As expected, LPS isolated from strain KLC 4315, KLC 

4314 transformant harbouring only the pBIISK(+) vector (Figure 3.13, LaneC), migrated 

identically to the gmhD mutant KLC 4314. Complementation of the gmhD mutant by 

pDV07, strain KLC 5000 (Figure 3.13, Lane E), resulted in slower migration of the LPS 

species consistent with a higher-molecular weight LPS, and this molecule displayed a 

LPS migration of equivalent mobility to that of the wild-type strain of E. coli (KLC 4000) 

(Figure 3.13, Lane A) and KLC 4316 (KLC 4314 transformed with pDV01) (Figure 3.13, 

Lane D). This fmding is consistent with the cross-species complementation studies 

which demonstrated that pDV07 restored novobiocin-resistance to KLC 4314. The LPS 
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from KLC 5002 (KLC 4314 transformed with pDV08) (see Section 3.4.1) produced an 

LPS of low-molecular weight as visualised by SDS-PAGE (Figure 3.13, Lane F). As 

expected, the LPS isolated from KLC 5002 migrated identically to that of KLC 4314, the 

gmhD mutant, and the LPS from both KLC 5002 and KLC 4314 demonstrated a faster 

mobility than that ofKLC 4000, KLC 4316 and KLC 5000, indicative ofa defect in the 

synthesis of the inner core. 

ABCDEFGH 

Figure 3.13. Electrophoretic analysis of proteinase K-treated whole celllysates of E. coli K12 
KLC 4314 (gmhD-) transformants. Lysates were resolved in an 18% SDS polyacrylamide gel 
(SDS-PAGE) using a tricine buffer system and the LPS visualised by silver staining (See section 
2.10). Lanes: A. KLC 4000 (wild-type); B. KLC4314; C. KLC4315; D. KLC4316; 
E. KLC 5000; F. KLC 5002; G. KLC 4314; H. KLC 4316 
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3.4. MUTATIONAL ANALYSIS OF gmhD IN C.jejuni. 

Several methods were employed to create a null mutation in the gmhD gene from C. 

jejuni NCTCl1168 (see section 2.11.) Difficulties were encountered with methods 1-3 

and thus these methods will only be briefly discussed. 

Method 1. 

In Method 1, the aim was to amplify gmhD from C. jejuni NCTC11168 and subsequently 

disrupt the gene by an in-frame deletion of 3S0 bp (see section 2.11.1). It appeared that 

with Method 1 the main difficulty was the isolation of a concentrated PCR amplicon that 

contained the gmhD gene. Despite numerous attempts at optimisation of PCR conditions, 

the concentration of the desired product containing C. jejuni gmhD was insufficient, and 

this result was compounded by the strong intensity of a non-specific fragment (ISO bp). 

Attempts were made to clone the 2.S kb fragment into the PCR vector, pGEM-T Easy, 

but these efforts proved to be unsuccessful. This complication could have been 

attributable to the large size of the PCR amplicon. In addition, since an unexpected PCR 

amplicon was also produced by the PCR reaction, it is possible that the primers may have 

not been specific for the desired DNA sequence allowing the primers to anneal to non

specific DNA. 

Method 2~ 

Since method 1 presented various problems, an alternative approach was undertaken to 

create a mutation in gmhD. In method 2 (described in Section 2.11.2), the strategy was to 

isolate two smaller DNA fragments of the size 1.1 kb and 1.4 kb which covered the same 

region as the 2.S kb DNA fragment from method 1. As pDVOS (1.1kb amplicon cloned 

into pGEMT-Easy) and pDVOS (1.4 kb amplicon cloned into pGEMT-Easy) each 

harboured a unique Bell site, a restriction digest of pDV04 and pDVOS with Bell in 

separate reactions allowed the deletion of 3S0 bp from the gmhD gene from C. jejuni 

NCTC11168. At this stage it was necessary to ligate the desired fragment from the 
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pDV04 Bell digest with the desired fragment from the pDV05 Bell digest to create a 

construct which contained a disrupted gmhD gene in C. jejuni. Despite changing several 

factors involved in this ligation such as the ratio of the products being ligated, the ligation 

temperature and the source of the T4 DNA ligase, the ligation step was unsuccessful. It 

appeared that the fragment containing the pGEM-T Easy vector + 1.0 kb was religating 

without allowing the ligation of the insert. Even though the ratio of the insert was 

increased, it is possible that the concentration of the insert may have been low, and this 

may have attributed to the failure of this method. 

Method 3. 

In method 3, a peR approach was used to construct a site-specific mutation (see Section 

2.11.3). The gmhD gene was amplified in two parts by peR amplification with primers 

98-30/98-31 and 98-32 /98-33. The internal primers 98-31 and 98-32 were designed to 

create the mutation by adding 10 bases that included a 6-base restriction site, BamID, not 

found in the gene. Thus, the internal primers consisted of a BamID site on the 5' end. To 

construct a mutation in gmhD, the amplified fragments were digested with BamID and 

ligated with T4 DNA ligase. However, despite several attempts, this approach failed. An 

alternative approach to create the mutant was explored. A peR reaction was performed 

using the two DNA fragments generated by 98-30 plus 98-32 and 98-32 plus 98-33 as the 

template and the external primers, 98-30 and 98-31. Since the two DNA fragments have 

overhanging BamID sites, it was possible that the ends would hybridise and a single 

amplicon containing the mutant gmhD gene would be generated with the external 

pruners. This also proved to be unsuccessful. Further attempts were not made with site

directed mutagenesis as in the meantime, an alternative method, in-frame deletion 

(method 4), succeeded in creating the mutant. 
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3.4.1. Construction of an In-frame Deletion within the C.jejuni NCTCll168 gmhD 

Gene (Method 4). 
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In order to prove that the gmhD gene from C. jejuni NCTC11168 was responsible for 

complementation of the gmhD- defect in KLC 4134 and to eventually construct a null 

mutation on the chromosome, an in-frame deletion of 350 bp was constructed in gmhD 

contained within pDV07. The gmhD gene was disrupted by restriction digestion of 

pDV07 with Bell creating a 350 bp in-frame deletion. The resulting construct, designated 

pDV08, was introduced into electro competent KLC 4000 cells. To verify whether the 

gmhD gene had been disrupted, plasmid DNA was extracted from KLC 4000 

transformants and digested with EcoRI. Restriction analysis confIrmed the presence of 

the gmhD insert and the loss of the 350 bp Bell fragment (Figure 3.14). It was apparent 

from comparing the sizes of the inserts from pDV07 (1.95 kb) with pDV08 (1.6 kb) that 

the deletion ofa DNA fragment had occurred in pDV08 (Figure 3.14). 

kb 

3.0 

2.0 
1.65 

1 2 3 

Figure 3.14. Plasm ids pDV07 and pDV08 restriction endonuclease digested with EcoRl to determine 
whether a 350 bp in-frame deletion had been constructed in pDV08. Lane I, 1 kb plus marker; Lane 2, 
pDV07; Lane 3, pDV08. DNA samples were subjected to an electrical current through a 1.0% agarose gel, 
stained with ethidium bromide and visualised under UV light (see Section 2.7.7). Sizes (kb) of the bands in 
lanes 2-3 were estimated by comparing migration of the digested DNA to that of the known Ikb plus 
standard migration. The uniform band at approximately 3.0 kb is the vector pGEMT-Easy. 
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3.4.2. Characterisation of pD VOB. 

To determine whether the gmhD function had been compromised by the loss of the Bell 

fragment in the gmhD gene, complementing activity on medium containing hydrophobic 

antibiotics was examined. pDV08 was introduced into electrocompetent KLC 4314 

(gmhD- mutant) cells. KLC 4314 transformants containing pDV08 were patch streaked 

onto LBA, LBA+Ap and LBA+Ap+Nv to assess susceptibility to hydrophobic 

antibiotics. Controls KLC 4000 (wild-type), KLC 4314, KLC 4315, KLC 4316 and KLC 

5000 were also patch streaked onto LBA, LBA+Ap, and LBA+Ap+Nv media. All KLC 

4314 transformants harbouring pDV08 were unable to grow on LBA+Ap+Nv, 

confirming disruption of the gmhD gene (Table 3.3). The growth phenotype and LPS 

analysis (see Section 3.3.3) ofpDV08 indicated that C. jejuni gmhD had been inactivated 

by the construction of a 350 bp in-frame Bell deletion. One of these transformants was 

designated KLC 5002. Insertion of a kanamycin resistance cassette into pDV08 followed 

by gene replacement onto the C. jejuni chromosome by homologous recombination 

would have completed the construction of a null mutation on gmhD of C. jejuni. 

However, due to time constraints, this was not completed. 

Table 3.3. Growth of E. coli strains KLC 4000, KLC 4314 and KLC 4314 
transformants on non-selective and selective medium. 

+ 

+ 
" ,,' '" ",' " 

KLCSJ)OO 

·I<LdS60; , 
" "-",.,, 

(+) indicates growth. (-) indicates the absence of growth. 
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BACTERIAL GROWTH ANALYSIS. 

To investigate whether plasmid pDVOI and pDV07 were capable of complete restoration 

of the heptose deficiency, growth characteristics of KLC 4000 (wild-type), KLC 4314, 

and KLC 4314 transformants were examined. It was hypothesised that if the GmhD 

function had been fully restored in KLC 4314 transformants, then the replication ofKLC 

4316, which contains C. jejuni F38011 gmhD, and KLC 5000, which contains C. jejuni 

NCTC11168 gmhD, would be restored to the level of KLC 4000 (wild-type). It was 

anticipated that on rich media KLC 4314 and KLC 5002 would have similar growth rates 

as KLC 4000, KLC 4316, and KLC 5000. However, on minimal media, it was predicted 

that KLC 4314 and KLC 5002 would not be able to replicate as efficiently as KLC 4000, 

KLC 4316 and KLC 5000 since changes in the bacterial membrane such as phospholipid 

alterations and changed levels of protein in these strains (KLC 4314 and KLC 5002) 

would be affected. 

Bacterial growth measurements, taken as absorbance measurements at OD600, of strains 

KLC 4000, KLC 4314, KLC 4315, KLC 4316, KLC 5000 and KLC 5002 were recorded 

hourly. KLC 4314 appeared to replicate at about the same rate as the wild-type KLC 

4000. This fmding indicated that a truncated LPS caused by the loss of gmhD did not 

alter growth on rich media lacking bile salts (Figure 3.15). However, on minimal media, 

KLC 4314 did not replicate as efficiently as the wild-type KLC 4000 (Figure 3.16) 

suggesting that a heptose deficiency due to the elimination of the gmhD gene in KLC 

4314 reduced the growth in minimal salts media. 

Growth rates of KLC 4316 and KLC 5000 were slower than those of KLC 4000 on rich 

and minimal media, implying incomplete restoration of E. coli LPS. However, the 

presence of a high copy number plasmid or ampicillin selection may have been 

attributable for the slow growth observed with KLC 4314 transformants. It is unlikely 

that the expression of C. jejuni gmhD may have altered the E. coli cells because KLC 

4315, a KLC 4314 transformant that harbours pBIISK(+) with no insert, also displayed a 

similar reduced growth profile. On rich media, KLC 5002 appeared to replicate on a par 

with KLC 5000 suggesting that the disruption of the gmhD gene in KLC 5002 did not 

affect its ability to replicate on rich media lacking bile salts. Although the growth rate of 



Chapter III Results 94 

KLC 5002 was slower on minimal media in comparison to rich media, as hypothesised, 

this result was inconclusive since the growth rate of KLC 5000 was also reduced on 

minimal media. 
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Figure 3.15. Bacterial growth profiles of E. coli strains KLC 4000, KLC 4314, KLC 4315, 
KLC 4316, KLC 5000, KLC 5002 on LBA media at 37°C measured by optimal density (OD600) 

with respect to time. Results plotted are the mean of triplicate measurements. See Section 2.3.4 
for culture conditions and measurement protocol. 
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Figure 3.16. Bacterial growth profiles of E. coli strains KLC 4000, KLC 4314, KLC 4315, 
KLC 4316, KLC 5000, KLC 5002 on M9 minimal salts media at 37°C measured by optimal 
density (OD600) with respect to time. Results plotted are the mean of triplicate measurements. 
See Section 2.3.4 for culture conditions and measurement protocol. 
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4.1. IDENTIFICATION AND CHARACTERISATION OF gmhD FROM C. jejuni. 

Structural analysis of the LPS isolated from numerous Gram-negative bacterial genera 

(e.g., C. jejuni, E. coli, S. typhimurium, N gonorrhoeae, H pylori, H injluenzae, P. 

aeruginosa) have indicated that the inner core oligosaccharide region of the LPS, in 

particular the attachment of KDO and Rep to a lipid A membrane anchor, is conserved 

(Preston et aI., 1996; Goldberg and Pier, 1996; Aspinall et aI., 1993b). This structural 

similarity suggested that a genetic similarity, eg., the genes encoding for 

glycosyltransferases and/or unique saccharide components, might also exist between 

diverse genera. It was therefore hypothesised that C. jejuni might have a similar system 

for heptose biosynthesis as that proposed by Eidels and Osborn for enteric bacteria 

(Eidels and Osborn, 1971). This assertion was supported by additional experimental 

evidence. 

Upritchard (1997) demonstrated that C. jejuni contains at least one enzyme necessary to 

complete the Eidels and Osborn pathway. Using an E. coli K12 strain defective in the 

production of the phosphoheptose isomerase, encoded by the gene gmhA, Upritchard 

demonstrated that a plasmid from a C. jejuni expression library could restore bile salt 

resistance in this strain. Klena et aI. (1998) identified and characterised a functional 

homolog of the S. typhimurium waae, which encodes for heptosyltransferase I activity, in 

C. jejuni. Based on the fmdings of these studies, it is likely that other Rep biosynthetic 

genes are also conserved in C. jejuni. As cross-species complementation with C. jejuni 

has been successful in identifying Rep biosynthetic genes previously (Upritchard 1997; 

Klena et aI., 1998), it was hypothesised that the gmhD gene in C. jejuni could be isolated 

by complementing an E. coli K12 strain defective in gmhD. 

An E. coli K12 strain harbouring a defective gmhD- allele, CL89 (KLC 4314) has been 

characterised genetically, chemically and biochemically (Coleman and Leive, 1979; 
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Coleman 1983). These studies demonstrated that a loss of the gmhD gene product 

resulted in loss of the epimerase activity required for the last step of heptose biosynthesis, 

the conversion of ADP-D-glycero-D-mannoheptose to ADP-L-glycero-D-mannoheptose. 

Without the activity of ADP-L-glycero-D-mannoheptose-6-epimerase, CL89 (KLC 4314) 

shows an increased sensitivity to detergents, hydrophobic antibiotics and bile salts, and 

produces an altered lipopolysaccharide. It has been shown that the biochemical and 

phenotypic changes of CL89 (KLC 4314) can be restored by E. coli plasmids harbouring 

gmhD alone (Coleman 1983). 

In this study, several KLC 4314 transformants obtained usmg a C. jejuni plasmid 

expression library regained the ability to grow in the presence of novobiocin and had 

normal expression of LPS, as determined by SDS-PAGE gels (section 3.1). As 

demonstrated by the controls used, it was unlikely that these KLC 4314 transformants 

were the result of a spontaneous reversion within the E. coli gmhD allele. Further 

characterisation by physical mapping showed that a similar fragment of C. jejuni was 

present on all of the transforming plasmids. Characterisation of this region by deletion 

mutagenesis and nucleotide sequencing further confIrmed the likelihood that this gene 

was a gmhD homolog. 

Interspecies--complementation analysis, LPS characterisation, and sequence analysis, 

collectively, indicated that the C. jejuni gene contained within pDVOl is a functional 

homolog of the E. coli gmhD gene and encodes a product with ADP-L-glycero-D

mannoheptose-6-epimerase activity. 

To create a null mutation in C. jejuni, work shifted to the C. jejuni strain NCTCll168. 

The gmhD gene from C. jejuni NCTCll168 was isolated by PCR analysis and cloned 

into a plasmid expression vector. Similar tests as performed with the transforming 

plasmid from C. jejuni F38011 (e.g. cross-speCIes complementation, LPS 

characterisation, restriction endonuclease characterisation and sequence analysis) 

revealed that this plasmid construct, pDV07, contained a gene whose protein had an 

homologous function to that of the E. coli GmhD. Transformation of the E. coli K12 

gmhD mutant with a plasmid (pDV08) containing a 350 bp in-frame deletion in the gmhD 
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allele of C. jejuni NCTC 11168 failed to restore novobiocin resistance and wild-type LPS 

expresslon. 

It appears that heptose deficiency within the LPS of E. coli Kl2 does not significantly 

affect growth in nutrient-rich media as KLC 4314 grew at equal rates to the wild type 

parent. In minimal media, KLC 4314 demonstrated reduced growth in comparison to 

wild-type E. coli cells. This suggested that changes in the bacterial membrane (e.g. 

phospholipid alterations and changed levels of protein) of KLC 4314 may have been 

responsible for slow growth. However, growth of the KLC 4314 transformants 

harbouring C. jejuni gmhD in minimal and nutrient-rich media revealed reduced growth 

in comparison to the wild-type E. coli cells. As KLC 4314 transformants harbouring 

pBIISK(+) were also less effective at growth in comparison to KLC 4314, it is likely that 

the presence of a high copy number plasmid or ampicillin selection may have been the 

reason for the slow growth observed with KLC 4314 transformants. 

4.2. SEQUENCE ANALYSIS OF C.jejunigmhD. 

As the sequence of the entire C. jejuni NCTC11168 genome has recently been published, 

sequencing of the gmhD allele from C. jejuni F38011 was not completed. Instead, the 

entire sequence of gmhD from C. jejuni NCTC11168 was obtained by searching the 

nucleotide sequence of C. jejuni NCTC11168 with a portion of the gmhD gene from 

F38011. Comparison of the aligned nucleotide/amino acid sequence of gmhD from C. 

jejuni NCTC11168 with the partial nucleotide/amino acid sequence of gmhD from C. 

jejuni F38011 revealed some nucleotide sequence divergence but very little amino acid 

sequence divergence. Even though 14 different base pairs were found between the two 

gmhD alleles over an approximate 650 nucleotide stretch, only 3 different amino acids 

were identified. Upritchard (1997) also found that there was some nucleotide sequence 

divergence but little amino acid sequence divergence between the gmhA gene of C. jejuni 

NCTC 11168 and the gmhA gene of C. jejuni F3 80 11. 

As expected, at the nucleotide level, the gmhD gene from C. jejuni NCTC 11168 revealed 

little sequence similarity to the gmhD gene of enteric and non-enteric bacteria. This 
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fmding is due to the AT rich nature ofthe C. jejuni genome. However, at the polypeptide 

level, the GmhD protein from C. jejuni NCTCll168 showed strong identity and 

similarity with the putative GmhD protein from enteric and non-enteric organisms such 

as E. coli (33% identical; 52% similar); S. typhimurium (33%; 53%); Helicobacter pylori 

(49%; 66%); Aquifex aeolicus (49%; 67%); Haemophilus injluenzae (33%; 52%); and 

Vibrio cholerae (33%; 52%). These fmdings imply that nucleotide divergence and amino 

acid divergence are acceptable as long as certain key features (e.g. ADP-binding site and 

other similar substrate recognition sites) are conserved. 

Examination ofthe N- terminus of the GmhD protein in C. jejuni NCTC11168 revealed a 

possible ADP-binding site (Pegues et al., 1990). This putative ADP-binding site is 

composed ofa flafl fold located near the amino terminus and contains a Gly-X-Gly-X-X

Gly motif. A similar binding site for the ADP moiety has been reported for the GmhD 

protein of E. coli, S. typhimurium, and N. gonorrhoeae (Pegues et al., 1990; Sirisena et 

al., 1994; Drazek et al., 1995). This shows that even though there is divergence at the 

nucleotide and polypeptide level in GmhD among these species, the ATP-binding site is 

conserved. 

Secondary structure analysis using Tmpred of the GmhD protein, as deduced from the 

nucleotide sequence of C. jejuni gmhD, suggested the presence of a single 

transmembrane helix. It is likely that the GmhD protein from C. jejuni is a membrane

associated protein that does not translocate into the periplasm or outer membrane. The 

Tmpred predictions for the GmhD amino acid sequence for E. coli, S. typhimurium, N. 

gonorrhoeae, and H pylori (obtained by the RETRIEVE program) also revealed the 

presence of a transmembrane helix in the GmhD protein. However, speculative analysis 

by Tmpred of the GmhD amino acid sequence of H injluenzae and V. cholerae (obtained 

by the RETRIEVE program) revealed 2 transmembrane helices within the GmhD protein. 

As the gmhD gene in H injluenzae has been reported to encode for ADP-L-glycero-D

mannoheptose-6-epimerase (Nichols et al., 1997), this suggests that even though the 

conformation ofthe protein may be different, the function of the protein is conserved. 
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4.3. GENETIC ORGANISATION OF HEPTOSE BIOSYNTHETIC GENES IN 

C. jejuni. 

As mentioned previously, the majority of the genes involved in LPS core biosynthesis 

and assembly are located within the rfa (waa) cluster at 81 minutes on the E. coli K12 

chromosome (Schnaitman and Klena, 1993). In E. coli K12, the genes gmhD, waaF, and 

waaC which are necessary for biosynthesis and attachment of heptose have been reported 

to be in one region of the rfa cluster. The gmhA and gmhC genes which are involved in 

heptose biosynthesis have been reported to be physically separated from the ria cluster 

(Brooke and Valvano, 1996a; Schnaitman and Klena, 1993). According to a recent study 

by Valvano et aI., (1999), it is likely that the fourth gene involved in heptose 

biosynthesis, gmhB, is physically linked to the gmhC gene in E. coli. 

The organisation of the heptose biosynthestic genes in C. jejuni appears to be different 

than that reported for E. coli, S. typhimurium, H injluenzae and N gonorrhoeae (Pegues 

et aI., 1990; Sirisena et aI., 1994; Nichols et aI., 1997; Drazek et aI., 1995). In H 

injluenzae, the organisation of gmhD and waaF varies among strains of H injluenzae. In 

eight strains of H injluenzae examined, the gmhD and waaF genes are adjacent on the H 

injluenzae genome but the waaC gene is not associated with these genes. In another H 

injluenzae strain (KW20) the genome sequence revealed that there were eight genes in 

betweengmhD and waaF(Nichols et aI., 1997). InN gonorrhoeae, it has been suggested 

that the gmhC gene is located directly upstream of the gmhD gene and that gmhC and 

gmhD are translated in the same direction (Drazek et aI., 1995). Translation of the 

nucleotide sequence revealed the presence of the gmhC gene downstream of gmhD in C. 

jejuni F38011 and C. jejuni NCTCI1168. The arrangement, gmhD-gmhC in C. jejuni 

does not correlate with the genetic organisation of these genes in Gram-negative 

organisms. As the gmhD termination codon overlaps the initiation codon of gmhC, it is 

likely that these two genes are transcribed together in C. jejuni F38011 and NCTCII168. 

It is possible that gmhD and gmhC are part of a larger operon and that the promoter is 

found upstream of gmhD. 

Analysis of translated nucleotide sequence downstream of the termination codon of the 

C. jejuni NCTC11168 gmhC revealed that a third gene, gmhA, was transcribed in the 
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same direction as gmhD and gmhC. Upritchard (1997) reported a novel arrangement, 

gmhA-lex2B-waaF in C. jejuni F38011 and gmhA-waaF in C. jejuni NCTC11168. This 

study further demonstrates that the arrangement of the heptose biosynthesis and 

transferase genes in C. jejuni NCTC11168 is unique from other Gram-negative 

organisms. It would be of interest to determine whether the genes, gmhD, gmhC, gmhA, 

(lex2B), and waaF are part of a larger operon, and if so, then it would be interesting to 

examine the regulation of these genes (e.g. a single promoter). It will also be interesting 

to determine if the gmhC gene in C. jejuni encodes for a bifunctional protein which are 

required for the intermediate steps in the synthesis of ADP-L-glycero-D-mannoheptose as 

this has recently been observed in E. coli (Valvano et aI., 1999). 

In E. coli, gmhD has been reported to have a consensus sigma-70 promoter (PI), a rpoN

dependent promoter (P2) and a heat shock promoter (P3) (Raina and Georgopoulos, 

1991). All three of the promoters are functional, and transcription from the P3 promoter 

and possibly the P2 promoter is required for the full expression of the gmhD gene in E. 

coli. In S. typhimurium, the gmhD gene has only the sigma-70 promoter (PI) (Sirisena at 

aI., 1994). This suggests that there are differences in gene expression in gmhD of E. coli 

and S. typhimurium. Examination of the nucleotide sequence upstream of gmhD and 

initiation site failed to reveal potential-35 and -to consensus promoter sequences. 
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4.4. CONCLUSIONS. 

This study has described the identification and characterisation of a C. jejuni gene 

encoding a functional homolog of the E. coli K12 gmhD gene. Similarities in the LPS 

inner core structures between C. jejuni and E. coli permitted cross-species 

complementation in order to isolate the gmhD gene of C. jejuni. As assessed by LPS 

characterisation and sequence analysis, it was determined that this gene encodes a protein 

with ADP-L-glycero-D-mannoheptose-6-epimerase activity. To create a null mutation in 

the gmhD gene of C. jejuni NCTC1116S, a disrupted gmhD allele (350 bp in-frame Bell 

deletion) was cloned into a plasmid expression vector, pGEM-T Easy, designated 

pDVOS. However, due to time constraints, the construction of a null mutant was not 

completed. 

To complete the creation of a knock-out mutant in C. jejuni gmhD, future experiments 

will involve the introduction of a kanamycin resistant gene into the disrupted gmhD allele 

in pDVOS followed by the transformation of this construct into competent C. jejuni cells. 

The gmhD gene in C. jejuni will be disrupted by homologous recombination between the 

gmhD gene on the chromosome and the gmhD gene on the vector. A null mutant would 

enable us to examine the role of gmhD in C. jejuni, whether LPS plays a significant role 

in pathogenesis and what is the minimal LPS structure necessary for bacterial survival. 

As heptose-deficient mutants have been shown to exhibit a deep rough phenotype, it will 

be of interest to determine the phenotype of the gmhD null mutant in C. jejuni and 

whether the deep rough state applies to other bacterial genera besides the enteric bacteria. 
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Appendix I 

I. i. GENERAL MEDIA. 

Media 

APPENDIX I 

MEDIA 

Unless otherwise stated, all media were sterilised by autoclaving for 20 minutes at 

120kPa at 121°C. Solutions that were labile at these high temperatures were filter 

sterilised through a 0.22 11m filter and added to media after autoclaving. 

Luria Bertani Medium (LB) 

1.0% w/v Bactotryptone 

0.5% w/v yeast extract 

0.5% NaCI 

per litre 

109 

5g 

5g 

Dissolved in dH20, pH adjusted to 7.4 with NaOH before autoclaving. 

LB Agar (LBA) 

LB media with addition of 1.5% agar. 

I. ii. SPECIALISED MEDIA. 

M9 Minimal Salts Media. 

0.6% w/v Na2HP04 

0.3% w/v KH2P04 

0.05% w/v NaCI 

O.I%w/v~CI 

per litre 

15 g 

per litre 

6g 

3g 

0.5 g 

1 g 

118 

Dissolved in dH20. After autoclaving, 10 rn1 O.OIM CaCh ;md 1 rn1 ofMgS04.7H20 

were added with 10 rn1 of20% glucose as the carbon source. Amino acids (L-form) were 

added at a concentration of I x (see 100x stock concentration in Table Al.I). 
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Table A1.1 Amino acid supplements for Minimal Media (lOOx stock solution). 

Amino Acids 

L-alanine 
L-arginine 
L-asparagine 
L-asparatic acid 
L-cysteine 
glycine 
L-glutamine 
L-glutamic acid 
L-histidine (free base) 
L-isoleucine 
L-Ieucine 
L-Iysine 
L-methionine 
L-phenylalanine 
L-proline 
L-serine 
L-threonine 
L-tryptophane 
L-tyrosine 
L-valine 

mg/mL 

2 
2 
2* 
10* 
2* 
2 
2 
10 
2 
3 
3 
3 
2 
Sa 

2 
37.S 
20 
2* 
3*13 
10 

* = filter sterilised. All other amino acids were autoclaved. Amino acids were dissolved in dH20 unless 
otherwise stated. a = dissolved in 0.01 N Hel; ~ = dissolved in 10mM NaOH. 

Casein Hydrolysate (ACID) Vitamin Free (Casamino Acid Substitute). 

7.6% w/w total nitrogen 

4.9% w/wamino nitrogen 

28.3% w/w NaCI 

<0.1 % w/w tryptophan 

Dissolved to a fmal concentration of 1 % in dH20. pH adjusted to 7.0 and autoclaved to 

sterilise. 
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Campylobacter Blood-Free Selective Agar Base (Modified CCDA-Preston) 

2.5% w/v Oxoid Nutrient broth no. 2 

0.4% w/v bacterial charcoal 

0.3% w/v casein hydrolysate 

0.1 % w/v sodium desoxycholate 

0.025% w/v ferrous sulphate 

per litre 
25 g 

4g 

3g 

1 g 

0.25 g 

0.025% w/v sodium pyruvate 0.25 g 

1.2% w/vagar 12 g 

120 

Dissolved in dH20 and pH adjusted to 7.4 before autoclaving. After autoclaving 1 m1 of 

cefoperazone solution (3.2g/L) was added. 

Mueller-Hinton Agar 

30% w/v beef infusion 

1.75% w/v acid hydrolysate of casein 

0.15% w/v starch 

per litre 

300 g 

17.5 g 

1.5 g 

1. 7% w/v Bacto-agar 17 g 

Dissolved in dH20 and pH adjusted to 7.4 before autoclaving. 
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APPENDIX II 

BUFFERS AND SOLUTIONS 

n. i. COMMON BUFFERS. 

121 

Solutions which required sterilisation were either autoclaved for 20 minutes at 120 kPa at 

121°C or filter sterilised through a 0.22 Ilm filter. All solutions were stored at ambient 

temperature unless otherwise stated. 

TE 

10 mM Tris-HCL 

1 mMEDTA 

Dissolved in ddH20 and pH adjusted to 8.0. 

50 x TAE 

2.5 M Tris base 

0.11 % v/v glacial acetic acid 

50 mMNa2EDTA (PH 8.0) 

per litre 

1.2 g 

380mg 

242 g 

57.1 ml 

46.5 g 

Dissolved in ddH20 to a fmal volume of 1 litre and pH adjusted to 8.0. 

1 xTAE 

20 ml of 50 x T AE dissolved in ddH20 to a fmal volume of 1 litre. 

10 x TBE 

0.5 M Tris base 

0.5 M Boric Acid 

10 mM Na2EDTA 

per litre 

108 g 

55 g 

9.3 g 

Dissolved in ddH20 to a fmal volume of 1 litre and pH adjusted to 8.0. 
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6x DNA Loading Buffer for Agarose Gel Electropboresis 

50% v/v Glycerol 

0.25% w/v Bromophenol 

0.25% w/v Xylene cyanol FF 

Dissolved in ddH20. 

II. ii. SPECIFIC BUFFERS AND SOLUTIONS. 

II. ita. Alkaline Extraction of Plasmid DNA. 

Solution I 

50 mM glucose 

25 mM Tris-HCL (PH 8.0) 

10 mM EDTA (pH 8.0) 

Dissolved in ddH20, filter sterilised and stored at 4°C. 

Solution II 

1% w/v SDS 

0.2NNaOH 

Dissolved in ddH20. 

Solution III 

3 M potassium acetate 

11.5% v/v glacial acetic acid 

Dissolved in ddH20, filter sterilised and stored at 4°C. Resulting solution is 3 M with 

respect to potassium and 5 M with respect to acetate. 
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II. ii. b. Chromosomal DNA Preparation Solutions. 

Solution I 

50 mM glucose 

50 mM Tris-HCI (pH 8.0) 

50 mMEDTA 

10 mg/mllysozyme (added fresh before use) 

Dissolved in ddH20 to a fmal volume of20 ml. 

Solution II 

50 mM Tris-HCI (pH 8.0) 

50mMEDTA 

I%SDS 

50 f.!g/ml proteinase K (added fresh before use) 

Dissolved in ddH20 to a fmal volume of20 ml. 

II. ii. c. SDS-PAGE for LPS. 

To make an 18% acrylamide gel and 4.5% stacking gel the following volumes of 

solutions were mixed. 

Table A2.1 SDS-PAGE LPS Gel Recipes. 
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Gel Buffer 

4 M Tris-HCI 

0.4% w/v SDS 

Buffers and Solutions 

per 100 ml 

48.46 g 

0.4 g 

124 

Dissolved with gentle heating in ddH20 and pH adjusted to 8.45 with concentrated HCI. 

Bottom Buffer 

0.2 M Tris-HCI 

per litre 

24.22 g 

Dissolved in ddH20 and pH adjusted to 8.9 with concentrated HCl. 

Top Buffer 

0.1 M Tris-Base 

0.1 M Tricine 

0.1% w/v SDS 

per litre 

12.14g 

17.92 g 

1 g 

Dissolved in ddH20 and pH adjusted to 8.25 with concentrated HCl. 

n. ii. d. Silver Staining Solutions for LPS. 

Fixing Solution 

25% v/v isopropanol 

7% v/v glacial acetic acid 

68% v/v ddH20 

Oxidation Solution 

2.7% v/v fixing solution 

0.7% w/v periodic acid 

Prepare solution freshly in ddH20. 
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Silver Solution 

28 ml 0.1 N NaOH (dilute IN stock) 

1.25 ml NHtOH (29.4% stock) 

5 ml 20% AgN03 

115 ml ddH20 

Citric Acid Developer 

50 mg citric acid 

0.5 ml formaldehyde (37% stock) 

Dissolve in 1 litre of ddH20. 

Reaction Stop Solution 

0.35% v/v acetic acid 

Prepare solution freshly in ddH20. 
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APPENDIX III 

BLAST SEQUENCE 

QUERY= T7 END OF PDV01 
(661 LETTERS) 

TRANSLATING BOTH STRANDS OF QUERY SEQUENCE IN ALL 6 READING FRAMES 

DATABASE: NON-REDUNDANT GENBANK CDS TRANSLATIONS+PDB+SWISSPROT+SPUPDATE+PIR 
302,673 SEQUENCES; 91,306,384 TOTAL LETTERS. 

>GI12983012 (AE000684) ADP-L-GLYCERO-D-MANNO-HEPTOSE-6-EPH1ERASE [AQUIFEX 
AEOLICUS) 
LENGTH = 310 

MINUS STRAND HSPs: 

SCORE = 50 (22.9 BITS), EXPECT = 3.7E-20, SUM P(4) = 3.7E-20 
IDENTITIES = 9/21 (42%), POSITIVES = 15/21 (71%), FRAME = -3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFE 597 
ASM+ Q +++ G+ PRLF+ 

SBJCT: 183 ASMIYQLAVKMIKGERPRLFK 203 

SCORE = 73 (33.4 BITS), EXPECT = 3.7E-20, SUM P(4) = 3.7E-20 
IDENTITIES = 14/18 (77%), POSITIVES = 16/18 (88%), FRAME = -1 

QUERY: 

SBJCT: 

577 RDFTYIKDVINANLIALD 524 
RDF YIKDVI ANL+AL+ 

209 RDFVYIKDVlKANLLALE 226 

SCORE = 108 (49.5 BITS), EXPECT = 3.7E-20, SUM P(4) = 3.7E-20 
IDENTITIES = 20/37 (54%), POSITIVES = 27/37 (72%), FRAME = -1 

QUERY: 514 GVYNVGSGKARTFQDIVDILQKELKTDLPCEYIPNPY 404 
G++NVG+G+AR+F +IV IL KEL T+ EY PY 

SBJCT: 231 GIFNVGTGRARSFNEIVSILNKELGTNYEIEYFDCPY 267 

SCORE = 77 (35.3 BITS), EXPECT = 3.7E-20, SUM P(4) = 3.7E-20 
IDENTITIES = 15/31 (48%), POSITIVES = 22/31 (70%), FRAME = -1 

QUERY: 373 KLDQTWDYQPKFSLEEGIKDYLDEIKRLFEK 281 
K+ + Y+P++SLEEGIKDYL I + +K 

SBJCT: 280 KIREALGYEPEYSLEEGIKDYLPYIIKRVKK 310 

>GI12983198 (AE000696) ADP-HEPTOSE SYNTHASE [AQUIFEX AEOLICUS) 
LENGTH = 315 

MINUS STRAND HSPs: 

SCORE = 197 (90.2 BITS), EXPECT = 2.3E-18, P = 2.3E-18 
IDENTITIES = 40/77 (51%), POSITIVES = 54/77 (70%), FRAME = -2 

QUERY: 

SBJCT: 

QUERY: 

SBJCT: 

243 KILl IGDFMVDNYTWCDCSRI SPEAPVLVAKTLKEDKRLGGAANVYANLKSLGADVFA LG 64 
KIL++GD ++D Y + + RISPEAPV V + E+ RLGGA NV NL SLG + + G 

18 KILVVGDVILDTYLYGNVERISPEAPVPVLEVEGEEFRLGGAGNVAKNLSSLGVETYLCG 77 

63 VVGDDESGKFLQENLKG 13 
VVG DE+GK L+E ++G 

78 VVGKDEAGKRLRELIEG 94 
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>GI12331303 (AF013592) ADP-L-GLYCERO-D-MANNOHEPTOSE-6-EPIMERASE [HELICOBACTER 
PYLORI] 
LENGTH = 330 

MINUS STRAND HSPs: 

SCORE = 45 (20.6 BITS), EXPECT = 1.7E-13, SUM P (5) = 1.7E-13 
IDENTITIES = 11/21 (52%), POSITIVES = 13/21 (61%), FRAME = -3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFE 597 
ASMVLQ +A K +LFE 

SBJCT: 201 ASMVLQLALSAMAFKEVKLFE 221 

SCORE = 58 (26.6 BITS), EXPECT = 1.7E-13, SUM P(5) = 1.7E-13 
IDENTITIES = 11/20 (55%), POSITIVES =16/20 (80%), FRAME = -1 

QUERY: 

SBJCT: 

577 RDFTYIKDVINANLIALDSK 518 
RDF YI+DVI AN+ A+ ++ 

227 RDFVYIEDVIQANVKAMKAQ 246 

SCORE = 72 (33.0 BITS), EXPECT = 1. 7E-13, SUM P(5) = 1. 7E-13 
IDENTITIES = 14/26 (53%), POSITIVES = 20/26 (76%), FRAME = -1 

QUERY: 

SBJCT: 

520 KCGVYNVGSGKARTFQDIVDILQKEL 443 
K GVYNVG +AR++ +IV IL++ L 

247 KSGVYNVGYSQARSYNEIVGILKEHL 272 

SCORE = 37 (16.9 BITS), EXPECT = 1.7E-13, SUMP(5) = 1.7E-13 
IDENTITIES = 8/16 (50%), POSITIVES = 8/16 (50%), FRAME = -1 

QUERY: 451 KELKTDLPCEYIPNPY 404 
KE D YI NPY 

SBJCT: 269 KEHLGDFKVSYIKNPY 284 

SCORE = 74 (33.9 BITS), EXPECT = 1.7E-13, SUM P(5) = 1.7E-13 
IDENTITIES = 13/26 (50%), POSITIVES = 18/26 (69%), FRAME = -1 

QUERY: 355 DYQPKFSLEEGIKDYLDEIKRLFEKE 278 
DY P + LE GIKDYL I +F+++ 

SBJCT: 303 DYTPLYDLESGIKDYLPHIHAIFKEQ 328 

>GI12313990 (AE000596) ADP-HEPTOSE SYNTHASE (RFAE) [HELICOBACTER PYLORI] 
LENGTH = 461 

MINUS STRAND HSPS: 

SCORE = 191 (87.5 BITS), EXPECT = 1.5E-17, P = 1.5E-17 
IDENTITIES = 42/76 (55%), POSITIVES = 48/76 (63%), FRAME = -2 

QUERY: 243 KILIIGDFMVDNYTWCDCSRISPEAPVLVAKTLKEDKRLGGAANVYANLKSLGADVFALG 64 
KIL+IGD + D Y W R+SPEAPV V + +E K LGGAANV NL SL A VF G 

SBJCT: 3 KILVIGDLIADYYLWGKSERLSPEAPVPVLEVQRESKNLGGAANVANNLISLKAKVFLCG 62 

QUERY: 63 VVGDDESGKFLQENLK 16 
VVGDD G+ LK 

SBJCT: 63 VVGDDLEGEHFISALK 78 

>GI11294775 (L76100) ADP-L-GLYCERO-D-MANNO-HEPTOSE-6-EPIMERASE [HAEMOPHILUS 
INFLUENZAE] 
LENGTH = 308 

MINUS STRAND HSPs: 

SCORE = 65 (29.8 BITS), EXPECT = 1.18-05, SUMP(4) = 1.18-05 
IDENTITIES = 12/24 (50%), POSITIVES = 17/24 (70%), FRAME =-3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFEGSD 588 
AS+ +QIL G+NP+LF GS+ 

SBJCT: 181 ASVAFHLNNQILKGENPKLFAGSE 204 
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Appendix III Blast Sequence 

SCORE = 40 (18.3 BITS), EXPECT = 1.1E-05, SUl1 P(4) = 1.1E-05 
IDENTITIES = 7/14 (50%), POSITIVES = 9/14 (64%), FRAHE = -1 

QUERY: 577 RDFTYIKDVINANL 536 
RDF Y+ DV N+ 

SBJCT: 208 RDFVYVGDVAAVNI 221 

SCORE = 58 (26.6 BITS), EXPECT = 1.1E-05, SUH P(4) = 1.1E-05 
IDENTITIES = 9/22 (40%), POSITIVES = 16/22 (72%), FRAHE = -1 

QUERY: 

SBJCT: 

514 GVYNVGSGKARTFQDIVDILQK 449 
G+YN+G+G A +F+ + D + K 

230 GIYNLGTGNAESFRAVADAVVK 251 

SCORE = 33 (15.1 BITS), EXPECT = 1.1E-05, SUH P(4) = 1.1E-05 
IDENTITIES = 8/27 (29%), POSITIVES = 15/27 (55%), FRAHE = -1 

QUERY: 373 KLDQTWDYQPKFSLEEGIKDYLDEIKR 293 
KL T +P ++ EG+ +Y+ + R 

SBJCT: 281 KLRSTGYDKPFKTVAEGVAEYMAWLNR 307 

>GI1882153 (U17642) ADP-HEPTOSE SYNTHASE [HAEl10PHILUS INFLUENZAE] 
LENGTH = 342 

MINUS STRAND HSPs: 

SCORE = 167 (76.5 BITS), EXPECT = 3.lE-14, P = 3.1E-14 
IDENTITIES = 33/79 (41%), POSITIVES = 51/79 (64%), FRAHE = -2 

QUERY: 252 QKPKILIIGDFMVDNYTWCDCSRISPEAPVLVAKTLKEDKRLGGAANVYANLKSLGADVF 73 
++ K+L++GD M+D Y + +RISPE PV V + + ++R GGAANV N+ SL V 

SBJCT: 9 KQAKVLVLGDVMLDRYWFGATNRISPERPVPVVRVQENEERAGGAANVAMNIASLNVPVQ 68 

QUERY: 72 ALGVVGDDESGKFLQENLK 16 
+G++G DE+G L L+ 

SBJCT: 69 LMGLIGQDETGSALSHLLE 87 

>sp1P374201RFAD SALTY ADP-L-GLYCERO-D-MANNOHEPTOSE-6-EPIMERASE >GI1459160 
(UO 64"72) ADP-L-GLYCERO-l1ANNOHEPTOSE- 6-EPIl1ERASE [SALl10NELLA 

TYPHIHURIUH] 
LENGTH = 310 

MINUS STRAND HSPS: 

SCORE = 53 (24.3 BITS), EXPECT = 8.1E-05, SUH P(3) = 8.1E-05 
IDENTITIES = 10/24 (41%), POSITIVES = 16/24 (66%), FRAHE = -3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFEGSD 588 
AS+ Q+ G++P+LFEGS+ 

SBJCT: 182 ASVAFHLNTQLNNGESPKLFEGSE 205 

SCORE = 47 (21.5 BITS), EXPECT = 8.1E-05, SUH P(3) = 8.lE-05 
IDENTITIES = 10/19 (52%), POSITIVES = 12/19 (63%), FRAHE = -1 

QUERY: 577 RDFTYIKDVINANLIALDS 521 
RDF Y+ DV NL L+S 

SBJCT: 209 RDFVYVGDVAAVNLWFLES 227 

SCORE = 61 (27.9 BITS), EXPECT = 8.1E-05, SUHP(3) = 8.1E-05 
IDENTITIES = 9/20 (45%), POSITIVES = 16/20 (80%), FRAl1E = -1 

QUERY: 

SBJCT: 

520 KCGVYNVGSGKARTFQDIVD 461 
K G++N+G+G+A +FQ + D 

229 KSGIFNLGTGRAESFQAVAD 248 
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Appendix III Blast Sequence 

>GNL 1 PID 18194949 (X90547) RFAD GENE PRODUCT [VIBRIO CHOLERAS) >GI11381034 
(U4 754 2) ADP-L-GLYCERO-D-MANNOHEPTOSE-6-EPIMERASE [VIBRIO 

CHOLERAS) 
LENGTH = 314 

MINUS STRAND HSPs: 

SCORE = 60 (27.5 BITS), EXPECT = 0.00020, SUM P(3) = 0.00020 
IDENTITIES = 11/24 (45%), POSITIVES = 17/24 (70%), FRAME =-3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFEGSD 588 
AS+ +Q+ AG+NP+LF GS+ 

SBJCT: 187 ASVAFHLNNQMNAGENPKLFAGSE 210 

SCORE = 47 (21.5 BITS), EXPECT = 0.00020, SUMP(3) = 0.00020 
IDENTITIES = 10/18 (55%), POSITIVES = 11/18 (61%), FRAME = -1 

QUERY: 577 RDFTYIKDVINANLIALD 524 
RDF Y+ DV NL LD 

SBJCT: 214 RDFVYVGDVAAVNLWFLD 231 

SCORE = 51 (23.4 BITS), EXPECT = 0.00020, SUM P(3) = 0.00020 
IDENTITIES = 7/16 (43%), POSITIVES = 13/16 (81%), FRAME = -1 

QUERY: 

SBJCT: 

514 GVYNVGSGKARTFQDI 467 
G++N G+GKA +F ++ 

236 GIFNCGTGKAESFNEV 251 

>sp1P179631RFAD ECOLI ADP-L-GLYCERO-D-MANNOHEPTOSE-6-EPIMERASE >PIRI IJU0299 
ADP-L=GLYCERO-D-MANNOHEPTOSE-6-EPlMERASE (EC 5.1.3. -) - ESCHERICHIA 
COLI >GI141763 (X54492) ACIDIC 34,893DA HTRM PROTEIN [ESCHERICHIA 
COLI) >GII147576 (M33577) RFAD PROTEIN [ESCHERICHIA COLI) 
>GII 466757 (U00039) ADP-L-GLYCERO-D-MANNOHEPTOSE-6-EPIl1ERASE 
[ESCHERICHIA COLI) >GI11790049 (AE000440) 

ADP-L-GLYCERO- D-MANNOHEPTOSE- 6-EPIHERASE [ESCHERICHIA COLI) 
LENGTH = 310 

MINUS STRAND HSPs: 

SCORE = 53 (24.3 BITS), EXPECT = 0.00026, SUM P(3) = 0.00026 
IDENTITIES = 10/24 (41%), POSITIVES = 16/24 (66%), FRAME = -3 

QUERY: 659 ASMVLQFGHQILAGKNPRLFEGSD 588 
AS+ Q+ G++P+LFEGS+ 

SBJCT: 182 ASVAFHLNTQLNNGESPKLFEGSE 205 

SCORE = 47 (21.5 BITS), EXPECT = 0.00026, SUM P(3) = 0.00026 
IDENTITIES 9/19 (47%), POSITIVES = 13/19 (68%), FRAHE = -1 

QUERY: 

SBJCT: 

577 RDFTYIKDVINANLIALDS 521 
RDF Y+ DV + NL L++ 

209 RDFVYVGDVADVNLWFLEN 227 

SCORE = 57 (26.1 BITS), EXPECT = 0.00026, SUM P(3) = 0.00026 
IDENTITIES = 8/18 (44%), POSITIVES = 15/18 (83%), FRAME = -1 

QUERY: 

SBJCT: 

514 GVYNVGSGKARTFQDIVD 461 
G++N+G+G+A +FQ + D 

231 GIFNLGTGRAESFQAVAD 248 
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