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Abstract 

Campylobacter jejuni is an important pathogen that causes human bacterial 

gastroenteritis worldwide and can colonise the intestinal mucosa of all food-producing 

animals. Under such conditions C. jejuni is able to tolerate a variety of stresses, which 

they must in order to permit their transmission to a suitable environment for growth. 

C. jejuni is an obligate microaerophile, with the ability to survive in oxygen 

conditions and the natural environment indicating a potential to carry out aerobic 

respiration. This, in principle, allows growth in the absence and presence of oxygen.  

Despite its importance, effective control of Campylobacter spp. in the food chain and 

the design of disease prevention strategies are restricted by a poor understanding of 

the genetics, physiology and virulence of this organism. Therefore, to gain a greater 

understanding of its survival in different environments, it is important to understand 

how the respiratory pathway functions in C. jejuni in order to gain a greater 

understanding of its physiology.  

C. jejuni encodes a large respiratory enzyme complex, named NDH-I or complex I, 

which is composed of 14 different genes designated as the nuo operon. These genes 

are clustered in a conserved order in bacteria like Escherichia coli and Paracoccus 

denitrificans, however in C. jejuni the subunits nuoE and nuoF have been replaced by 

two subunits of unknown function, designated NuoX and NuoY (encoded by cj1575c 

and cj1574c genes respectively). 

In this study, NuoX and Nuo Y were isolated, cloned utilizing a pET-19b expression 

vector system and expressed as a fusion protein with an N-terminal polyhistidine tag 

and purified using an E. coli host. Purified NuoX and NuoY proteins enabled the use 

of specific methodologies to identify binding partners of these proteins and their 
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affinities to elucidate their role in the C. jejuni respiratory Complex I. To this end, a 

new array technique was developed to allow screening of the components of the TCA 

cycle for interactions between NuoX and NuoY and TCA components. The TCA 

array identified the binding from FAD to NuoY, NuoX and NuoY/NuoX, providing 

new information about this microorganism. This interaction was then confirmed by 

STD NMR and SPR. SPR analysis revealed highest affinities of NuoY to FAD and 

NADH as well as of NADP+ to NuoX, raising the possibility that C. jejuni is able to  

scavenge energy from the host cell during infection. These data provide new 

information regarding the substrate utilization of C. jejuni. 

Similarities of the C. jejuni enzyme complex I to that of other bacteria allowed us to 

hypothesise that NuoX and NuoY protein components interact with each other and the 

adjacent components of the enzyme complex to transfer and return signals to the 

membrane fragment. It has been already speculated that the gene order in NDH-I 

operons is related to the spatial arrangement of the subunits, which led to the 

assumption of possible interactions between the chosen subunits (NuoC, NuoD, NuoX 

and NuoY). This study examined interactions between the components of the NDH-1 

by the use of a yeast two-hybrid system. The interaction between NuoX and NuoY 

proteins only was detected, even though other interactions were expected.  

Further  characterization of NuoX and NuoY in C. jejuni was then undertaken to 

determine their role in the respiratory complex I. To assess the role these proteins play 

in the cell, creation of an isogenic mutant was attempted. However, the role of nuoX  

and nuoY  genes in the bacterium could not be elucidated due to inability to recover 

isogenic mutants, leading to conclusion that these proteins are essential to survival of 

the bacterial cell.  
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This study showed that NuoX and NuoY are important members of the respiratory 

chain of C. jejuni, and aid in the utilization of different compounds of the TCA cycle, 

confirming that C. jejuni is a versatile and a metabolically active pathogen.  Novel 

information was elucidated regarding the previously uncharacterised nuoX  and nuoY  

genes using STD-NMR spectroscopy, TCA-array and SPR techniques that provided 

information and complemented previously published studies relating to NDH-I 

complex and substrate utilization by C. jejuni.  Further studies are required to 

understand the biochemical and molecular basis of such data that may lead to a better 

understanding of the respiratory complex of this microaerophilic microorganism. 

It is postulated that inhibition of NuoX and NuoY could potentially interrupt the 

electron flow in the respiratory chain of this micraerophilc pathogen providing a 

target with possible bactericidal effects, as shown by the essential nature of NuoX and 

NuoY.  Such inhibitors could therefore be developed as new antibiotics to inhibit the 

electron input domain of C. jejuni NDH-I.  
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pmoles   picomoles 10-12 

PVDF   Polyvinylidene Fluoride 

RNA   Ribonucleic acid 

SD   minimal media single dropouts 

SDS   Sodium Dodecyl Sulfate 

SDS-PAGE  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SOC   Super Optimal broth with Catabolite repression 

SPR   Surface Plasmon Resonance 

STD   Saturation transfer difference 

T   Thyamine 

TAE   Tris-acetate-EDTA 
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TBS   Tris buffered saline 

TBS-T   Tris buffered saline-Tween 20 

TCA cycle  Tricarboxylic acid cycle 

TE   Tris/ethylene diamine tetracetic acid  

TEMED  N,N,N`,N`-tetramethylethylenediamine 

Tris   Tris[hydroxymethyl]aminomethane  

Trp   Tryptophan 

U   units 

UV   ultra violet 

V   volts 

(v/v)   volume/volume 

(w/v)   weight/volume 

X-gal   5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
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Campylobacter jejuni is a Gram negative, microaerophilic, flagellate, spiral-shaped 

bacterium (Figure 1.1). This microorganism is frequently isolated from poultry, dairy 

cows, beef cattle (Jacobs-Reitsma, 2000) and other livestock. It has been identified as 

a major cause of food borne illness causing human acute bacterial enteritis, (Moore, et 

al., 2005) and may be responsible for as many as 400-500 million cases worldwide 

annually (Friedman, et al., 2000, Myers, et al., 2005).  

In addition, C. jejuni is also associated with the development of the peripheral 

neuropathies Miller Fisher (MFS) and Guillain Barré (GBS) syndromes (Gaynor, et 

al., 2004, Nachamkin, et al., 1998). Overall the high incidence of clinical disease 

associated with this organism, its low infective dose in humans and its potentially 

serious sequelae, confirms its importance as a significant public health hazard 

(Moore, et al., 2005). Campylobacter is part of the normal intestinal flora of many 

animals (Altekruse, et al., 1999, Park, 2002). Although the genus Campylobacter is 

composed of 17 described species, human illness is associated primarily with C. jejuni 

and C. coli (Poly F, 2008, Vandamme, 2000).  

Campylobacter jejuni is now recognised as one of the main causes of bacterial 

foodborne disease in many developed countries with Campylobacter coli less 

frequently implicated (Moore, et al., 2005). These microorganisms contaminate foods 

of animal origin such as unpasteurised milk, poultry, pork and uncooked or raw beef, 

untreated water, shellfish, vegetables and can be transmitted by contact with infected 

animals (Moore, et al., 2005, Nachamkin, et al., 2000, Park, 2002). Poultry have been 

identified as a significant source of this enteropathogen as a result of infection and 

contamination at pre-harvest and harvest (Blaser, 1997, Moore, et al., 2005, Shane, 

1992, Skirrow, 1982).  
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Given the range of disease outcomes, and the importance of C. jejuni as a major 

economic and social problem, it is surprising that the ecology, epidemiology, and, in 

particular, the pathogenesis of the organism is poorly understood (Dorrell, et al., 

2001). The genome sequence of Campylobacter jejuni strain NCTC 11168 (Parkhill, 

et al., 2000), a human clinical isolate, provides a starting point for studying the 

biology of Campylobacter jejuni (Fouts, et al., 2005). 

 

 

Figure 1.1 Scanning electron microscope image of C. jejuni, illustrating its 
corkscrew appearance and bipolar flagella (Altekruse, et al., 1999) 

 

1.1 Epidemiology 

Campylobacter enteritis is the most frequent form of acute bacterial diarrhoea in 

industrialized countries. The disease affects people of all ages but clinical presentation 

can vary according to age with a distinctive bimodal distribution of incidence, 

particularly affecting children aged <4 years and young adults aged between 15-44 

years (Andrews, 1998, Butzler, 2004, Moore, et al., 2005). Elderly people or people 

whose immunity is impaired by an underlying disease  (diabetes, cirrhosis, cancer, 

HIV infection, immunosupression) are at a higher risk of acquiring Campylobacter 

spp. and have a greater risk of invasive disease (Butzler, 2004, Coker, et al., 2002). 
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The infection is seasonal in temperate climates and about twice as many infections 

occur in summer as in winter (Butzler, 2004, Coker, et al., 2002, Hudson, et al., 1999, 

Moore, et al., 2005).  

The main symptom observed is diarrhea, which can vary from limited to voluminous 

stools which may be watery or bloody. Another frequent digestive tract symptom is 

abdominal pain, however vomiting is uncommon. Fever, headache, asthenia, and 

anorexia are also present and may precede diarrhea (Moore, et al., 2005). 

Campylobacters are enteroinvasive bacteria which lead to colitis and, in some 

instances, resemble inflammatory bowel disease. Normally the disease develops two 

to three days after ingestion of contaminated food and the symptoms resolve 

themselves within a week (Levin, 2007, Moore, et al., 2005). 

The reservoir of infection comprises wild and domestic animals, particularly poultry 

and other avian hosts (Blaser, 1997, van Vliet, et al., 2002). The most common route 

of infection is by ingestion of contaminated food, milk or water, with poultry 

carcasses, whether fresh, chilled or frozen being a particularly common source of 

contamination (Butzler, 2004, Friedman, et al., 2000 , Gaynor, et al., 2004, Myers, et 

al., 2005, Park, 2002, van de Giessen, et al., 1992).  Chickens constitute by far the 

largest potential source of human infection (Butzler, 2004, Gaynor, et al., 2004, Park, 

2002, van de Giessen, et al., 1992, van Vliet, et al., 2002).  

In recent years, the number of food-borne outbreaks associated with raw fruits, 

vegetables and unpasteurized milk has increased (Karenlampi, et al., 2004). In some 

of the outbreaks, the food handler or cross-contamination in the kitchen has been 

suggested as the source of contamination. In other cases, the sources of infection have 

been not been identified (Karenlampi, et al., 2004).  



Introduction                                                                                                                                  Chapter 1 

Lirio I. Calderon-Gomez 5 

Direct transmission is mainly occupational, but domestic pets can bring infection into 

homes and they could play an important role in the propagation of this pathogen, 

especially in children (Butzler, 2004, Damborg, et al., 2004). Humans may also be 

exposed to voided animal faeces in the environment through outdoor activities such as 

camping, walking, and picnicking (Brown, et al., 2004).  Many cases of 

campylobacteriosis are associated with foreign travel, accounting for 3-50% or more 

of all cases, and usually result from the consumption of contaminated food or water in 

the countries visited (Butzler, 2004). 

In developing countries, the disease is confined to young children who, through 

repeated exposure to infection, develop immunity early in life (Andrews, 1998, 

Coker, et al., 2002). Consequently, campylobacteriosis contributes significantly to 

malnutrition in infants, who represent an at-risk group (Coker, et al., 2002). In 

developing countries, household exposure to the faeces of live chickens infected with 

C. jejuni is the predominant risk factor for childhood diarrhea (Butzler, 2004, Park, 

2002). 

 

1.2 Clinical features of infection 

In the industrialized world, acute self-limiting gastrointestinal illness, characterized 

by diarrhea, fever and abdominal cramps, is the most common presentation of C. 

jejuni infection, but symptoms and signs are not so distinctive that the physician can 

differentiate this infection from illness caused by other organisms. There are many 

influencing factors, but in general the infective dose of C. jejuni is low. Infection has 

been induced with doses as low as 5 to 800 bacteria in experimental human infection 
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(Andrews, 1998, Butzler, 2004, Karenlampi, et al., 2004, Ketley, 1997, Moore, et al., 

2005, Park, 2002). 

The incubation period is commonly 2-7 days, with a range of 18 h to 8 days but 

estimates have extended up to 10 days (Andrews, 1998, Butzler, 2004, Ketley, 1997).  

In 50% of patients, diarrhea is preceded by a febrile period with malaise, myalgia, 

abdominal pain and fever of 40°C. Fresh blood may appear in the stools by the third 

day. Faecal samples show inflammatory exudates with leukocytes on microscopic 

examination. Moreover, it is usually possible to recognize numerous Campylobacter 

organisms in the faeces from their characteristic morphology. The diarrhea continues 

for 2-3 days, but abdominal pain and discomfort may persist after the diarrhea has 

stopped (Andrews, 1998, Butzler, 2004, Levin, 2007, Moore, et al., 2005). Bacteremia 

is detected in <1% of patients with Campylobacter enteritis, and occurs most often in 

patients whose immune system is severely compromised (Butzler, 2004, Godschalk, 

et al., 2004, Ketley, 1997).  

It has been recognized that the paralytic condition, Guillain-Barré syndrome (GBS), is 

the most serious post-infectious manifestation of Campylobacter infection (Andrews, 

1998, Ang, et al., 2003, Butzler, 2004, Dorrell, et al., 2001, Moore, et al., 2005). In 

general, one in three GBS patients has suffered from a preceding infection with C. 

jejuni. GBS can be induced by molecular mimicry between oligosaccharides from the 

C. jejuni lipopolysaccharides and the GM1 ganglioside of the peripheral neuron 

membrane in humans (Ang, et al., 2003, Coker, et al., 2002, Godschalk, et al., 2004, 

Hughes, et al., 1999, Moore, et al., 2005, Yuki, 1997), where the body’s own immune 

system causes acute demyelination of the nerves in the peripheral nervous system 

(Moore, et al., 2005, Nachamkin I, 1998).  Structural resemblance between the 
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microbial pathogen surface molecules and the particular host antigen is the main 

factor in the development of this disease  (Figure 1.2) (Ang, et al., 2003).  Namely, 

acute-phase sera of GBS patients contain high titers of antibodies directed against 

gangliosides, which are the membrane glycolipids that are highly enriched in nervous 

tissue (Willison, et al., 2002). 

C. jejuni infections precede Guillain Barré syndrome in 30 to 50% of all cases 

reported around the world and it is estimated to occur in 1 in 3 000 C. jejuni infections 

(Moore, et al., 2005, Yuki, 1997).  

Biochemical and serological studies have demonstrated that the lipooligosaccharide 

(LOS) fraction of the outer cell wall of C. jejuni contains structures that mimic 

gangliosides, the major constituents of the nerve cell membrane (Ang, et al., 2002).  

Gangliosides are sialic acid-containing glycolipids implicated in cell growth and 

differentiation and signal transduction (Hughes, et al., 1999). The main reason for 

molecular mimicry is the presence of sialic acid in the LOS structures of some 

C. jejuni isolates, which mimic the human gangliosides (Figure 1.3) (Ang, et al., 

2003, Yuki, et al., 1993). Further evidence in support of molecular mimicry comes 

from studies showing that anti-ganglioside antibodies from GBS patients recognise C. 

jejuni LOS (Ang, et al., 2003). IgG, IgM and IgA anti-ganglioside antibodies from 

GBS patients do indeed recognise C. jejuni LOS and this provides additional evidence 

that GBS is a true case of molecular mimicry.  The clinical picture of GBS is usually a 

generalized polyradiculoneuropathy affecting the limbs proximally and distally, and 

commonly spreading to involve the facial and other cranial peripheral nerves. In 

particular, the common occurrence of overlapping forms has led to the classification 

of the Miller Fisher (MFS) syndrome as a variant of GBS (Ang, et al., 2003, 

Godschalk, et al., 2004, Hughes, et al., 1999, Moore, et al., 2005, Winer, 2001). 
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F igure 1.3 Presumed role of molecular mimicry in the Gillain-Barre syndrome (Ang 

et al., 2003) 

Analysis of serum taken from GBS patients in the acute phase of the disease 

shows a notable presence of antibodies against gangliosides, major constituents of 

 

 Figure 1.2 Presumed role of molecular mimicry in the Guillain-Barre syndrome (Ang, 
et al., 2003). 
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the nerve cell membrane (Walsh et al., 1991), which are sialic acid-containing 

glycolipids implicated in cell growth and differentiation and signal transduction 

(Hughes et al., 1999). The main reason for molecular mimicry is the presence of 

sialic acid in the lipo-oligosaccharides (LOS) structures of some C. jejuni isolates, 

which mimic the human gangliosides (Figure 1.4) (Yuki et al., 1993, Ang et al., 

2003). Further evidence in support of molecular mimicry comes from studies 

showing that anti-ganglioside antibodies from GBS patients recognise C. jejuni LOS 

(Ang et al., 2003).  

 

 

F igure 1.4 Molecular mimicry of gangliosides and Campylobacter jejuni 

lipooligosaccharides (LOS) (Ang et al., 2003) 

 

Figure 1.3 Molecular mimicry of gangliosides and Campylobacter jejuni 
lipooligosaccharides (LOS)(Ang, et al., 2003) 

 

 

1.3 Treatment 

In general patients suffering from Campylobacter enteritis have a very good 

prognosis, and the isolation of these organisms from stools does not warrant 

chemotherapy (Andrews, 1998, Butzler, 2004). The most common form of treatment 

is replacing fluid and electrolytes (Piddock, et al., 2000). The majority of cases of 

clinical Campylobacter enteritis are of short duration, clinically mild or self-limiting 

and do not require antimicrobial treatment. Nevertheless, in severe or recurrent cases 

where antibiotics are required, susceptibility testing is important to ensure appropriate 

and timely treatment (Aarestrupa, et al., 2001, Coker, et al., 2002, Moore, et al., 

2005). In the absence of chemotherapy, faeces remain positive for the presence of the 

bacteria for 2-7 weeks after the illness (Andrews, 1998, Butzler, 2004, Moore, et al., 

2005). Antibiotic therapy is indicated for patients with Campylobacter infection who 

are acutely ill with enteritis, have persistent fever, bloody diarrhea or have a >7-day 

history of diarrhea. HIV-positive or immunocompromised individuals should receive 
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antibiotic treatment (Andrews, 1998, Butzler, 2004). When antimicrobial therapy is 

indicated, erythromycin is the drug of choice, given its efficacy, low toxicity and low 

cost, although C. jejuni is susceptible to many other antibiotics (Andrews, 1998, 

Butzler, 2004, Moore, et al., 2005). Resistance of C. jejuni to a number of antibiotics 

such as tetracycline, erythromycin, ciprofloxacin, kanamycin and chloramphenicol 

has been reported (Gaudreau, et al., 2003, Piddock, et al., 2000, Pratt, et al., 2005, 

Taylor, et al., 1987). Antibiotics should be reserved for severe cases. Education and 

better hygiene have far greater roles in reducing infection than antibiotics (Andrews, 

1998, Butzler, 2004). 

 

1.4 Prevention 

A integrated approach to controlling campylobacters along the entire food chain 

should be adopted for foods of animal origin (Brown, et al., 2004, Butzler, et al., 

1991). In particular, as poultry are recognized to be a major source of human 

campylobacteriosis in the industrialized world, prevention should aim to reduce 

infection at all stages of poultry production (Blaser, 1997, Butzler, et al., 1991, 

Humphrey, et al., 2007, Moore, et al., 2005). Control should be directed primarily at 

the prevention of colonisation in food animals through the implementation of better 

hygiene practices, biosecurity measures and husbandry practices (Evans, et al., 2000, 

Gibbens, et al., 2001). Efforts at harvest level should be concentrated on practices 

designed to control and reduce the levels of faecal contamination during live bird 

transportation, slaughter and carcass dressing (Altekruse, et al., 1997, Blaser, 1997, 

Moore, et al., 2005).  

In addition consumers and food handlers should be made aware of the role that they 

play in reducing the incidence of Campylobacter infection by preventing cross-
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contamination in kitchens or food preparation areas (Humphrey, et al., 2001, Moore, 

et al., 2005). Appropriate precautions in the handling and preparation of food of 

animal origin will reduce cross-contamination. Raw meat and poultry should be 

cooked adequately. Hands should be washed thoroughly with soap after handling raw 

food of animal origin and before touching anything else. Chopping boards used for 

raw meats should not be used for preparing other foods. Chopping boards and utensils 

should be cleaned with soap and hot water after preparation of raw food of animal 

origin. Prevention also depends on the purification of water supplies and the heat 

treatment of milk sold for consumption (Andrews, 1998, Butzler, 2004). The 

strategies that have been successful for controlling Salmonella infection in poultry are 

generally ineffective against campylobacters. More information is needed about the 

effectiveness of biosecurity measures for poultry farms, and about the impact of these 

measures on human campylobacteriosis (Andrews, 1998, Butzler, 2004). Some 

potential options currently available to reduce the levels of this enteropathogen on 

food animal carcases include, irradiation, chemical decontamination, steam 

pasteurization and hot water immersion (Altekruse, et al., 1997, Humphrey, et al., 

2007, Moore, et al., 2005).  

Despite its importance, effective control of Campylobacter in the food chain and the 

design of disease prevention strategies are hindered by a poor understanding of the 

genetics, physiology and virulence of this organism (Parkhill, et al., 2000). 

 

1.5 Pathogenicity 

Infection with C. jejuni can induce a spectrum of disease symptoms from watery 

diarrhea to dysentery, often accompanied by fever and severe abdominal cramps (Poly 
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F, 2008). The pathogenesis of C. jejuni reflects both the susceptibility of the host and 

the virulence of infecting strain (Park, 2002). The pathogenic mechanism responsible 

for acute intestinal infections by Campylobacter, although still poorly understood, are 

thought to involve adherence, cellular invasion, and toxin production, but not all 

clinical isolates of C. jejuni are able to invade cultured human cells or produce 

defined toxins (Ketley, 1997, Mohammed, et al., 2004, Myers, et al., 2005, Park, 

2000, van Vliet, et al., 2002, Wallis, 1994). 

A common feature of Campylobacter infectious enterocolitis is a localized acute 

inflammatory response that can lead to tissue damage and may be responsible for 

many of the clinical symptoms observed (Ketley, 1997). 

Motility is the major factor that has been implicated directly in intestinal colonization 

(Wallis, 1994, Wassenaar, et al., 1993). After successful colonization of the mucus 

lining of the gut, C. jejuni can adhere to epithelial cells via a number of different 

adhesins, but the relative significance of each to disease remains uncertain (Poly F, 

2008). 

Lipopooligosaccharide (LOS) and capsular (extracellular) polysaccharide (EP) are 

important surface structures in C. jejuni that function in the interactions of the 

organism with the environment. Interesting aspects of C. jejuni LOS are their 

molecular mimicry of host gangliosides and their presumed roles in the evasion of 

host immune responses and autoimmunity (Moran, 1996, van Vliet, et al., 2002), 

decreased immunogenicity (Guerry, et al., 2000), and attachment and invasion 

(Bacon, 2002). 

The natural environment for C. jejuni is the intestine and therefore it is reasonable to 

speculate that LOS diversity is of great importance for colonisation of a wide variety 
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of hosts.  Generation of different LOS molecules facilitates the ability of the bacteria 

to adjust to dynamic and hostile environments.  Using defined LOS mutants of 

C. jejuni Fry and colleagues showed the importance of LOS in host cell adherence 

and invasion (Fry, et al., 2000).  The similarity of C. jejuni LOS structures to host 

gangliosides and ability to generate cross-reacting, antibodies form the pathological 

basis for the association of preceding C. jejuni infection with GBS (Nachamkin, et al., 

1998, Poly F, 2008).   

Changes in the host cell signaling pathways are a common theme in the pathogenesis 

of an invasive microorganism. The bacterial intracellular pathways induced by 

C. jejuni will give further insights into the host interactions (Bereswill, et al., 2002). 

 

1.6 Genome and genetics in Campylobacter 

In 2000, the first complete genome sequence by Parkhill was reported (Parkhill, et al., 

2000). The genome sequence of the laboratory strain of C. jejuni NCTC 11168 

revealed a circular chromosome of 1,641,481 base pairs (30.6% G+C), which was 

predicted to encode for 1,654 proteins and 54 stable RNA species (Parkhill, et al., 

2000). It was also discovered that the C. jejuni genome contained some very 

interesting characteristics such as its low G+C content at only 30.6% (Parkhill, et al., 

2000).  The C. jejuni genome sequence has stimulated a renewed interest in studying 

the physiological characteristics of C. jejuni, which are crucial to understanding its 

mechanisms of pathogenity and ability to survive in the environment (Myers, et al., 

2005). The genome appears to provide a unique database for postgenomic 

investigations, including the potential for identification of C. jejuni specific 

colonization factors (Gaynor, et al., 2004) and  putative respiratory chain complexes. 
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 In 2007, the NCTC11168 genome strain was re-annotated. This changed the number 

of coding sequences from 1654 down to 1643. New information regarding motifs 

and/or pertinent literature was added to an impressive 90% of these coding sequences, 

with 18.2% of coding sequence products experiencing a revision of function 

(Gundogdu O, 2007). 

Currently, five sequenced and annotated complete C. jejuni genomes are available 

with a number of other unfinished genome sequences also accessible (Chaudhuri, et 

al., 2006, Fouts, et al., 2005, Pearson, et al., 2007, Poly, et al., 2007). These sequences 

have allowed an overall picture to emerge, with a G+C content range of 30.31% 

(RM1221) to 30.61% (81-176) and the number of open reading frames varying 

between 1626 (81116) and 1940 (RM1221) (Pearson, et al., 2007). C. jejuni strain 

81116, the most recently sequenced strain, has 17 homopolymeric G tracts, 44 tRNAs 

and 3 rRNA operons (Pearson, et al., 2007).   

Since the sequencing of NCTC11168, technological advances and human ingenuity 

have allowed microarray technology to be used for genomic comparisons of C. jejuni 

strains. This has revealed a great genetic diversity among C. jejuni strains but a low 

genome plasticity (Leonard ll, 2003, Taboada, et al., 2004). A core set of genes which 

are common to all strains investigated has been assembled and there is an estimated 

36.6% of accessory genes (Taboada, et al., 2004).   

The C. jejuni genome has been shown to have regions of hypervariability. These 

hypervariable regions have been discovered in genes that are responsible for the 

important task of surface structures, such as LOS, flagella and capsular 

polysaccharide being modified or synthesized (Parkhill, et al., 2000). This has been 

found to be true for all strains sequenced to date. This hypervariability allows the 

phase-variation of genes which can turn mechanisms on and off giving the organism a 
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great adaptability of surviving in, and interacting with, the diverse environments in 

which it is found (Champion, et al., 2008).  

The genome sequence of one C. jejuni strain, however, is still insufficient to provide a 

complete picture of the major aspects of Campylobacter biology. Interesting aspects 

of C. jejuni biology include the colonization of reservoir hosts (Ahmed, et al., 2002), 

variation in LOS and capsule, and potential adaptations of Campylobacter in poultry 

production and processing environments (Fouts, et al., 2005). However, several lines 

of evidence have indicated relative intraspecific genotype and phenotypic diversity 

compared to other enteropathogens (Dorrell, et al., 2001). This genetic diversity 

might, in part, explain the large spectrum of C. jejuni disease outcomes, ranging from 

asymptomatic colonization to acute inflammatory diarrhea and induction of the GBS 

(Poly, et al., 2004, Skirrow, et al., 2000). 

In contrast to current understanding the pathophysiology of other enteric bacteria, that 

of Campylobacter species remains poorly understood (Fouts, et al., 2005). In addition, 

information on the basis of Campylobacter virulence and potential targets for drug 

and vaccine design is still lacking (Fouts, et al., 2005). 

 

1.7 Respiratory genes in other bacteria and in Campylobacter 

Obligate microaerophiles are organisms with oxygen-dependent growth and use 

oxygen as a terminal acceptor, but they cannot grow under fully oxic conditions, or 

grow very poorly (Gaynor, et al., 2004, Hoffman, et al., 1982, Krieg, et al., 1986, 

Myers, et al., 2005, Pittman, et al., 2005, Purdy, et al., 1999, Sellars, et al., 2002). 

Oxygen is therefore both necessary at reduced pressure for growth and deleterious for 

microorganisms like C. jejuni and most species of the genus, as well as Helicobacter 
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pylori (Smith, et al., 2000). These bacteria possess pathways characteristic of 

anaerobic metabolism (Hazell, et al., 1997, Mendz, et al., 1997, Smith, et al., 2000, 

Smith, et al., 1999). The constitutive expression of respiratory chains with oxygen 

(aerobic) or fumarate (anaerobic) as electron acceptors poses important questions 

about the roles that these respiratory chains play in the physiology of Campylobacter 

spp. (Kelly, 2001). 

The genome sequence of C. jejuni suggests that it contains a complete TCA cycle and 

all the key enzymes are present, and a branched electron transport chain that is likely 

to allow both aerobic and anaerobic respiration with a variety of electron acceptors 

(Gaynor, et al., 2004, Kelly, 2001, Parkhill, et al., 2000, Smith, et al., 2000). Apart 

from the genome information and a few studies of enzyme activity, little is known 

about the TCA cycle in C. jejuni (Gaynor, et al., 2004).  

Mendz and Hazell (Mendz, et al., 1995, Mendz, et al., 1996) found that 

Campylobacter spp. and Helicobacter catabolise amino acids to acetate, formate, 

lactate and succinate via fermentative pathways. Mendz (Mendz, et al., 1996, Mendz, 

et al., 1994) described that the utilization of pyruvate by these bacteria involves mixed 

acid fermentation pathways, all of which are features of anaerobic metabolism. 

The cytoplasmic membrane of bacteria contain  NADH:ubiquinone oxidoreductase 

(nuo), which is also called respiratory complex I. Complex I is a multisubunit 

complex catalyzing the translocation of four protons across the membrane (Friedrich, 

et al., 2004, Pilkington, et al., 1991, Smith, et al., 2000, Weidner, et al., 1993). Two 

types of NADH- quinone oxidoreductase are found in the aerobic respiratory chains 

of bacteria. One is the proton translocating NADH-quinone oxidoreductase (NDH-1), 
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also known as complex I, and the other is NADH quinone reductase, NDH-2 (Smith, 

et al., 2000). 

C. jejuni shares several genotypic and phenotypic features with the related gastric 

pathogen Helicobacter pylori (Tomb, et al., 1997). The NDH-1 components of these 

microorganisms are very similar which reflects their evolutionary relatedness (Hazell, 

et al., 1997). The NDH-1 operon contains 14 different subunits which are designed 

either as NuoA to NuoN or NQO1 to NQO14 (Friedrich, et al., 2004, Yagi, 1993, 

Yano, 1997). These subunits maintain a conserved order to other enteric bacteria and 

have been well characterized in Escherichia coli (Finel, 1998) and Paracoccus 

denitrificans (Yagi, 1986). C. jejuni gene clusters encoding NDH-1 lack two 

important proteins that in another bacteria bind to reduced nicotinamide adenine 

dinucleotide (NADH) (Kelly, 2001). Twelve subunits of the Complex I (NuoD- 

NuoN) are present in exactly the same order as their homologues in other bacterial 

NDH-1, operons (Smith, et al., 2000). In C. jejuni the operon contains two ORFs, 

Cj1574c and Cj1575c that are located in place of NuoE and NuoF and their function 

is unknown.  

Respiratory metabolism is very important in C. jejuni and is particularly relevant as it 

provides a greater range of environments to survive and to adapt keeping this 

microorganism as a leading cause of gastroenteritis. 

Many bacteria have an alternative type of NADH-quinone reductase: NDH-2 (Yagi, 

1991). This single subunit enzyme does not translocate protons across the membrane 

but still serves as an entry point into the respiratory chain, for electrons donated by 

NADH (Finel, 1998).  
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1.7.1 NDH-1 genes  

NDH-1 is a large enzyme composed of many different redox centres and 14 protein 

subunits (Finel, 1998, Smith, et al., 2000, Yagi, et al., 2001). The genes that encode 

these subunits are arranged in the same order in the different NDH-1 operons, except 

for the presence or absence of a few ORFs (Finel, 1998, Friedrich, et al., 2004, Yagi, 

et al., 1998, Yano, et al., 1999, Yano, et al., 1995). In general, the bacterial complex 

consists of 14 different subunits, with a total molecular mass of 535 kDa (Friedrich, et 

al., 2004, Yagi T, 1993, Yano, 1997). In bacteria this enzyme has a quaternary 

structure characterized as an “L” shape (Friedrich, et al., 2004, Holt, 1981, Yagi, 

1993) (Figure 1.4). The membrane embedded region of the “L” is a module that 

consists of seven hydrophobic proteins called subunits Nuo H, N, A, M, K, L and J 

(Dupuis, et al., 2001, Friedrich, et al., 2004, Yagi, 1993). NuoH, L and M are 

suspected to be involved in quinone binding. As only seven hydrophobic subunits are 

predicted to contain membrane-spanning helices, they are most likely also involved in 

proton translocation (Friedrich, et al., 2004, Smith, et al., 2000). The protruding arm 

out of the membrane contains the other seven subunits and is considered to contain all 

the identified prosthetic groups of complex I except quinones. These seven are 

peripheral subunits and are composed of two modules: (1) the first one, the NADH-

oxidizing unit, is composed of subunits NuoE, F and G.  In addition, subunit NuoE is 

probably involved in binding NADH and possesses a binuclear Fe-S centre (Dupuis, 

et al., 2001, Finel, 1998, Yagi, et al., 1998). Subunit NuoF contains the catalytic 

NADH binding site, a noncovalently bound flavin mononucleotide (FMN), and an 

iron-sulfur (Fe-S) centre. Subunits NuoE and NuoF can be dissociated, along with 

subunit NuoG, in some cases, from the rest of the complex to form a soluble unit, 

which possesses NADH dehydrogenase activity (Herter, et al., 1997, Leif, et al., 1995, 
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Yano, et al., 1996).  (2) The second module contains four proteins that connect the 

NADH-oxidizing unit to the membrane arm and are named NuoB, NuoC, NuoD and 

NuoI. NuoB-D and are probably involved in quinine binding (Dupuis, et al., 2001, 

Friedrich, et al., 2004).  

Homologues of these subunits are part of complex I in all species investigated to date, 

including the most studied bacterium E.coli K12 (Smith, et al., 2000) (Figure 1.5). 

The 14 subunits of bacterial Complex I carry all the redox centres and structural 

elements necessary for full enzymatic activity (Finel, 1998, Yagi, et al., 1998). 

The genome of C. jejuni has been completely sequenced and annotated (Parkhill, et 

al., 2000) and its respiratory complex is similar to other well characterized bacteria 

(E. coli and Paracoccus denitrificans) but it is more comparable to H. pylori, as the 

genes encoding the typical NuoE and NuoF proteins are absent in both genomes 

(Alm, et al., 1999, Finel, 1998, Parkhill, et al., 2000, Smith, et al., 2000, Tomb, et al., 

1997). 
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Figure 1.4 Schematic structure of NDH-1 complex 
 

Schematic structure of NDH-1 complex using different literature reports to show the 14 Nuo subunits 
that constitute complex I.  White capital letters represent the Nuo proteins and the main fragments 
based in E. coli, Rhodobacter capsulatus, Paracoccus dentrificans among others (Dupuis, et al., 2001, 
Falk-Krzesinski, et al., 1998, Yagi, et al., 2003, Yano, et al., 1999). The black capital letters show 
NuoX and NuoY the only two unknown proteins from C. jejuni.   
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C. jejuni contain the ORFs cj 1574c and cj 1575c encoding proteins of unknown 

function (Smith, et al., 2000). These unknown C. jejuni proteins are smaller and have 

very low sequence similarity to other proteins (Finel, 1998, Smith, et al., 2000). Gene 

cj1574c encodes a polypeptide of 230 amino acid residues, and searches of existing 

protein databases yielded the 328-residue protein encoded by hp1265 of H. pylori as 

the only reasonable match, with 26.5% identity and 50.7% similarity. The ORF cj 

1575c encodes a polypeptide of 75 amino acid residues that showed 53.4% identity 

and 71.2% similarity, to the polypeptide encoded by hp1264 of H. pylori strain 26695 

(Smith, et al., 2000). No genes orthologous to these two C. jejuni genes were found, 

and they appeared to be critical for substrate binding and electron transfer (Smith, et 

al., 2000).  

In Campylobacter the genes encoding NDH-1 occurred as single clusters with the 

genes arranged in the same order as in the other bacteria (Figure 1.6), with the 

exceptions of A. aeolicus and R.prowazekii. In these microorganisms, the genes 

encoding the subunits of the NDH-1 complex are scattered singly or in clusters over 

the genome (Braun, et al., 1998, Leif, et al., 1995, Smith, et al., 2000, Yagi, 1986). 
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Figure 1.5 Organisation of NDH-1 genes in bacterial genomes (Smith, et al., 2000)  
 

The letters A-N represent the nuo genes. X and Y denote Campylobacter jejuni and Helicobacter pylori 
unknown genes corresponding to NuoE and Nuo F from Escherichia coli. The number 1-14 represent 
the nqo genes that are find in other bacteria like Paracoccus denitrificans (Smith, et al., 2000). 
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Figure 1.6 Gene clusters from different bacteria showing the NDH-1 operon 
(http://www.scripps.edu/mem/biochem/CI/). 

 

1.7.2 NDH-2 genes 

NDH-2 is composed of a single 45-kDa subunit, and its sole redox centre is a 

noncovalently bound FAD (Yagi, 1991). NDH-2 does not couple quinine reductase 

activity to proton translocation across the membrane and, consequently, does not 

conserve the energy released by NADH oxidation (Smith, et al., 2000). 

Several bacteria, including E. coli, have both NDH-1 and NDH-2 enzymes, and their 

expression may be regulated by environmental conditions (Calhoun, et al., 1993, 
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Cecchini, et al., 2002). Some bacteria, such as P. dentrificans, appear to have only 

NDH-1 (Crouse, et al., 1994, Finel, 1996, Schagger, 2002), while others, for example 

Bacillus subtilis, have only NDH-2. No genes orthologous to those encoding NDH-2 

quinone reductases in E. coli, H. influenzae or M. tuberculosis were found in the 

genome of C. jejuni (Smith, et al., 2000). 

 

1.8 Significance of investigating proteins NuoX and NuoY of C. jejuni 

Campylobacters, survive in a wide range of environments, including water, meat 

products, and milk. Under such conditions they are exposed to a variety of stresses, 

which they must be able to tolerate in order to permit their transmission to a suitable 

environment for growth, such as the avian gastrointestinal tract. Campylobacters 

possess a number of essential mechanisms, which confer resistance to different 

environmental stresses. The microaerophilic nature of Campylobacter species and the 

ability to survive in air and under natural environmental conditions of oxidative stress 

must be deeply influenced by the presence of cellular mechanisms which can 

eliminate reactive oxygen intermediates (Purdy, et al., 1999). Physiological studies 

are crucial in understanding both the mechanisms of pathogenicity of C. jejuni and its 

ability to survive in an aerobic and anaerobic environment, the host, and the food 

chain. Despite its importance, effective control of Campylobacter in the food chain 

and the design of disease prevention strategies are restricted by a poor understanding 

of the genetics, physiology and virulence of this organism (Parkhill, et al., 2000). 

Such studies may lead to the identification of potential targets for controlling or 

preventing the growth of these bacteria (Sellars, et al., 2002). 
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Therefore, to gain a greater understanding of the respiratory genes in C. jejuni, this 

study aims to investigate the NuoX and NuoY proteins to elucidate their specific role 

in the respiratory chain, and to provide information of the proteins regarding the 

suitability of the protein as drug design targets for the future development of new 

treatments against this pathogen and may assist in future prevention and treatment of 

disease outcome. 
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2.1  General Procedures and Equipment  

All media, glassware and solutions were sterilized by autoclaving at 121 °C for 15 - 

20 minutes unless otherwise specified.  

All solutions were prepared using analytical grade chemicals and Milli®Q purified 

water (Millipore) was used when necessary. 

Autoclaved broth and media containing agar, were cooled to 55 ºC prior to the 

addition of antibiotics and/or growth supplements. Media containing agar was 

manually dispensed into gamma-irradiated Petri dishes (Sarstedt) and the plates were 

stored at 4 ºC. Bacterial cultures in broth were grown at 37 ºC with agitation at 150-

200 rpm. 

Eppendorf pipettes were used to measure volumes ranging from 0.1 µL to 5 mL.  

Pipette tips were sterilized at 121 °C for 20 minutes prior to use.   

Plasticware was purchased from Becton Dickson or eppendorf. 

 

2.2  General Chemicals and Equipment 

All chemicals used in these studies were of analytical grade and were purchased from 

Sigma Chemical Co., Chem-Supply, Oxoid, Merck, Amresco, Fluka, Bio-Rad, 

Lancaster, APS Finechem or Applichem. Unless specified, chemicals were made up 

to the desired concentration in Milli®Q purified water and sterilized by filter 

sterilization or autoclaving at 121 °C for 15 minutes (15 lbs/in2).  

Enzymes used in these studies were routinely purchased from New England Biolabs, 

Promega, Roche or Finnzymes. Plasticware was purchased from Becton Dickson or 

Eppendorf.  

Centrifuges used were: Beckman Coulter Allegra 25R with rotors TA-14-50, TA 

10.250, Sigma 1-15 bench top microcentrifuge and Sigma 3-16 refrigerated bench top 
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centrifuge.  

 

2.3  Bacterial Techniques 

2.3.1  Media 

Horse Blood Agar: 19.5 g of Columbia agar base was dissolved in 500 mL Milli®Q 

purified water. An additional 1 % (w/v) bacteriological agar was added prior to 

autoclaving. The agar was cooled to 50 °C – 55 °C then 5 % of sterile defibrinated 

horse blood (Equicell) was added. The agar was then mixed and manually dispensed 

into sterile Petri dishes which were stored at 4 °C until required.  

Luria-Bertani (LB) agar:  25 g/L Luria Broth Base (Oxoid) and 12 g/L 

Bacteriological Agar were added to 500 mLs of Milli®Q purified water then 

autoclaved. The agar was cooled to 50 °C – 55 °C prior to the addition of antibiotics 

or other supplements as required. The agar then was mixed and poured into sterile 

Petri dishes which were stored at 4 °C until required.  

Luria-Bertani (LB) broth:  25 g/L Luria Broth Base (Oxoid) in Milli®Q purified 

water was autoclaved and cooled to room temperature. Antibiotics (ampicillin, 

chloramphenicol, kanamycin) or other supplements were added if required to the 

broth which was stored at 4 °C until required. 

X-gal agar:  LB agar was prepared and autoclaved. When cooled, LB was 

supplemented with 2 % X-Gal and IPTG to a final concentration of 0.5 mM for 

blue/white colony screening.  

SOC: 20 g/L bacto-tryptone, 5 g/L yeast extract, 10 mM NaCl and 2.5 mM KCl in 

Milli®Q water were autoclaved. When the solution was cooled to 50 °C – 55 °C,  
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10 mM MgCl2, 10mM MgSO4 and 20 mM glucose were added. The solution was 

filter sterilized with a 0.22 µm filter. 

Storage medium:  10 % skim milk powder, 1 % bacto-tryptone, 10 mM Tris-Cl  

pH 7.5. The media was autoclaved and then stored at 4 °C until required. 

 

2.3.2  Antibiotics 

Ampicillin: A stock solution of 50 mg/mL in Milli®Q purified water was prepared 

and then it was filter sterilized using 0.22 µm filters. 

Chloramphenicol:  A stock solution of 25 mg/mL was prepared in 100 % ethanol. 

Kanamycin: A stock solution of 50 mg/mL was prepared in Milli®Q purified water 

and filter sterilized using 0.22 µm filters.  

All antibiotic stocks were stored at -20 °C for up to 1 month.  

 

2.3.3  Stock solutions and buffers  

All stock solutions and buffers were prepared following instructions from Sambrook 

Laboratory Manual (Sambrook, 2001) or according with the manufacturer’s 

instructions. Many of these stock solutions and buffers required a different pH which 

was measured and adjusted according to each protocol.  

6X Gel-loading sample buffer: 40 % sucrose, 0.25 % bromophenol blue, 0.25 % 

xylene cyanol FF, made up to the correct volume with Milli®Q purified water and 

ready to use. 

50X TAE:  242 g Tris base, 57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA pH 

8.0, made up to 1 L with Milli®Q purified water. It was stored at room temperature in 
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a glass bottle.   

TE buffer:  10 mM Tris-Cl and 1 mM EDTA. The pH was adjusted to 8.0 and made 

up to 1 L with Milli®Q purified water, then stored at room temperature. 

10X TBS: 24.2 g Tris base, 80 g NaCl. The pH of the buffer was adjusted to 7.6 with 

HCl. It was made up to final volume of 1 L with Milli®Q purified water and was 

stored at 4 °C.  

Blocking buffer: 1 X TBS, 0.1 % Tween 20, 1 % non-fat dry milk powder. The 

buffer was freshly prepared prior to use due to the use of non-fat dry milk powder. 

TBS/Tween wash buffer: 1 X TBS + 0.1 % Tween 20. 

Towbin buffer: 3 g Tris base and 14.4 g glycine were added to 800 mL Milli®Q 

purified water. Methanol 200 mLs was added prior to use due to the evaporation of 

methanol and then stored at 4 °C. 

30 % acrylamide:  29.2 % acrylamide, 0.8 % bis-acrylamide was made up in 

Milli®Q purified water. It was filter sterilized using 0.2 µm filters and then stored in 

the dark at 4 °C.   

1 X SDS-PAGE sample buffer: 100 mM Tris-Cl pH p.8, 2 % SDS, 0.1 % 

bromophenol blue, 10 % glycerol, 5% β-mercaptoethanol. It was stored at 4 °C. 

 

2.4  Bacterial strains and plasmids 

2.4.1  Bacterial strains and growth conditions 

In this study human isolates C. jejuni NCTC 11168 genome sequence (referred as 

11168-GS) and C. jejuni 81116 were used. C. jejuni strains (Cj11168 and Cj81116) 

were cultured from frozen stocks onto Columbia agar supplemented with 5 % 

defibrinated horse blood (HBA) with Skirrow antibiotic supplement (Oxoid) under 

microaerophilic conditions (5 % O2, 15 % CO2, 80 % N2 ; BOC gases) for 48 hours at 
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42 °C or 72 hours at 37 °C.  

E. coli strains were cultured from frozen stocks onto LB agar plates and incubated at 

37 °C for 18 hours under aerobic conditions.  

The C. jejuni strains used in this study are listed in table 2. 

 

Table 2.1 Bacterial strains used in this study 

Strains Description Reference/Source 

C. jejuni 11168-GS,  

C. jejuni 1168-O and  

C.  jejuni 81116 

 

Human isolates 

D.G Newell,  

Centre of Veterinary 

Laboratories Agency, 

London, UK  

E. coli DH5α fhuA2(argFlacZ)u169phoAglnV44Φ80 

Δ(lacZ)M15gyrA96 recAI end A1 thi-1 

hsdR17 

 

Invitrogen 

E. coli XL1-blue recA1 end1 gyrA96 thi-1 hsdR17 sup E44 

relA1 lac 

Stratagene 

E. coli BL21(DE3) F ompT hsdSB(rB-mB-) gal dcm (DE3) Novagen 

Saccharomyces 

cerevisae AH109 

MATa, trp1-901, leu2-3, 112, ura3-52, his3-

200, gal4Δ, gal80Δ, LYS2::GAL1UAS-

GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, 

URA3::MEL1UAS-MEL1TATA-lacZ 

 

Clontech 
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2.4.2 Plasmids 

The host E. coli strains were routinely grown at 37°C in Luria Bertani (LB) media 

(Oxoid) or on LB agar (Oxoid), supplemented with ampicillin 100 µg mL-1 (Sigma) 

or kanamycin 50 µg mL-1 when appropriate. Media was supplemented with 0.5 mM 

IPTG (AppliChem) and 80 µg mL-1 X-Gal (AppliChem) for blue/white selection. 

Host yeast strains were grown and prepared according to manufacturer’s instructions 

(Clontech). Plasmids used in this study are listed in Table 2.2 including features.  

Table 2.2  Plasmids used in this study 

Plasmids Features Reference/Source 

pGEM ®-T Easy AmpR (100 µg/mL) blue/white screening 

Cloning plasmid 

Promega 

Protein Expression Plasmids 
pET-19b AmpR (100 µg/mL) Expression plasmid Novagen 

pGU0601 Coding region of nuoX gene cloned into pGEM®-T 
Easy with flanking NdeI and BglII restriction 
endonuclease recognition sites, AmpR 

This study 

pGU0603 Coding region of nuoX gene with flanking NdeI and 
BglII restriction endonuclease recognition sites, 
cloned into pET-19b, AmpR 

This study 

pGU0602 Coding region of nuoY gene cloned into pGEM®-T 
Easy with flanking NdeI and BglII restriction 
endonuclease recognition sites, AmpR 

This study 

pGU0604 Coding region of nuoY gene with flanking NdeI and 
BglII restriction endonuclease recognition sites, 
cloned into pET-19b, AmpR 

This study 

Mutagenesis plasmids 
pMW2  kmR, (50 µg/mL) (Wosten, M) 

pGU0404 Coding region of nuoX (with flanking regions) This study 

pGU0405 Coding region of nuoY (with flanking regions) This Study 

pGU0509 kmR , promoted aph(3’)-III:: pGEM®-T Easy (Klipic, Z, PhD thesis, 
2010) 

pGU0511 nuoX:: pGEM®-T Easy::BglII ampR, (100 µg/mL) This study 

pGU0512 nuoY:: pGEM®-T Easy::BglII ampR, (100 µg/mL) This study 
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pGU0706 kmR, promoter-less aph(3’)-III :: pGEM®-T Easy (Klipic, Z, PhD thesis, 
2010) 

pGU0524 nuoX:: promoter-less aph(3’)-III This study 

pGU0525 nuoY:: promoter-less aph(3’)-III This study 

pGU0526 nuoX::promoted aph(3’)-III This study 

pGU0527 nuoY::promoted aph(3’)-III This study 

Yeast two hybrid plasmids 
pGU0819 Coding region of nuoC gene with flanking NdeI and 

BamHI restriction endonuclease recognition sites, 
cloned into pGEM®-T Easy, AmpR 

This study 

pGU0820 Coding region of nuoD gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pGEM®-T Easy, AmpR 

This study 

pGU0821 Coding region of nuoX gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pGEM®-T Easy, AmpR 

This study 

pGU0822 Coding region of nuoY gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pGEM®-T Easy, AmpR 

This study 

pGU0823 Coding region of nuoC gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pADT7, AmpR 

This study 

pGU0824 Coding region of nuoD gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pADT7, AmpR 

This study 

pGU0825 Coding region of nuoX gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pADT7, AmpR 

This study 

pGU0826 Coding region of nuoY gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pADT7, AmpR 

This study 

pGU0827 Coding region of nuoC gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pBKT7, KmR 

This study 

pGU0828 Coding region of nuoD gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pBKT7, KmR 

This study 

pGU0829 Coding region of nuoX gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pBKT7, KmR 

This study 

pGU0830 Coding region of nuoY gene with flanking NdeI and 
BamHI restriction endonuclease recognition sites, 
cloned into pBKT7, KmR 

This study 
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2.4.3 Storage of microorganisms  

Short term storage  

Cultures on agar plates were wrapped in parafilm and stored for up to 6 weeks at 4 °C 

in a cold room.  

   

Long term storage  

For long term storage at -80 °C microorganisms were stored using either storage 

medium or 20 % glycerol. When using storage medium, an overnight lawn culture on 

appropriate media was grown. Three milliliters of storage media was pipetted onto a 

lawn culture plate using aseptic technique and harvested using a sterile spreader. One 

milliliters of liquid culture was pipetted into a cryovial (CRYO.S TM) and placed at -

80 °C. Campylobacter strains used in this study were kept in storage medium at -80 

°C for long term storage.  

For storage in glycerol, 750 µL of an overnight broth culture with the appropriate 

antibiotic was added to a cryovial and mixed with 250 µL of 20 % sterile glycerol and 

stored at -80 °C. E. coli cultures, were grown using LB.  

 

2.5  General Molecular Biological techniques  

2.5.1  Purification of plasmid DNA from E. coli  

Plasmid DNA was extracted from overnight cultures of E. coli using either of the two 

methods outlined below or one of the following commercial extraction kits: 

Nucleospin Plasmid mini prep kit (Macherey Nagel), Fast Plasmid mini prep kit 

(Eppendorf), PureLink HiPure mega prep kit (Invitrogen) or QIAGEN Plasmid midi 

prep kit (QIAGEN). Purifications were performed as per manufacturer’s instructions 

with no modifications.   
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2.5.2  Alkaline lysis plasmid mini preparation  

Five milliliters of broth containing the appropriate antibiotic was inoculated with a 

single colony of E. coli containing the recombinant plasmid. The culture was 

incubated at 37 °C on an orbital shaker at 220 rpm for 18 hours. Cultured cells were 

pelleted by centrifugation at 13,000 g for 1 minute. The supernatant was discarded 

and the pellet re-suspended in 200 µL of solution I (50 mM glucose, 25 mM Tris, 10 

mM EDTA pH 8.0) containing 10 mg RNase A by vortexing. Two hundred 

microliters of solution II (0.2 M NaOH, 1 % [w/v] SDS) was added and the tubes 

inverted 6-8 times. Samples were incubated on ice for 5 minutes. Hundred and fifty 

microliters of solution III (60 mL 5 M potassium acetate, 11.5 mL glacial acetic acid, 

28.5 mL water) was added and the tubes vortexed gently in an inverted position for 10 

seconds to mix. Samples were placed on ice for 10 minutes.  

Clarification of lysates was performed by centrifugation at 13,000 g for 10 minutes. 

The supernatant was transferred to a new tube and a 1:1 volume of isopropanol was 

added. The tubes were vortexed and centrifuged for 10 minutes at  

13, 000 g. The supernatant was removed and the pellet was washed with 100 mL of 

70 % ethanol. The tubes were centrifuged for 2 minutes at 13, 000 g. The supernatant 

was carefully removed and pellets air dried for 5-10 minutes. The DNA pellet was 

resuspended in 30 µL of sterile Milli®Q purified water (Sambrook, et al., 1989). 

2.5.3  Crude lysis  

DNA from the bacteria was extracted using the crude boiling method. For preparation 

of crude lysates, a single colony was selected from the plate, resuspended in 100 µL 

of Milli®Q purified water and boiled for 8 minutes, and then centrifuged for 8 minutes 

at 14, 000 g to remove the cellular debris. The supernatant was stored at  - 20 °C or 

used immediately (Sambrook, 2001).  
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2.5.4 Standard Ethanol Precipitation 

Standard ethanol precipitation was performed without modification as outlined in 

Sambrook et al., 2001. 

 

2.5.5 DNA quantitation  

Spectrophotometric method  

DNA was quantitated using a spectrophotometer. Absorbances were measured at 

260 nm and 280 nm. The ratio was calculated to provide an indication of the purity of 

the DNA in the preparation.  These methods are described in Sambrook et al. 

(Sambrook, et al., 1989) and were used without modification. 

  

2.5.6 Agarose Gel Electrophoresis  

Agarose gel electrophoresis was performed for the size estimation of DNA fragments 

produced by PCR and restriction endonuclease digest (Sambrook, et al., 1989). Bio-

Rad Power Pac 200, sub cell GT electrophoresis tanks and gel trays were utilized. 

Biotechnology grade agarose (0.8 % - 2 %) was added to 1 X TAE buffer and boiled 

in a microwave oven to dissolve the agarose. This was cooled to ~50 °C and 

10 mg/mL ethidium bromide was added to a final concentration of 0.5 mg/mL. 

Samples were loaded in 1X sample buffer and separated by electrophoresis.  The 

DNA was visualized with an UVP white/ultraviolet transilluminator and documented 

using BioRad Quantity One 1D Analysis Software. 100 bp and 1 kb DNA ladders 

from NEB were used as molecular weight markers.  
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2.5.7 Purification of DNA from agarose  

DNA was electrophoresed through an appropriate percentage agarose gel (Sambrook, 

et al., 1989) containing ethidium bromide, then visualized with a UV transilluminator 

for excision of the desired fragment. The PerfectPrep Gel Clean-up (Eppendorf) and 

Nucleospin Extract II kits (Macherey-Nagel) were utilized for purification of DNA 

from the agarose.   

 

2.5.8 Polymerase Chain Reaction Procedures   

2.5.8.1 Primers used in this study  

Primers were designed for the nuoX (Cj1575c) and nuoY (Cj1574c) genes, based on 

the nucleotide sequence of C. jejuni strain NCTC 11168-GS (Parkhill, et al., 2000). 

Oligonucleotide primers were synthesized by Invitrogen and received in a lyophilized 

form. They were re-suspended in sterile Milli®Q purified water (100 pmol/µL) and 

stored at – 20 ˚C. Primers used in this study are listed in table 2.3. The T7 and SP6 

primers were commercially available for amplification across the multiple cloning site 

of pGEM ®-T Easy and pET plasmids.  
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Table 2.3 Primers used in this study 

Primer name Primer sequence 

T7 5’ TAA TAC GAC TCA CTA TAG GG 3’ 

SP6 5’ TAT TTA GGT GAC ACT ATA TAG 3’ 
 

Kana-F 5’ GAAGATCTCTGTTTTCTGGAATTTAAG 3’ 

Kana-R 5’ CTAAAACAATTCATCCAGTA 3’ 

5’AD (Clontech) 5’ CTATTCGATGATGAAGATACCCCACCAAAC 3’ 

3’ AD (Clontech) 3’ GTGAACTTGCGGGGTTTTTCAGTATCTACG 5’ 

5’ DNA-BD 
(Clontech) 

5’ TCATCGGAAGAGAGTAGT 3’ 

3’ DNA-BD 
(Clontech) 

3’ GTCACTTTAAAATTTGTATAC 5’ 

nuoX F 5’ GCC TTA TGC TAC GCA AGG 3’ 

nuoX R 5’ GCA CTT CGC CTG CTT CTT CCT C 3’ 

nuoY F 5’ ATC GGC GAT TTT TCT CCT GTT G 3’ 

nuoY R 5’ CAC ACT CGC CTG ATT TAT CGC 3’ 

Inv-nuoX-A 5’ AAG ATC TTC CGA TTT TTC TCC TGT TG 3’ 
             BglII 

Inv-nuoX-B 5’ AAG ATC TTC TCC GCC TTG TTT TGC T 3’ 
              BglII 

Inv-nuoY-A 5’ G AAG ATC TTC GAG AGG AAG AAG CAG GTG AAG TGC TTT C 3’ 
         BglII 

Inv-nuoY-B 5’ G AAG ATC TTC CCC TCA TCT AAA TCG CAA AAA TGC CCT TC 3’ 
         BglII 

NuoX  NdeI 5’ GGA ATT CCA TAT GAG AAG GGT AGA TTT AAG 3’ 
                             NdeI 

NuoX BglII 5’ GAA GAT CTT TAT CAT ACC CTC TCC TTT TTT ATA AC 3’ 
                  BglII 

NuoY  NdeI 5’ GGA ATT CCA TAT GAT TTA TGA TAA TGC TCT TTG 3’ 
                               NdeI 

NuoY  BglII 5’ GAA GAT CTT TAT CAT TTT GCT TCC TTT ATG CG 3’ 
                  BglII 

nuoC-NdeI-F 5’ CAT ATG ATG ATG AGA AAG TAT AGC GAT 3’ 
        NdeI 

nuoC-BamHI 5’ TGG ATC CCG CAT TTT AAC GCC TTT TCT CT 3’ 
            BamHI 



Material and Methods                                                                                                                 Chapter 2 

Lirio I. Calderon-Gomez 39 

nuoD-NdeI-F 5’ CAT ATG ATG CAA ATT CCT AGC AAG TTA 3’ 
        NdeI 

nuoD-BamHI 5’ GGA TCC  TCA TCG ATC TAT CTC ACC TAA 3’ 
            BamHI 

nuoX-NdeI-F 5’ CAT ATG ATG AGA AGG GTA GAT TTA AGA 3’ 
        NdeI 

nuoX-BamHI 5’ GGA TCC TCA TAC CCT CTC CTT TTT TAT 3’ 
       BamHI 

nuoY-NdeI-F 5’ CAT ATG ATG ATT TAT GAT AAT GCT CTT 3’ 
        NdeI 

nuoY-BamHI 5’ GGA TCC TCA TTT TGC TTC CTT TAT GCG 3’ 
       BamHI 

 

2.5.8.2 DNA Template preparation  

DNA template for PCR reactions was performed by creating a crude lysis preparation 

or through chromosomal DNA preparations. Generally, 40 ng of DNA was used when 

purified DNA was the PCR reaction template; otherwise, 2-5 µL of crude lysate was 

used. A water control was always included for the PCR reactions. DNA isolated from 

C. jejuni 11168 was a positive control for PCR reactions. 

 

2.5.8.3 Standard PCR conditions 

PCR conditions are described in Sambrook, et al., 2001 (Sambrook, 2001). Primers 

were used at 20 pmol/µL for the forward and reverse primer, 200 mM dNTPs and 

0.75-1 unit Taq Polymerase. Thermocycling conditions depended on the size of the 

DNA insert screened for, with an initial denaturation time of 1 minute at 95 °C, with 

subsequent 30-35 cycles of 1 minute denaturation at 95 °C, annealing at 50-55 °C for 

45-90 seconds and an extension time at 1 minute for every 1 kb of the insert. A final 

extension step was performed for 10 minutes at 72 °C. Plasmid and gene specific 

primers were utilized.  
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2.5.8.4 Inverse PCR (IPCR) 

Inverse PCR was used to produce a mutant gene containing a specific deletion at a 

desired position (Dorrel, et al., 1996). If the gene is contained within circular DNA 

(i.e. a plasmid) deletions can be constructed in a single PCR reaction with a single set 

of primers with BglII restriction site incorporated (Figure 2.1). The two primers were 

designed to amplify the DNA in opposite directions. The resulting IPCR product was 

the gene within the vector with the desired deletion added to the ends of each primer, 

to allow subsequent digestion and the formation of cohesive ends (Wren, et al., 1994). 

_____________________________________________________________________ 

Figure 2.1 Illustrates how the use of IPCR creates a gene with a desired deletion 

_____________________________________________________________________ 

IPCR optimisation was required, particularly the parameters of temperature and dNTP 

concentration. The optimized parameters for amplification were: annealing 

temperature of 60 °C and a dNTP concentration of 200 mM. Reaction temperatures 

and times were as follows: 95° C for 1 min 20 sec, 60° C for 1 min and 72° C for 1 

min 20 sec, for 30 cycles. The hot start principle was also used. Following gel 

electrophoresis IPCR products were excised from the gel, purified and digested with 

Bgl II. Digested IPCR products were dephosphorylated with Alkaline Phosphatase 

(SAP, Promega), following the manufacturer's instructions. This product was used for 

mutagenesis studies (Sambrook, 2001).  
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2.6 Cloning procedures  

2.6.1 Initial Cloning of DNA into the pGEM®-T Easy vector 

In order to construct isogenic mutants, the DNA was cloned and mutagenised in vitro 

using a bacterial cloning vector according to the manufacturer’s instructions. The 

pGEM®-T Easy Vector system (Promega) encodes for ampicillin resistance, which 

can be used as a selective marker.  

PCR products were generated of the desired DNA to be cloned. PCR products were 

amplified using a proofreading thermo stable DNA polymerase and purified by PCR 

or gel clean up kit. The DNA fragments amplified by PCR were inserted into the 

multiple cloning site of the vector within the lacZ gene. Insertion of the DNA 

sequence interrupts the β-galactosidase activity allowing blue/white colony selection 

of recombinant plasmids. Subsequently, the PCR product was ligated by T4 DNA 

ligase into pGEM®-T Easy and the recombinant plasmid transformed into competent 

DH5α E. coli cells. Transformations were plated onto media containing X-gal/IPTG 

(50/20 mg/mL) for blue/white screening and ampicillin (100 µg/mL). Transformants 

were screened for recombinant molecules using PCR using the T7 and SP6 primers. 

  

2.6.2 Restriction endonuclease cleavage 

Restriction endonuclease cleavage was carried out as per manufacturer’s 

recommendation. Reactions were normally performed as follows; in 20 µL, 

containing 1 X appropriate buffer, 1 µg DNA, 20 U restriction enzyme and BSA 

when required according to manufacturer’s instructions. Reactions were incubated for 

1 to 3 hours at 25-37 °C. Reactions were stopped by heat inactivation at 65 °C for 20 

min when appropriate. 
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2.6.3 Vector dephosphorylation  

The removal of the 5’ phosphate groups was performed according to manufacturer’s 

instructions using Shrimp Alkaline Phosphatase (Promega) at concentration of 1 U of 

enzyme per 1 mg of DNA. Samples were incubated for 10-15 minutes at 37 °C. The 

enzyme was heat-inactivated at 65 °C for 20 minutes. Dephosphorylated vector was 

then used for ligation.  

 

2.6.4 Ligations  

Ligation reactions of DNA in cloning experiments were routinely performed in a final 

volume of 10 µL. The ligation reaction mixture comprised of 1 X ligase buffer (either 

a 10 X or 2 X stock used), 20-75 ng per µL of the DNA fragment to be cloned 

(depending on size of fragment), 20-50 ng of vector DNA, 1 µL T4 DNA ligase 

(3 U/mL) and sterile Milli®Q water to make up to the final volume.  

Ligations were carried out using 1:1, 4:1, 1:4 or 1:8 molar ratios using the following 

equation:  

X ng = (# bp of insert) (100ng vector) / # bp in vector 

 

Reactions were incubated at 4 °C or 16 °C overnight. 

 

2.6.5 E. coli competent cell preparation  

E.coli DH5α, XL1 blue or BL21 (DE3) were prepared as described by Sambrook and 

Russell (Sambrook, et al., 1989), where, initially cells were grown on a LB plate 

overnight at 37 ºC. A single, fresh E. coli colony was inoculated into 5 mL of LB and 

incubated for 18 hours at 37 °C with shaking at 200 rpm. A subculture was made by 

adding 5 mL of the primary culture to 95 mL warm LB and incubating the culture at 
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37 °C with agitation for another 2.5 - 3 hours until an absorbance of 0.4 - 0.6 at 

600 nm (OD600) was obtained. The bacterial culture was chilled by placing it on ice 

for 10 minutes.  

The culture was aliquoted into chilled 50 mL centrifuge tubes and spun at 4000 g for 

10 minutes at 4 °C. The supernatant was discarded and the pellets re-suspended in a 

total of 80 mL ice-cold Tbf1 buffer (30 mM potassium acetate, 100 mM potassium 

chloride, 10 mM calcium chloride, 50 mM manganese chloride, 15 % glycerol. The 

pH was adjusted to 5.8 with 0.2 M acetic acid, and then filter sterilized using a 0.2 µm 

filter). The cells were incubated on ice for 10 minutes and then centrifuged at 4000 g 

for 10 minutes. The supernatant was carefully removed and the pellet was re-

suspended in 10 mL of ice cold Tbf2 buffer (10 mM MOPS or PIPES, 75 mM 

Calcium chloride, 10 mM Potassium chloride, 15 % glycerol. The pH was adjusted to 

6.5 with 1 M KOH and then filter sterilized using 0.2 µm filter).  The cells were 

aliquoted into 1.5 mL tubes and used immediately or stored at – 80 °C.  

 

2.6.6 Transformation of competent cells 

DNA was transformed into chemically competent E. coli cells, prepared as described 

by Sambrook and Russell (Sambrook, 2001) using the heat shock method as described 

in the pGEM®-T Easy manual (Promega).  

The E. coli competent cells were thawed on ice and gently mixed. To 2 µL of chilled 

ligation reaction 50 µL of cells were added with gentle mixing and the mixture was 

placed on ice for 20 min. The cells were then heat shocked for 45 seconds at 42 °C 

and immediately placed on ice for another 2 minutes. Then 1 mL of warmed SOC 

media was added to the bacterial DNA mix. The tubes were agitated at 200 rpm, at  

37 °C for 90 minutes and plated onto LB plates containing ampicillin, IPTG and X-
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gal or an appropriate antibiotic. The plates were incubated overnight at 37 °C and 

stored at 4 °C for 30 min to facilitate blue/white screening. 

 

2.6.7 Natural transformation of C. jejuni  

C. jejuni was grown on 1% Columbia agar supplemented with 5% defibrinated horse 

blood for 20 hours at 37 °C under microaerobic conditions. The cells were 

subcultured onto 4-6 fresh plates for 15-18 hours at 37 °C under microaerobic 

conditions. The bacteria were harvested using 1 mL of sterile Heart Infusion broth 

(Oxoid) and the absorbance of 600 nm (OD600) was adjusted to 0.6. One milliliter of 

the bacterial suspension was added to 2 mL eppendorf tubes half filled with 2.0 % 

Heart Infusion agar, and incubated at 37 °C for 3 hours under microaerobic 

conditions. 1-2 µg of plasmid DNA was added to the bacterial suspension, and mixed 

by gently pipetting. The bacterial suspension was then incubated for an additional 5 

hours at 37 °C under microaerobic conditions. The bacteria were then gently removed 

from the tube, ensuring that all attached bacteria were washed from the agar by gentle 

pipetting.  

100 µL of the bacterial suspension was plated out onto selective media, containing 

appropriate antibiotic, and incubated for 48-72 hours at 37 °C under microaerobic 

conditions.  

 

2.6.8 Electrocompetent-Transformation of the mutated gene into C. jejuni 

11168-O 

The mutated gene was used to transform C. jejuni 11168-O cells by electroporation. 

C. jejuni 11168-O electrocompetent cells were prepared as described by van Vliet 

(van Vliet, et al., 1998) with some modifications. Cells were grown from frozen 
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stocks onto HBA plates with Skirrow’s antibiotic selection for 24 hours at 42 °C 

under microaerobic conditions. The cells were subcultured onto 5 HBA plates with 

Skirrow antibiotic selection and were grown for 15-18 hours at 42 °C under 

microaerobic conditions. The cells from each plate were harvested in 1mL of ice-cold 

wash buffer (272 mM sucrose, 15 % (v/v) glycerol in deionised water, filter sterilised) 

and were pelleted by centrifugation at 4,500 g for 10 mins at 4 °C. The supernatant 

was gently removed by pipetting and the cells were gently resuspended in 1 mL of 

ice-cold wash buffer. Cells were pelleted by centrifugation at 4,500 g for 10 mins at 

4 °C. Washing and centrifugation of the cells were repeated three more times. After 

the final wash step, cells were resuspended in a sufficient volume of ice-cold wash 

buffer to give a cell density of ~1 x 1011 CFU mL-1 as determined 

spectrophotometrically (Wassenaar T, et al., 1993). Cells were dispensed into 50 µL 

aliquots into chilled microcentrifuge tubes and were used immediately for 

electroporation. ~2 µg of the nuo DNA mutated gene was mixed with 50 µL of C. 

jejuni 11168-O electrocompetent cells and the mixture was incubated on ice for 15 

mins. ~5 µg of the pBF6A plasmid was also mixed and incubated with C. jejuni 

11168-O electrocompetent cells as a control to determine the efficiency of 

transformation. The DNA-cell mixture was then placed into a pre-chilled 1 mm 

electroporation cuvette (Bio-Rad) and a 3 kV pulse was delivered with a time constant 

of 4.0 msec with a MicroPulser Electroporator apparatus (Bio-Rad). One millilitre of 

room temperature Heart-Infusion (HI) broth (Oxoid) was used to flush the contents of 

the cuvette and this was transferred to a microcentrifuge tube. The cells were 

recovered for 5 hours at 37 °C under microaerobic conditions. After this, the cells 

were pelleted by centrifugation at 8,000 g for 1 min and the pellet was resuspended in 

600 µL of HI broth before plating onto 3 HBA plates supplemented with kanamycin 
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50 µg mL-1 for selection of mutants. Plates were incubated for 48 hours at 42 °C 

under microaerobic conditions. Ten to twenty colonies were obtained on each plate 

inoculated with transformed C. jejuni 11168-O cells. Twenty putative mutants were 

re-streaked onto HBA supplemented with kanamycin 50 µg mL-1 and crude cell 

lysates prepared from putative mutants were used as template DNA in PCRs using the 

gene specific primer-F and Kana-R to confirm that a double homologous 

recombination event had occurred to replace the DNA sequence encoding the nuo 

genes with the kmR cassette.  

 

2.6.9 Screening Clones  

Screening of recombinant plasmids was performed by PCR and restriction enzyme 

(RE) cleavage. Amplification across the multiple cloning sites was performed using 

T7 and SP6 primers. PCR products were resolved by agarose gel electrophoresis and 

products of appropriate size were subsequently analyzed by RE cleavage to ensure the 

presence of the C. jejuni inserts. The inserted DNA should be the same size as the 

genes amplified from C. jejuni strain 81116. 

 

2.6.10 DNA sequencing  

DNA sequencing was conducted by the Australian Genome Research Facility 

(AGRF). Purified DNA samples were sent with 6.4 pmol of the appropriate 

sequencing primer. DNA sequence chromatograms were visualized using the 

Chromas FinchTV (Blah) (Altschul, et al., 1997) programs and any bases that the 

program could not detect were replaced manually by visualization of the most 

abundant peak on the trace. Sequences were tested for homology to known genes 

using the BLAST server (NCBI). This analysis was to examine the gene fragments 
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inserted in the vector, and to determine the level of similarity of the genes between 

the two C. jejuni strains, 11168 and 81116.  

 

2.6.11 Sub-cloning into pET 

The protein expression vector, pET-19b (commercially available) was isolated from 

E.coli DH5α by the alkaline lysis method (Sambrook, 2001). Plasmid isolation was 

confirmed via agarose gel analysis (Sambrook, et al., 1989). This system provides a 

simple and efficient purification of proteins taking advantage of T7 lac promoter in 

the vector.    

In order to generate a recombinant plasmid for protein expression, the cloned genes 

have to be in the correct orientation within the expression vector. This is to ensure 

that the His-Tag encoded by the expression vector is added to the N terminus of the 

expressed protein.  Two restriction enzyme sites (NdeI and BglII) were incorporated 

into the design of the primers, to ensure that the genes are inserted in the correct 

orientation within the expression plasmid.  The expression vector pET-19b plasmid 

was prepared by cleaving with restriction enzymes NdeI and BamHI present in the 

multiple cloning site, downstream from the polyhistidine tag sequence. The cloned 

DNA fragments from pGEM®-T Easy (cloning intermediate) cleaved by the 

respective restriction enzymes and the linearised pET plasmid were ligated using T4 

DNA ligase at ratio of 1:8 (plasmid to insert). The reaction containing putative 

recombinant expression plasmids was then transformed into competent E. coli XL1 

blue host cells. Then the putative recombinant plasmids were first screened for the 

presence of genes by PCR, using gene specific primers, restriction enzyme digestion 

and sequenced as previously described. Then, these recombinant plasmids were 

digested using the appropriate restriction enzymes to confirm the proper orientation. 
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Sequencing of the selected plasmids was performed in order to make sure that the 

His-tag sequence was in frame with the open reading frame sequence of the interested 

genes. 

 

2.6.12 Sub-cloning of DNA fragments into the yeast two-hybrid system 

For construction of yeast-two hybrid recombinant plasmids, DNA fragments were 

digested from pGEM®-T Easy recombinant plasmid intermediates with the 

appropriate restriction endonucleases and were cloned into appropriately digested 

pGADT7 and pGBKT7 vector DNA. DNA fragments ligated into yeast two-hybrid 

vectors were transformed into E. coli DH5α cells as described in Section 2.6.6.  

Putative recombinant plasmid clones were screened by PCR as described Section 

2.5.8.3. Plasmid DNA was purified from clones found to amplify the correct product 

as described in Section 2.5.8. The integrity of all recombinant plasmid constructs was 

verified by restriction enzyme analysis and DNA sequencing was performed, as 

described in Section 2.6.10, to confirm that the exact nucleotide sequence was in the 

correct reading frame with vector DNA.  

 

2.7 Protein techniques  

2.7.1 Small scale protein expression 

Small scale protein expression was performed to determine if the genes cloned into 

the pET-19b system were expressed.  The respective recombinant plasmid was 

transformed into the E. coli expression strain BL21 (pLysS/DE3). Several colonies 

were tested for expression of the nuo genes by induction using 2 mM IPTG. 50 µL of 

an overnight culture of E. coli BL21 (pLysS/DE3) was added to 950 µL of LB 

containing ampicillin, and incubated at 37 ºC with shaking at 200 rpm for 2 hours. 
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IPTG was added to a final concentration of 2 mM, and incubation continued for an 

additional 2 hours to induce expression of the His-fusion protein. 100 µL of the cell 

suspension was added to SDS-PAGE loading dye and lysed by boiling for 5 min. An 

uninduced sample was also taken in order to ensure that the fusion protein was only 

detected in the induced sample. The samples were analysed on 15 % SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoresed for 90 mins at 

100V (see section 2.7.7-2.7.8). The proteins were visualized by Coomassie® Brilliant 

Blue stain. The estimated size of the protein and the amino-acid sequence was 

calculated including the polyhistidine fusion tag.   

 

2.7.2 Cellular localisation of recombinant protein 

Analysis of soluble cytoplasmic fraction and the insoluble cytoplasmic fraction, 

including inclusion bodies is needed to determine if the recombinant protein present 

in the soluble cytoplasmic fraction requires further purification. One milliliter of an 

overnight culture of E. coli BL21 (pLysS/DE3) containing recombinant expression 

vector was added to 19 mL of LB broth supplemented with ampicillin. The culture 

was incubated at 37 ºC with shaking and was induced with 2 mM IPTG after 2 hours. 

The culture was incubated for an additional 2 hours, and then the cell pellet was 

removed by centrifugation at 4,000 g for 5 min. The supernatant was removed and the 

pellet was resuspended in 5 mL sterile Phosphate Buffered Saline (PBS). The cell 

pellet was lysed by the addition of lysozyme (200 µg/mL) and by sonication for 30 

seconds (five times). After sonication the cell lysates were centrifuged at 100,000 g 

for 90 minutes at 4 ºC. A sample of the supernatant, cell pellet produced after 

spinning of the cell lysate, uninduced and induced samples were also loaded on a 15 

% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (See section 2.7.7-2.7.8).  
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Staining with Coomassie® Brilliant Blue was used to visualise bands. 

 

2.7.3 Large Scale Protein Expression 

Scaled up expression was achieved using 100 mL of E. coli BL21  (pLysS/DE3) in 

1 L of Luria Broth (LB) medium at 37 ºC with constant shaking at 200 rpm for 3 h. 

The OD was determined and the cells were induced with IPTG for 12 hours at a final 

concentration of 2 mM. The culture was centrifuged at 8,000 g for 15 min. The cell 

pellet was resuspended in phosphate buffer and lysozyme (0.2 mg/mL), DNaseI and 

protease inhibitors were added. Then, the sample was placed at –80º C for 2 hours. 

The cell suspension was mechanically rotated overnight at 150 rpm at 4 ºC for 15 min 

to promote cell lysis. An additional freeze/thaw step was performed to aid cell lysis 

with subsequent sonication to complete the cell lysis.  The cell lysate was centrifuged 

for 90 min at 4 ºC at 100,000 g to separate the soluble protein fraction from the 

insoluble cell debris. After centrifugation, the supernatant was removed and the cell 

pellet was resuspended in 30 mL of binding buffer (50 mM NaHPO4, 0.3 M NaCl, 

0.5% Triton X-100, 10 mM imidazole, pH 7.0) and filter sterilised through a 0.22 µM 

filter. The 30 mL of clarified supernatant was added to 1 mL of His-select nickel 

affinity resin (Sigma) and rotated overnight at 4 ˚C using a rotational mixer. The 

slurry mix was then packed by gravity into a 10 mL Bio-Rad chromatography 

column. The column was washed once with 25 mL binding buffer, then washed with 

25 mL of wash buffer (50 mM NaHPO4, 1.0 M NaCl, 20 mM β-mercaptoethanol, 50 

mM imidazole, pH 7.0) and the bound His-tagged protein was eluted with elution 

buffer (50 mM NaHPO4, 0.3 M NaCl, 500 mM imidazole, pH 7.0) in 0.5 mL 

volumes. The purity of the sample was confirmed by SDS-PAGE analysis and 

Western Blot using anti-His antibodies (see section 2.7.7 - 2.7.10). 
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2.7.4 Protein Purification 

The 30 mL of soluble fraction was mixed with 1.5 mL of resin slurry (His-Select® 

Nickel Affinity Gel resin) and mixed overnight at 4 ºC to ensure that the His-fusion 

protein binds to the Nickel of the resin matrix.  The slurry mixture was loaded onto a 

Bio-Rad column as recommended by manufacturer. The flow through was collected 

and analysed by SDS-PAGE as it may contain a small amount of unbound protein. 

The column was initially washed with binding buffer with Triton X-100 to make sure 

all unbound protein was rinsed off the column. A secondary wash of the column was 

performed, using wash buffer containing β-mercaptoethanol to help disrupt non-

specific interactions. Elution buffer with high levels of imidazole was added to allow 

the His-nickel interaction to be disrupted. The eluate was collected in 1mL fractions.  

The column was washed using elution buffer to remove any remaining proteins. All 

buffers were sterilised using a 0.22 µM filter and stored at 4 °C. The procedure was 

performed at 4 ˚C to minimize protein degradation. Imidazole was removed from the 

sample by dialysis in PBS overnight at 4 °C. Purification was performed according to 

the manufacturer’s protocols. All buffers are described in table 2.4. 
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Table 2.4 Buffers and buffer components used for protein purification 

Buffers for protein purification Buffer components 

Binding   (Lysis) 20-50 mM NaHPO4 

0.5 % Triton X-100 

0.25 M NaCl 

5-20 mM Imidazole 

pH 5.35-6.0 (according to the protein) 

Wash Buffer 20-50 mM NaHPO4 

0.5-1.0 M NaCl 

50 mM Imidazole 

pH 5.35-6.0 (according to the protein) 

Elution Buffer 20-50 mM NaHPO4 

0.5-1.0 M NaCl 

250 mM Imidazole 

pH 5.35-6.0 (according to the protein) 

 

Talon® His-Tag Purification Resin (Clontech) was performed according to 

manufacturer’s protocols.  

 

2.7.5  Prediction and estimation of protein size 

Protein size was predicted using The ExPASy (Expert Protein Analysis System) 

proteomics server tool Compute pI/Mw (Swiss Institute of Bioinformatics) and was 

estimated experimentally by comparison with All Blue Protein Standard (Bio-Rad) or 

BenchMark Pre-stained Protein Standard (Invitrogen). The anti His-tag mouse 

monoclonal antibody (Cell Signalling) bound to the 75 KDa band in the All Blue 
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Protein Standard (Bi-Rad), was used as a positive control to ensure that the Western 

Blot procedure was successful. 

 

2.7.6 Protein quantitation using the Bradford assay  

Protein concentration was routinely determined by the Bradford method using bovine 

serum albumin (BSA) as the standard. Protein standards of BSA in PBS (pH 7.4) at 

concentrations of 0 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL, 1.0 mg/mL, 

1.25 mg/mL and 1.4 mg/mL were prepared. Five microliters of each standard in 

duplicate was added to a 96 well plate. Five microliters of each sample to be 

quantitated was added in duplicate to this 96 well plate. 250 µL of Bradford reagent at 

room temperature was then added to each well and incubated for 15-30 minutes 

before being read by a plate reader at a wavelength of 595 nm (VICTOR WALLAC 

2). A linear regression was used to generate a standard curve and determine protein 

concentration.  

 

2.7.7 Preparation of samples for SDS-PAGE  

SDS-PAGE sample buffer containing fresh 2-mercaptoethanol was added to samples 

to a final 1 X concentration as per Sambrook et al., 2001. Samples were boiled for 5 

minutes to denature proteins and centrifuged for 5 minutes at 13,000 g before loading 

onto the appropriate percentage SDS-PAGE gel.  

 

2.7.8 SDS-PAGE resolution of proteins  

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed as described by Sambrook et al., 2001 using the Laemmli method (1970) 

of discontinuous buffer system and the addition of 0.1 % SDS to all components of 
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the system. Proteins were resolved using 12 % or 15 % resolving gels with 5 % 

stacking gels. Gels were prepared using 0.75 mm glass backing plates (Bio-Rad) and 

were run at 100 V for 1.5 hours.  

Electrophoresis of samples was performed in a MINI-Protean 3 (BioRad) 

electrophoresis tank in a tris-glycine running buffer (0.025 M Tris, 0.250 M glycine, 

0.1 % SDS) using 8 V/cm applied as samples moved through the stacking gel and 

15 V/cm applied as samples moved through the resolving gel. Electrophoresis was 

halted when the bromophenol blue dye front reached approximately 0.5 cm from the 

bottom of the gel. The Precision Plus All Blue Standard Prestained (Bio Rad) 

molecular weight marker was used for protein size determination.   

  

2.7.9 Staining of SDS-PAGE after electrophoresis  

Proteins in the SDS-PAGE gel were stained by immersing the gel in at least 5 

volumes of Coomassie brilliant blue stain (0.1 % Coomassie blue R250 in 50 % 

methanol, 40 % Milli®Q purified water, 10 % acetic acid) and placing it on a slowly 

rotating platform overnight at room temperature. Gels were destained with a destain 

buffer (50 % methanol, 40 % water, 10 % acetic acid) over 4 hours at room 

temperature on a slowly rotating platform with refreshing of the destain solution until 

the bands were clearly visible. The gels were subsequently rinsed in deionized water 

and an image captured using the Quantity One software (BioRad).   

 

2.7.10 Western Blot Analysis of Proteins 

After the purification protocol 1mL of culture was prepared for running on SDS-

PAGE and analyzed using a 12-15 % acrylamide resolving gels. After SDS-PAGE 

separation, proteins were transferred to a 0.45 µm PVDF (polyvinylidene fluoride) 
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membrane using a Semi-Dry Blotting Trans-Blot® SD Semi-Dry Electrophoretic 

Transfer Cell (Bio-Rad Laboratories) for 1 hour at 20 V. After transfer, the membrane 

was incubated in 25 mL blocking buffer (1X TBS, 0.1 % Tween 20, 1 % skim milk 

powder) for 1 hour at room temperature or alternatively overnight at 4 ºC. The 

membrane was washed three times for 5 minutes each in 15 mL tris-buffered saline 

containing 0.1% Tween. The membrane was exposed to an anti-His antibody (Cell 

Signalling Technology) at a ratio of 1:10,000 as per manufacturer’s instructions with 

agitation and incubated for 1 hour at room temperature. The membrane was washed 

three times for 5 minutes with 15 mL tris-buffered saline containing 0.1 % Tween. A 

secondary goat-anti-mouse HRP conjugate (Bio-Rad) was exposed to the membrane 

at a ratio of 1:5000 for 1 hour at room temperature, as per the manufacturer’s 

instructions. Protein detection was subsequently performed by exposing the 

membrane to Supersignal® West Pico Chemiluminescence detection solutions 

(Thermo Scientific). Two milliliter of the luminol/enhancer solution and 2 mL of the 

stable peroxide solution were mixed and added to the membrane with 5 minutes 

incubation at room temperature in the dark. Membranes were then exposed to X-ray 

film (CL-Xposure, Kodak) using an X-ray cassette. This X-ray film was developed 

(KodakGBX developer and replenisher), washed in deionized water and fixed 

(KodakGBX fixative and replenisher) before a final wash in deionized water.  

Size approximations were taken by comparing the stained bands to that of the ladder 

loaded during electrophoresis into the blot. 
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2.8 Saturation Transfer Difference Nuclear Magnetic Resonance (STD-NMR) 

spectroscopy 

2.8.1 Preparation of protein samples for NMR spectroscopy 

Purified proteins were concentrated using an Amicon Ultra 5 K centrifugal 

concentrator (Millipore) or macroconcentrator 1 K (PALL), previously washed with 

deuterium oxide (D2O), 0.1 M NaOH/D2O, then D2O to remove glycerol. The sample 

was buffer exchanged by centrifugation for 45 min, 4 ºC at 5,000 g and washed five 

times with 50 mM deuterated Sodium Acetate –d3 in D2O, to replace H2O with D2O.  

The protein concentration was estimated as described in section 2.7.6 using a multi-

plate reader (VICTOR WALLAC 2). 

 

2.8.2 STD NMR spectroscopy 

All NMR samples were prepared in 50 mM deuterated Sodium Acetate–d3 in D2O. 

The addition of ligand (10 mM in D2O) to His- NuoY, gave a His-NuoY:ligand ratio 

of 1:200 for all compounds in a total volume of 700 µL. The Nuo proteins were 

diluted using 50 mM deutereted Sodium Acetate–d3 in D2O buffer (pH 6.5). The 

ligands investigated included α-Nicotinamide adenine dinucleotide (α-NAD), Flavin 

adenine dinucleotide (FAD), Sodium Fumarate, L-Lactic acid and L-(-)-Malic acid. 

All NMR experiments were acquired on a Bruker Avance 600 MHz spectrometer 

equipped with a 5 mm TCl cryoprobe with Z-axis gradients at 288K. Spectra were 

acquired with 1k scans, and a relaxation delay at least >5 X T1 value of the longest T1 

of protons in the ligand being studied. 1H T1 values were determined using the 

inversion recovery method. For the STD experiments the protein was saturated on-

resonance at a frequency of -600 Hz in the aliphatic region of the spectrum and off-

resonance at 20,000 Hz with a cascade of 40 selective Gaussian shaped pulses of 50 
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ms with a 100 µs delay between each pulse resulting in a total saturation time of 2 

seconds. As a control experiment, identical ligand-only spectra were acquired; no 

signal was observed in the ligand-only spectra. The STD NMR spectrum was 

obtained by superimposing On resonance and Off resonance spectra followed by a 

subtraction to obtain a difference spectrum containing the STD signals of binding 

ligands shown in Figure 2.2. 

 

 

Figure 2.2 Showing the “On resonance”, “Off resonance” and the  “difference 
spectrum” 
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2.9 Arrays 

2.9.1 TCA arrays 

TCA arrays were performed as described for glycan arrays by Day et al., 2009 (Day, 

et al., 2009). TCA array were performed using α-Nicotinamide adenine dinucleotide 

phosphate (α-NAD), Flavin adenine dicucleotide (FAD), Sodium Fumarate, Sodium 

Succinate, L-Lactic acid, L-(-)-Malic acid, α-Ketoglutaric acid and Acetyl Coenzyme 

A, Sodium sulfide and bile salts at a concentration of 50 mg/mL.  

TCA compounds were solubilised in water and spotted onto epoxy functionalised 

glass slides (SuperEpoxy, ArrayIt) using Piezoarray (Perkin-Elmer) non-contact array 

printer in spots of 0.3-0.6 nL at a concentration of 10 mg/mL. The slides were 

neutralised as per manufacture’s instructions and stored at 4 °C under desiccating 

conditions. The purified NuoX and NuoY proteins in PBS were pre-complexed with a 

primary anti His. Then this was further complexed with a secondary and tertiary 

antibodies, which were labelled with Alexa-488 mouse IgG (Qiagen) . 

The labelled fusion protein was diluted to 100 µg/mL in PBS and 0.025 % (v/v) 

Tween-20. Each sub-array was contained within a 75 µL adhesive frame (Abgene) to 

allow 3 simultaneous hybridisations. Hybridisation of the labelled fusion protein was 

performed at 37 °C for 15 minutes in the dark. The wash buffers, PBS with BSA, PBS 

with Tween-20 0.05 % (v/v) and PBS, were filtered (22 µm) and pre-warmed before 

use. The array was placed in 50 mL tube and washed in 45 mL of PBS with BSA or 

Tween-20 0.05 % for 15 minutes and then washed in PBS for 1 minute prior to being 

dipped into filtered (22 µm) and pre-warmed water 3 times. The array was dried by 

centrifugation at 150 g for 2 min in a 50 mL conical centrifuge tube. In the event of 

high background signals, an additional overnight wash in PBS with Tween-20 0.05 % 
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was performed. Fluorescence intensities of the array spots were measured using the 

ProScanArray Microarray 4- laser scanner (Perkin Elmer. Massachusetts, USA) using 

the Blue Argon 488 excitation laser (excitation 495 nm emission 529 nm). Image 

analysis was carried out using the ProScanArray imaging software, ScanArray 

Express (Perking Elmer).  

 

2.9.2 Statistical Analysis 

Statistics were performed using student’s T-tests and one-way Anova using Microsoft 

excel or Prism. All statistics were performed with an alpha valor of 0.05. 

 

2.10 Surface Plasmon Resonance Studies  

Surface Plasmon Resonance (SPR) is a method that represents a robust way to initiate 

and supports interactions between analyte and ligand. Binding of various compounds 

(analytes) to His-Nuo purified proteins (ligands) were assessed using Biacore T100.  

NTA chips (GE Healthcare UK Ltd.) were used according to manufacturer’s 

instructions for all experiments. This chip was designed to bind histidine-tagged 

biomolecules for interaction analysis in Biocore® systems. The surface consists of a 

carboxymethylated dextran matrix pre-immobilized with nitrilotriacetic acid (NTA) 

for capture of histidine-tagged molecules via Ni2+ NTA chelation. Attachment via a 

His-tag has the advantage of orienting the ligand molecules in a homogeneous way 

and allowing the attachment to be carried out without significantly changing the pH or 

ionic strength during immobilization. This chip has also the advantage that the protein 

can be easily removed from the surface with EDTA stripping, the chip can be 

recharged with an injection of nickel ions, and then fresh protein captured (Giannetti, 

2011).  
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The histidine-tagged ligand used for this study was purified and then buffer 

exchanged by dialysis using PBS (pH 7.4) to ensure that no imidazole remained. For 

immobilization of protein onto the NTA chip the protein concentration was adjusted 

to 100 µg and it was prepared in running buffer (0.01 M HEPES, 0.15 NaCl, 50 µM 

EDTA, 0.05% Tween 20, pH 7.4) prior to attachment. Ligand and analyte preparation 

is essential in order to allow the baseline to stabilize and to prevent artefacts from 

affecting data. All samples were spun down and then filtered through a 0.2 µm filter 

and then diluted in running buffer to ensure no baseline drifts or injection artefacts. 

All buffers used for SPR were prepared under very specific conditions, ensuring that 

the pH was accurately adjusted, filtered through 0.2 µm filter and degassed. Careless 

preparation could prevent specific binding being distinguished from bulk solvent 

shifts. 

The immobilization method was used to monitor the reaction in real time and stopped 

when a sufficient immobilization level was reached. In this method the ligand 

(purified protein at 100 µg) and the analyte (compounds tested) were tested. Each 

sample was injected over the NTA chip at 10 µL/min until the desired saturation was 

reached. To detect interactions different injections were applied. First the regeneration 

buffer (0.01 M HEPES, 0.15 M NaCl, 0.35 M EDTA, 0.05% Tween 20, pH 8.3) at 

10 µL/min, then the nickel solution (500 µM NiCl2) at 30 µL/min and finally the Nuo 

protein or different concentration of the analytes were injected at flow rate of 

10 µL/min for 1-5 min depending of the immobilization level.  

The manual run method was used to run procedures like preconditioning, 

normalization and capture in less than an hour to then continue with standard 

methods.  
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The kinetics and Affinity method was used when the desired ligand immobilization 

level had been determined. Using this method the ligand-analyte interaction can be 

detected by a multicycle kinetics assay using different concentrations of analyte. 

The sensorgram data for each of the methods used were analysed using 

BIAevaluation software version 2.0. 

2.11 Yeast Two-hybrid analysis 

2.11.1 Yeast two-hybrid analysis 

Yeast two-hybrid analysis of protein-protein interactions was performed using the 

Matchmaker GAL4 Two-Hybrid System 3 (Clontech). The vectors pGADT7, 

expressing ‘target’ proteins as a fusion to the GAL4 AD (Figure 2.3 A and B), and 

pGBKT7, expressing ‘bait’ proteins as a fusion to the GAL4 DNA-BD (Figure 2.4 A 

and B), were used. DNA sequences encoding the C. jejuni NCTC 11168 Nuo operon; 

NuoC, NuoD, NuoX and NuoY were subcloned into both pGADT7 and pGBKT7 

subsequent to initial cloning into pGEM®-T Easy as described Section 2.6.1.  

Preparation of competent yeast cells and co-transformations were conducted as 

described by the manufacturer (Clontech). Reciprocal plasmid construct combinations 

were tested in the yeast host strain AH109 (Table 2.1). AH109 contains three reporter 

genes ade2, his3 and mel1 (or lacZ), controlled by distinct GAL4 UASs (upstream 

activating sequence) and TATA boxes (James P, et al., 1996). Co-transformants were 

grown initially on low stringency media (SD/-Leu/-Trp) and were streaked 

subsequently onto intermediate stringency media (SD/-His/-Leu/-Trp) and high 

stringency (SD/-Ade/-His/-Leu/-Trp) media. Growth of yeast co-transformants was 

examined after 5-7 days. The absence of growth indicated no protein-protein 

interaction, whereas growth of yeast co-transformants on intermediate stringency 

and/or high stringency indicated a protein-protein interaction. Assay positive controls 
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consisted of pGADT7-T with pGBKT7-53 (Clontech). The assay negative control 

consisted of pGADT7-T with pGBKT7-Lam (Clontech). All control co-transformants 

were included on each protein-protein interaction assay plate and assays were 

performed at least twice to verify the results. Autonomous activation of reporter gene 

expression was assayed using AH109 co-transformed with each recombinant plasmid 

in combination with the reciprocal vector. Where necessary, intermediate stringency 

media was supplemented with the HIS3 enzyme inhibitor 3-amino-1, 2, 4-triazole (3-

AT) at 1 mM or 2.5 mM to repress autonomous activation of reporter gene expression 

(Clontech).  

 

A                                                             B                                      

 

 

 

 

 

Figure 2.3 (A) pGADT7 ‘target’ vector map (B) pGADT7 multiple cloning site 
(MCS) 

Unique restrictions sites are in bold (Clontech, 2009). 
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A                                                                B 

 

 

 

 

 

 

Figure 2.4 (A) pGBKT7 ‘bait’ vector map. (B) pGBKT7 multiple cloning site 
(MCS) 

Unique restriction sites are in bold (Clontech, 2008). 
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3.1 Introduction 

Previous studies have identified genomic sequences encoding C. jejuni respiratory 

components that indicate that C. jejuni can utilize multiple electron donors and 

acceptors in a branched electron transport chain (Parkhill, et al., 2000).  One of these 

components is a proton pump called complex I, which is widely found in bacteria, 

archaea as well as the mitochondria of eucaryotes (Friedrich, et al., 2004). The 

complex I or NADH:ubiquinone oxidoreductase is the first enzyme in many 

respiratory chains and catalyzes the transfer of electrons from NADH to the quinone 

pool, coupled with translocation of protons across the membrane (Friedrich, et al., 

2004). The fact that complex I occurs in the C. jejuni genome sequence was not 

expected after Hoffman (1982) showed that NADH is poor respiratory electron donor 

(Hoffman, et al., 1982). 

In general, complex I of most bacteria maintain a conserved order (Smith, et al., 

2000) consisting of 14 different genes that are designated as nuo (Weidner, et al., 

1993). Complex I has been well characterized in both Escherichia coli (Finel, 1998) 

and Paracoccus denitrificans (Yagi, 1986). In bacteria this enzyme has a quaternary 

structure characterized as an “L” shaped (Friedrich, et al., 2004, Holt, 1981, Yagi, 

1993). The membrane embedded of the “L” is a module constituted mainly of seven 

hydrophobic proteins called subunits Nuo H, N, A, M, K, L and J (Dupuis, et al., 

2001). The protruding arm out of the membrane, is considered to contain all the 

identified prosthetic groups of complex I except quinones. These seven (NuoB-G and 

NuoI) are peripheral subunits and are composed of two modules: (1) the first one, the 

NADH-oxidazing unit, is composed of subunits Nuo E, F and G in the bacterial 

enzyme. (2) The second module is constituted of NuoB, NuoC, NuoD and NuoI and is 
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the connecting unit between the peripheral fragment and the membrane fragment 

(Dupuis, et al., 2001).  

Subunit NuoE is probably involved in binding NADH and possesses a binuclear Fe-S 

centre (Finel, 1998, Yagi, et al., 1998). Subunit NuoF, contains the catalytic NADH 

binding site, noncovalently bound flavin mononucleotide (FMN), and an iron-sulfur 

(Fe-S) centre (Herter, et al., 1997, Leif, et al., 1995, Yano, et al., 1996). Subunits 

NuoE and NuoF can be dissociated, along with subunit NuoG, in some cases, from 

the rest of the complex to form a soluble unit, which possesses NADH dehydrogenase 

activity (Herter, et al., 1997, Leif, et al., 1995, Yano, et al., 1996). However, nuoE 

and nuoF are absent in the C. jejuni respiratory operon and are replaced with two 

genes of unknown function (Cj1575c and 1574c) (Parkhill, et al., 2000, Smith, et al., 

2000). These proteins have a shorter length than that observed for NuoE and NuoF of 

other species and have very low sequence similarity to other proteins (Finel, 1998, 

Smith, et al., 2000). The rest of the subunits in the Complex I in C. jejuni contain 

sequence similarities found in other bacteria like Escherichia coli (Finel, 1998) and 

Paracoccus denitrificans (Yagi, 1986).  

Gene cj1575c was present in the genome of C. jejuni and encodes a polypeptide of 75 

amino acid residues and is proposed to function as subunit NuoE which is considered 

critical for substrate binding and electron transfer (Smith, et al., 2000). This chapter 

focuses on this unknown protein in order to elucidate its role in the respiratory chain 

for C. jejuni, and describes the isolation, expression and purification of NuoX and its 

gene product for subsequent NMR studies and to identify the ligands, which it binds.  
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3.2 Results  

Amplification and isolation of the nuoX gene for protein expression 

3.2.1 In silico analysis of nuoX 

Comparative bioinformatics analysis of the C. jejuni NCTC 11168 Cj1575c (nuoX) 

gene predicted amino acid sequence was performed using Blastp and the conserved 

domain search service as described by Marchler and Bryant (Marchler-Bauer, et al., 

2004). A Cj1575c homologue was identified in all to date sequenced strains of  

C. jejuni with an amino acid identity greater than 99% and an orthologue was present 

in other Campylobacter species with greater than 70% amino acid similarity (Table 

3.1) indicating a closer relationship amongst these species.   

In silico analysis showed that the NuoX protein was also present in the genomes of 

other ε-proteobacteria species, such as Helicobacter, Wollinella and Arcobacter for 

example; In Helicobacter spp, putative NADH-quinone oxidoreductase homologues 

showed approximately 55% amino acid similarity to the putative NADH-quinone 

oxidoreductase, NuoX protein (Table 3.2).  

Comparative analysis also identified the presence of paralogues in different bacterial 

species such as Sulfuricurvum spp, Sulfuromonas spp, Arcobacter spp and 

Nitratiruptor spp, with between 32% and 64% amino acid similarity to the predicted 

Cj1575c amino acid sequence. Figure 3.1 shows the phylogenetic tree grouping of 

different bacterial species according to the similarities observed in the predicted 

amino acid sequence of putative NADH-quinone oxidoreductase homologues. 

Analysis of the Cj1575c amino acid sequence did not identify specific conserved 

domains in either Campylobacter species or related species. No significant similarity 

was found to the nuoE gene of extensively studied Escherichia coli strains. 
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Table 3.1 Comparison of C. jejuni NCTC11168 Cj1575c to the putative 
NADH oxidoreductase I proteins from Campylobacter strains 

Bacterial species Strain Gene annotation 
Amino acid 

% Identity/ 

% Similarity 

Campylobacter jejuni 
subs. jejuni 

 

11168 Cj 1575c 100/100 

81116 Cj 1471c 100/100 

RM1221 CJE 1746 100/100 

CF93-6 Hypothetical protein C414_000010182 100/100 

260.94 Hypothetical protein 100/100 

84-25 Hypothetical protein 100/100 

81-176 Hypothetical protein CJJ81176_1560 100/100 

CG8421 Cj8421_1628 100/100 

1336 NADH-dehydrogenase I Chain E 100/100 

DFVF1099 NADH-dehydrogenase I Chain E 100/100 

305 NADH-dehydrogenase I Chain E 100/100 

327 NADH-dehydrogenase I Chain E 100/100 

414 Hypothetical protein C414_000010182 99/99 

HB93-13 Conserved 
Hypothetical protein 

99/99 

Campylobacter coli 

 

RM2228 Conserved 
hypothetical protein 99/99 

JV20 NADH-quinone oxidoreductase 
subunit E 

99/99 

C. jejuni subsp.  doylei  269.97 Hypothetical protein JJD26997_1926 98/100 

Campylobacter lari RM2100 Putative NADH-quinone 
oxidoreductase, E subunit 

84/91 

Campylobacter 
upsaliensis 

RM3195 Conserved hypothetical protein 
 76/90 

JV21 NADH-quinone oxidoreductase 
subunit E 

75/88 

Campylobacter 
bacterium  

GD1 Conserved hypothetical protein 60/76 

Campylobacter 
concisus 

13826 Hypothetical protein CCC13826_1660 
 

54/70 

Campylobactert curvus 525.92 Hypothetical protein CCV52592_1525 54/70 

Campylobacter 
hominis  

ATCC 
BAA-381 Hypothetical protein 49/70 

Campylobacter gracilis  RM3268 Conserved Hypothetical protein 
 

44/69 

Campylobacter 
concisus  13826 Chey Protein 33/57 



Protein Expression and Purification of NuoX                                                                              Chapter 3 

Lirio I. Calderon-Gomez 69 

Table 3.2 Comparison of C. jejuni NCTC 11168 Cj1575c to different 
bacterial species 

 

  

 

Bacterial species Strain Gene annotation 
Amino acid 

% Identity/ 

% Similarity 

Sulfuricurvum kujiense DSM 16994 Hypothetical protein Sulku_0268 64/79 

Sulfuromonas 
autotrophica 

 

DSM 16294 Putative NADH-quinone 
oxidoreductase I 

60/78 

DSM 1251 Putative NADH-quinone 
oxidoreductase I 

57/73 

Helicobacter 
acinonychis 

Sheeba NADH dehydrogenase I chain E 55/76 

Sulfurospirillum 
deleyianum  
 

DSM  6946 Hypothetical protein Sdel_0142 
 

53/70 

Helicobacter pylori 
 

J99 Putative NADH oxidoreductase I 
 

53/75 

SJM180 Putative NADH oxidoreductase I 
 

53/75 

B38 NADH-ubiquinone 
oxidoreductase, chain E 

53/73 

98_10 Hypothetical protein 
HP9810_899g21 

53/73 

Arcobacter nitrofigilis  
 

DSM  7299 Hypothetical protein Arnit_2975 53/68 

Wolinella succinogenes  
 

DSM 1740 Putative NADH oxidoreductase I 52/75 

Sulfurovum sp. NBC37-1 Hypothetical protein SUN_2228 52/73 

Nitratiruptor sp. SB155-2 Hypothetical protein NIS_0292 52/64 

Helicobacter cinaedi CCUG 18818 Hypothetical protein 
HcinC1_05282 

50/70 

Helicobacter 
winghamensis ATCCBAA-430 Conserved hypothetical protein 

 
50/69 

Helicobacter pollurum MIT 98-5489 Conserved hypothetical protein 
 

50/72 

Helicobacter 
canadiensis 

 

MIT 98-5491 Hypothetical protein 
HcanM9_03980 

49/72 

MIT 98-5491 Hypothetical protein 
HcanM9_03980 

49/72 

Helicobacter hepaticus  ATCC 51449 Hypothetical protein HH1599 44/70 

Helicobacter felis  ATCC 49179 NADH-ubiquinone 
oxidoreductase, chainE 

40/66 

Helicobacter cinaedi CCUG 18818 Hypothetical protein 
HcinC1_08900 

32/56 
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ClustalW (v1.4) Multiple Alignment Parameters:

    Open Gap Penalty = 0.0 ; Extend Gap Penalty = 0.1; Delay Divergent = 40%

    Gap Distance = 8; Similarity Matrix = blosum

Campylobacter bacterium GD1

S dentrificans DSM 1251

S autotropica DSM 16294

H felis ATCC 49179

Wololinella succinogenes DSM174

H pullorum MIT98-5489

H winghamensis ATCC BAA-430

H bilis ATCC 43879

H pylori 98-10

H pylori B38

H pylori SJM18-

H pylori J99

H acinonychis str. Sheeba

Nitratiruptor sp. SB155-2

Sulfurovum sp. NBC37-1

Arcobacter nitrofigilis DSM7299

Sulfurospirillum deleyianum

Sulfuricurvum kujiense DSM16994

C gracilis RM3268

C hominis ATCC BAA-381

C curvus 525.92

C concisus 13826

C upsaliensis RM3195

C upsaliensis JV21

C lari RM2100

C j subsp jejuni 414

C coli RM2228

C coli JV20

C j subsp jejuni HB93-13

C j subsp jejuni RM 1221

C j subsp jejuni NCTC 11168

C j subsp jejuni DFVF1099

C j subsp jejuni CG8421

C j subsp jejuni CF93-6

C j subsp jejuni 84-25

C j subsp jejuni 81116

C j subsp jejuni 81-176

C j subsp jejuni 327

C j subsp jejuni 260.94

C j subsp jejuni 1336

C j subsp 305

H cinaedi CCUG 18818

H canadensis MIT 98-5491

H hepaticus ATCC 51449
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Figure 3.1 Bacterial species grouping according to the NuoX amino acid sequence 
similarity 
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3.2.2 Amplification and cloning of nuoX gene for further protein expression 

and purification 

In order to express and purify the NuoX protein, the DNA sequence encoding the 

nuoX  gene was amplified from C. jejuni 11168 by PCR for incorporation into a 

cloning plasmid intermediate pGEM®-T Easy, and subsequent cloning into an 

expression vector pET-19b. 

3.2.2.1 Amplification of nuoX gene 

To enable the amplification of the gene nuoX, forward and reverse primers (NuoX 

NdeI and NuoX BglII) (Table 2.3 Materials and Methods) were designed for the 

coding region based on the published sequence of C. jejuni strain NCTC 11168 by the 

Sanger Institute (Parkhill, et al., 2000). In addition, NdeI and BglII restriction 

endonuclease sites at 5’ and 3’ were incorporated into the termini of each primer to 

aid in subsequent DNA manipulation (Figure 3.2) for cloning of the PCR product into 

the expression vector pET-19b.   

 

Figure 3.2 PCR Strategy for protein expression 
The blue arrow represents the nuoX gene, the purple line represents each primer and the green line 
represents the restriction site incorporated into the termini of each primer. 
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PCR products were generated as described in Materials and Methods section 2.5.8 

and visualized by gel electrophoresis. DNA fragments of 224 bp expected for the 

nuoX  gene were observed (Figure 3.3). The amplified DNA products were excised 

from the gel and DNA purified for subsequent cloning as per methods described in 

Materials and Methods section 2.6.1. 

 

 

Figure 3.3 Agarose Gel electrophoresis of PCR amplification of the nuoX gene 
Lane 1. 1 Kb DNA Ladder (NEB), Lane 2. PCR to amplify the DNA sequence encoding the gene nuoX 
(224 bp) with flanking Nde I and Bgl II restriction sites. Lane 3 negative control.   

 

 

3.2.2.2 Cloning of nuoX gene into pGEM®-T Easy vector 

The nuoX  PCR product was cloned into the pGEM®-T Easy vector and transformed 

into competent E. coli DH5α cells using standard cloning protocols (Materials and 

Methods section 2.6.6). Colonies containing putative recombinant plasmids were 

selected for further analysis using blue/white screening as described in Materials and 

Methods section 2.6.1.  



Protein Expression and Purification of NuoX                                                                              Chapter 3 

Lirio I. Calderon-Gomez 73 

3.2.2.3 Screening for recombinant plasmids 

Colonies with putative recombinant plasmids were firstly screened by PCR using 

nuoX  gene specific primers (Materials and Methods Table 2.3) to confirm the 

integrity of the recombinant plasmid (Figure 3.4) producing a PCR product of 224 bp.  

The selected recombinant plasmids were purified and then digested with NdeI and 

BglII to release the insert from the pGEM®-T Easy backbone (Materials and Methods 

section 2.6.2). Following restriction enzyme cleavage, two products were observed 

for each clone. A 3,017 bp band and a 224 bp band were observed for NuoX clones 

(Figure 3.5). These results confirmed a successful cloning of NuoX DNA sequence 

into pGEM®-T Easy vector. The new plasmid was named pGU0601 (nuoX) as a 

result of these sequences, a map of the construct was created using pDRAW32 1.0 

program and is shown in Appendix A.  

 

 

Figure 3.4 Agarose gel electrophoresis showing PCR amplifications of nuoX gene from 
putative recombinant plasmids 

Lane 1. 100 bp DNA ladder (NBE), Lanes 2-8. PCR product of 224 bp from plasmid templates isolated 
from seven colonies screened for the presence of the recombinant plasmid. 
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Figure 3.5 Agarose gel electrophoresis showing the recombinant plasmid DNA 
consisting of the DNA sequence encoding nuoX cloned into pGEM®-T Easy after 

restriction enzyme cleavage with NdeI and Bglll enzymes 
Lane 1. 1Kb DNA Ladder (NEB), lanes 2-9 Plasmid DNA isolated from putative clones carrying the 
recombinant plasmid consisting of nuoX in pGEM®-T Easy digested with NdeI/BglII. pGEM®-T Easy 
(3,017bp) and NuoX products (224bp).  

         

 

The sequence of plasmid pGU0601 was analysed to determine whether the correct 

region was amplified; and also to ensure that nucleotide substitutions had not been 

introduced by the DNA polymerase during PCR amplification. The genes were 

sequenced using the T7 and SP6 primers positioned in the multiple cloning site of the 

pGEM®-T Easy vector as per Materials and Methods section 2.6.10. 

The sequences obtained were compared to the published sequence of Cj1575c (NuoX ) 

gene from C. jejuni strain NCTC 11168.  Plasmid DNA isolated from putative clones 

did not contain deletions, insertions or nucleotide substitution within the nuoX 

sequence. The clone selected, pGU0601 was therefore considered suitable for future 

protein expression (nucleotide sequence map in Appendix B).  
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3.2.3 Expression, purification and characterization of the NuoX protein 

3.2.3.1 Cloning of pGU0601 into expression vector pET-19b 

The protein expression vector, pET-19b was used to enable expression of a fusion 

protein consisting of a recombinant NuoX and an N-terminal histidine tag in host 

strain BL21 (pLysS) E. coli (Materials and Methods section 2.6.11). 

In order to generate such a recombinant plasmid, the pGU0601 cloning intermediate 

and pET-19b expression vector were cleaved with NdeI and BamHI restriction 

enzymes, which released the NuoX from pGU0601 and linearised pET-19b vector. 

The excised nuoX DNA fragment and linearised pET-19b were ligated and 

recombinant plasmid was transformed into E. coli host cells. The resultant E. coli 

colonies were initially screened by PCR, using NuoX specific primers (Materials and 

Methods; Table 2.3) and colonies carrying recombinant plasmids were identified 

(Data not shown).  

To verify the integrity from the new construct colonies were analysed again by PCR 

using the pET T7 promoter primer and NuoX BglII reverse primer (Figure 3.6). 

Examination of the PCR products on agarose gel revealed bands of the expected size 

indicating that the colonies contained the His-NuoX fusion polypeptide as expected. 

Subsequent sequencing of selected plasmids was performed to verify the integrity of 

the new construct; and DNA sequence analysis indicated that the His-tag sequence 

was cloned in frame with the open reading frame sequence of nuoX. The translation 

analysis of these clones also showed no modifications in the amino acid sequence, so 

one of these clones was suitable for protein expression. 
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Figure 3.6  PCR using pET T7promoter and NuoX BglII reverse primers 
 

Lane 1. 1 Kb DNA Ladder (NEB), Lanes 2-7 NuoX putative clones containing His-tag showing the 
expected size of amplicon of 398 bp and Lane 8. 100 bp DNA Ladder (NEB).  

 

The plasmid was now named pGU0603 and was used to express the His-NuoX fusion  

polypeptide (map in Appendix C).  

          

3.2.3.2 Small Scale Protein Expression and confirmation of NuoX 

Several randomly chosen colonies of E. coli BL21 (pLysS) carrying pGU0603 were 

analysed using small scale protein expression to ensure that the His-NuoX protein 

fusion was produced with the corresponding molecular mass. Expression of the His-

NuoX fusion protein was induced using 2 mM IPTG (Materials and Methods section 

2.7.1) to enable over-expression of NuoX as a fusion protein with an N-terminal 

polyhistidine tag (His-NuoX). The estimated molecular mass of the His-NuoX protein 

was 11.35 kDa as generated from amino-acid sequence including the polyhistidine 

fusion tag. A protein corresponding to a molecular mass of approximately 11 kDa was 

detected in the induced whole cell lysate of BL21 (pLysS) carrying pGU0603. An 

uninduced sample was also assessed in order to ensure that the fusion protein was 

only detected in the induced sample (Figure 3.7). The samples were analysed on 15% 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with Coomassie® 

Brilliant Blue stain to visualize bands (Materials and Methods section 2.7.9).  

 

 

Figure 3.7 SDS-PAGE gel showing small scale protein expression analysis of pGU0603 
using Coomassie stain 

Lane 1. Prestained precision plus protein marker, weights from bottom 10 kDa, 15 kDa, 20 kDa, 25 
kDa, 37 kDa, 50 kDa and 75 kDa. Lanes 2,4,6 and 8. E.coli BL21 (pLysS) pGU0603 induced showing 
over expressed protein at 11.35 KD and Lanes 3,5,7 and 9. E.coli BL21 (pLysS) pGU0603 uninduced 
using Coomassie-stained polyacrylamide gel. 
 

 

Western blot analysis using an anti-His antibody was used to confirm expression of 

the His-NuoX. This test confirmed that the 11.3 kDa protein in the Coomassie stained 

SDS-PAGE contained a polyhistidine tag (Figure 3.8).  

 

 

Figure 3.8 Western blot analysis using an anti-His antibody of the different cell fractions 
Lane 1. Prestained precision plus protein marker (75 kDa). Lanes 2,4,6 and 8. E. coli BL21(pLysS) 
pGU0603 induced from supernatant showing His label over expressed protein at 11.35 kDa and Lanes 
3,5,7 and 9. E. coli BL21(pLysS) pGU0603 uninduced. 
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To verify the localisation of the His-NuoX protein in the cell, different cell fractions 

were prepared as described in Materials and Methods; section 2.7.2. Western blot 

analysis using anti-His tag antibodies showed that most of the His-NuoX protein was 

present in the soluble cytoplasmic fraction. In addition, the His-NuoX protein was 

also present in the insoluble cytoplasmic fraction (Figure 3.9).  

 

Figure 3.9 Western blot analysis using an anti-His antibody of the cytoplasmic cell 
fraction and pellet 

Lane 1. Prestained precision plus protein marker (75 kDa). Lane 2. E. coli BL21(pLysS) pGU0603 
induced from supernatant showing His label over expressed protein at 11.35 kDa and Lane 3. E. coli 
BL21(pLysS) pGU0603 sample from pellet induced 

 

 

3.2.3.3 His-NuoX (pGU0603) Large Scale Protein Purification 

In order to generate large quantities (mg) of purified His-NuoX protein, purification 

was performed using 1 L of transformed E. coli culture (Materials and Methods 

section 2.7.3). After 12 hours of aerated growth cells were lysed and the cytoplasmic 

fractions were analysed for the presence of His-NuoX protein. The band 

corresponding to His-NuoX of 11.3 kDa was present (Figure 3.10). This was also 

confirmed by Western Blot analysis (Figure 3.11).  
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Figure 3.10 SDS-PAGE of His-NuoX protein after large scale production using 
Coomassie stain 

Lane 1. Prestained precision plus protein marker; Lanes 2 and 3 pGU0603 in BL21 (pLysS) sample of 
supernatant and cell pellet uninduced; Lane 4 pGU0603 in BL21 (pLysS) sample of supernatant and 
Lane 5 pGU0603 in BL21 (pLysS) sample of cell pellet induced.  

 

 

 

Figure 3.11 Western blot analysis using His-NuoX protein after large expression 
procedure 

Lane 1. Precision plus protein marker, Lanes 2 pGU0603 in BL21 (pLysS) sample of supernatant and 
Lane 3 pGU0603 in BL21 (pLysS) sample of cell pellet induced.  
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3.2.3.4 Optimisation of the recombinant protein purification protocols  

In order to maximase the yield of pure His-NuoX, three purification methods were 

assessed:  

1. His Select®Nickel affinity resin,  

2. His Select® Nickel affinity resin in conjunction with Talon® Cobalt affinity 

resin and  

3. His Select® Nickel affinity resin with AKTA FPLC.  

Modification of the His Select® Nickel affinity resin existing manufacturer’s 

protocols included the addition of 20 mM β-mercaptoethanol, 0.5 % Tween 20 and 

50-250 mM imidazole in the different buffers used, allowing the reduction of non-

specific interactions and yielding eluted recombinant proteins with 70-90% purity as 

described in Materials and Methods section 2.7.4 (Table 2.4).  

 
1. Following large-scale protein expression, His-Select® Nickel purification was 

performed. The elution fractions were collected in 1mL fractions, which would 

contain the purified His-NuoX protein. After the protein purification procedure, the 

concentration of the protein was estimated using automated spectrophotometry 

software Victor3, and comparing the protein sample against known protein standards. 

The purified His-NuoX protein had a concentration of 0.3 mg/mL. SDS-PAGE and 

Western Blot confirmed the expression of pGU0603 as shown in Figure 3.12 and 

3.13. 
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Figure 3.12 SDS-PAGE after purification using Nickel affinity chromatography stained 
with Coomassie blue 

Lane 1. Precision plus protein marker, Lane 2. Flow through, Lane 3. First wash, Lane 4. Second wash, 
Lanes 5-9. Fractions containing the His-NuoX protein.     
  

 

 

 

 

Figure 3.13 Western Blot showing His-NuoX protein detection 
Lane 1. Precision plus protein marker, Lane 2. Flow through, Lane 3. First wash, Lane 4. Second wash, 
Lanes 5-9. Fractions containing the His-NuoX protein 

 

The elution fractions collected from 1L containing His-NuoX protein were dialysed 

against PBS to remove any residual imidazole. Subsequent concentration was 

achieved using 30% PEG 8000 for 3 hours obtaining highly purified protein. The 

sample then was analised by 15% SDS-PAGE stained with Coomassie® Brilliant Blue 
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and by Western Blot confirming that the sample had a good yield and is >95% pure as 

is shown in Figure 3.14.      

 

 

Figure 3.14 Western Blot and SDS-PAGE of His-Nuo X protein purification after 
dialysis and PEG concentration procedure using Coomassie staining 

Lane 1. Precision plus protein marker, Lanes 2. Concentrated His-Nuo X protein after dialysis against 
PBS and 30% PEG 8000 concentration procedures.  

 

2. The second method trialed was His- Select® Nickel affinity resin in conjunction 

with Talon® Cobalt affinity that produced 60% pure protein (Data not shown). 

Talon® Cobalt affinity resin was followed as per manufacturer’s protocol and 

recommendations (Clontech Laboratories, Inc.).  

3. Another method trialed to produce pure protein was Size exclusion 

chromatography column using Superdex 75 10/300 GL (GE Helthcare) in a ÄKTA-

Prime system (Amersham Pharmacia Biotech). Gel Filtration Chromatography was 

perform as recommended by the manufacturers. This was achieved after protein was 

purified by the His-select purification protocol, then the purified sample was 

concentrated using a PALL macroconcentrator 1000 kDa cut off obtaining as final 

sample volume of 0.5 mL. This aliquot of the concentrated His-NuoX sample was 

analysed by gel filtration chromatography giving excellent resolution for separation of 

small proteins allowing high flow rate and minimal non-specific interactions. The 
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analysis of the chromatogram showed that His-NuoX protein was eluted from the 

Superdex 75 10/300 GL column at 13.7 kDa with >90%purity when compared to 

standards (Data not shown). Each peak observed in the chromatogram was collected 

and pooled to performed TCA precipitation. The sample then was analyzed by 15% 

SDS-PAGE stained with Coomassie® Brilliant Blue confirming that the purity was of 

>95% but with very low concentration (Figure 3.15). 

 

 

Figure 3.15 Coomassie Blue stain showing the concentrated sample after TCA 
precipitation of His-NuoX protein  after elution 

Lane 1. Precision plus protein marker, Lanes 2-3. Duplicate of the concentrated His-Nuo X protein 
after TCA precipitation procedure. 

 

 

Talon cobalt affinity in conjunction with His- Select® Nickel affinity resin produced 

the lowest concentration of pure protein. AKTA FPLC proved to be very successful in 

obtaining highly purified protein but it failed to obtain the necessary high protein 

concentration needed for NMR studies. 

The His- Select® Nickel affinity resin produced the best results with a high 

concentrated and purified recombinant protein of the three methods tested, needed for 

future studies.  
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3.2.3.5 Protein precipitation and solubility 

Over-expression of the His-NuoX protein using the pET-19b system and His-select 

Nickel affinity purification allowed the production of a high concentration target 

protein (0.3 mg/mL). However, the protein precipitated shortly after purification 

(between 1 and 4 days) when stored at 4º C. In order to maintain the protein in 

solution the strategies trialed included a concentration gradient of IPTG from 0.5 mM 

to 4 mM, altering the induction time between 6 and 12 h, addition of detergents like 

Triton X-100 and n-octyl-β-D-glucopyranoside in purification buffers from 0.05 % to 

0.1 %, a combination of the above methods were also tried. However these methods 

did not influence the solubility of the expression of the recombinant protein.  

To elucidate the cause of protein precipitation the ExPASy program was used to 

predict that the NuoX protein half-life in an E.coli host was less than 10 h. Also it 

assisted to find that the theoretical pI predicted was 6.46, which resulted in change of 

pH in the protocol. Then after a number of attempts using buffers with a range of pH 

from 6.0 to 8.0, it was surprisingly found that pH 6.5 resulted in a protein with 

stability for more than 1 week at 4 ˚C. 
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3.3 Discussion 

This chapter focused on the nuoX  gene which belongs to complex I (NDH-1) in C. 

jejuni. Subunit NuoX is a protein with unknown function that could have similar 

characteristics as NuoE in E. coli, based on its position within the NDH-1 operon. 

This hypothesis was based on the fact that in E. coli the NDH-1 operon occurs as a 

single cluster, which is the same for the C. jejuni NDH-1 operon (Braun, et al., 1998, 

Leif, et al., 1995), Paracoccus denitrificans (Yagi, 1986) and Klebsiella pneumoniae 

(Steuber, 2001) among others. While the rest of the genes in the operon show 

similarities between C. jejuni and E. coli, two genes from this cluster (nuoE and 

nuoF) show no similarity to E. coli genes (Weerakoon, et al., 2008). In E. coli the 

nuoE subunit is predicted to be iron-sulfur protein contained in the water-soluble 

NADH dehydrogenase fragment together with subunits Nuo F and NuoG. In C.jejuni 

NuoE is missing although NADH cannot be ruled out as the donor to complex I in  

C. jejuni (Hoffman, et al., 1982, Smith, et al., 2000) therefore suggesting on 

alternative role of NuoX. 

In-silico analysis of C. jejuni strains showed the presence of a nuoX (Cj1575c) 

homologue in all fully and partially sequenced strains, with 99-100% amino acid 

identity. Annotation of most of these putative proteins is based on their position 

similarity within the operon, thus identifying them as a NADH-dehydrogenase I chain 

E, despite the published data suggesting that this protein is not involved in electron 

proton translocation (Hoffman, et al., 1982). The high sequence similarity within the 

Campylobacter strains may suggest unique function of this protein within the genus, 

which is probably involved in the microaerophilic growth.  

When comparing the Cj1575c with the putative NADH-dehydrogenase I chain E in 

Helicobacter species, which is one of the most related bacterial species, the highest 
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identity was 55% and 76% similarity. The conserved sequence is probably due to the 

similar growth niches of these two bacteria and their requirements for oxygen.  

Similarly, the Cj1575c homologue is present in other non pathogenic epsilonbacterial 

C. jejuni relatives (having similar microaerophilic growth conditions) with varying 

degrees of amino acid similarity, which further strengthens the hypothesis that the 

protein is involved in alternative proton transfer pathway. At the same time the 

NADH-dehydrogenase I chain E in E. coli showed no similarity to Cj1575c which 

was expected as these two bacteria have different oxygen requirements and different 

proton transfer pathways (Smith, et al., 2000).  

The results in this chapter demonstrated the successful PCR amplification of Cj1575c, 

the intermediate cloning into pGEM®-T Easy vector and the final cloning into pET-

19b system to over express and purify His-NuoX (Cj1575c) protein using an E. coli 

BL21(pLysS)  host. The expression and purification of the protein was necessary and 

crucial for further studies to characterize the Cj1575c, such as STD-NMR and array 

studies. 

The protein was expressed as a N-terminal His tagged fusion protein with an 

estimated molecular weight of 11.3 kDa as determined by SDS-PAGE analysis of the 

cell lysate and further confirmed by Western blot analysis using anti-His antibodies. 

The cell fractionation studies have determined that the protein is present in the 

cytoplasmic soluble fraction, but was also present in the pellet. The soluble protein 

obtained in this study was commensurate with the published data as the NuoX protein 

is reported to be a subunit of the peripheral fragment referred to as the NADH 

dehydrogenase fragment, which is considered to be a soluble unit (Braun, et al., 1998, 

Smith, et al., 2000, Yagi, et al., 1998, Zhang, et al., 2005). On the other hand, the 

presence of the protein in the insoluble, cell pellet may also be expected as the protein 
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is a part of the NADH-dehydrogenase complex I and as such may have signal 

peptides directing it to the cell membrane. For the purposes of future studies, soluble 

protein was needed and attention was given for purification from this cell fraction.  

The purification of the protein required various degrees of optimization to remove the 

contaminating proteins that would interfere with the future studies. From the three 

methods trialed for purification, the results clearly show that Nickel affinity 

chromatography resin was the best method in order to obtain a highly purified yield. 

Gel filtration chromatography gave an excellent purification method but with a very 

low concentration of the protein, which made this procedure time consuming and not 

adequate to produce the amount of protein needed for future tests. These steps that 

were time consuming, favored protein precipitation and degradation which resulted in 

poor protein recovery such that functional and structural studies were not feasible.  

After the purification of His-NuoX it was noticed that after one week the protein 

precipitated. Different methods of purification were trialed in order to maintain the 

protein in soluble state to continue with other studies, such as identification of 

putative NuoX  ligands. After the various parameters in the expression protocols were 

changed as detailed in the Materials and Methods section, it was discovered that the 

change in pH of the purification buffers allowed the protein to stay in solution for up 

to 7 days. The cause of the precipitation was not fully elucidated, although due to the 

nature of the subunit it could be hypothesized that expression of NuoX by itself may 

prove to be problematic as the protein may need other NADH complex I subunits to 

sustain it in solution and in an active form. On the other hand, as this subunit 

possesses a binuclear Fe-S centre (Finel, 1998, Smith, et al., 2000, Yagi, et al., 1998), 

the absence of the metal co-factor Fe-S could be an essential requirement for perfect 

tertiary structure (Braun, et al., 1998).  
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Purification of His-NuoX protein allowed further examination of possible interactions 

between NuoX and TCA ligands using different techniques, which will be described 

in Chapter 5. 
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Isolation, Protein Expression and Purification of NuoY 



Protein Expression and Purification of NuoY                                                                             Chapter 4 

Lirio I. Calderon-Gomez 90 

4.1 Introduction 

The genome of C. jejuni encodes a complex I gene cluster which instead of a gene 

encoding a typical NuoF protein (Alm, et al., 1999, Finel, 1998, Parkhill, et al., 2000, 

Smith, et al., 2000, Tomb, et al., 1997) contains the ORF cj1574c encoding a protein 

of 230 amino acid residues. This protein has no known function, is shorter than the 

one observed for NuoF of other species and has very low similarity to other proteins 

(Finel, 1998, Smith, et al., 2000). No gene orthologous to this gene had been 

identified except in the genomes of C. jejuni and H. pylori and it has been reported as 

critical for substrate binding and electron transfer (Smith, et al., 2000). Subunit NuoY 

in C. jejuni is considered to be a paralogue of subunit NuoF in E.coli where the 

enzyme contains the catalytic NADH binding site, noncovalently bound flavin 

mononucleotide (FMN), and an iron-sulfur (Fe-S) centre (Braun, et al., 1998, Herter, 

et al., 1997, Leif, et al., 1995, Yano, et al., 1996). In E.coli subunits NuoE and NuoF 

(NuoX and NuoY in C. jejuni respectively) can be dissociated, along with subunit 

NuoG, from the rest of the complex to form a soluble unit, which possesses NADH 

dehydrogenase activity (Herter, et al., 1997, Leif, et al., 1995, Yano, et al., 1996). 

The aim of this chapter is to characterize C. jejuni NuoY by the isolation, expression 

and purification of nuoY  and its gene product for subsequent NMR studies and to 

identify the ligands which it binds, thus elucidating its role in the respiratory chain of 

C. jejuni.  
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4.2 Results 

Amplification and isolation of the nuoY gene for protein expression 

4.2.1 In silico analysis of nuoY 

Comparative bioinformatics analysis of C. jejuni NCTC 11168 nuoY  (Cj1574c) 

predicted amino acid sequence was performed using Blastp and a conserved domain 

search service as described by Marcheler and Bryant (Marchler-Bauer, et al., 2004). A 

nuoY homologue was identified in all to date sequenced strains of C. jejuni with an 

amino acid identity greater than 99% and an orthologue was present in other 

Campylobacter species with greater than 50% amino acid similarity (Table 4.1).   

In silico analysis showed that the NuoY protein was also present in the genomes of 

other ε-proteobacteria species, such as Helicobacter, Sulfurimonas and Arcobacter as 

listed in Table 4.2. In Helicobacter spp, putative NADH-quinone oxidoreductase, 

homologues showed approximately 31-25% amino acid similarity to the NuoY 

protein in C. jejuni. Arcobacter spp homologues have approximately 33% similarity 

to C. jejuni NuoY. Comparative analysis also identified the presence of paralogues in 

different bacterial species such as Sulfuricurvum, Sulfuromonas, Caminibacter and 

Nitratiruptor, with no more than 31% amino acid similarity to the predicted Cj1574c 

amino acid sequence.  

Figure 4.1 shows the phylogenetic tree grouping of different bacterial species 

according to the similarities observed in the predicted amino acid sequence of 

putative NADH-quinone oxidoreductase homologues. Analysis of the Cj1574c amino 

acid sequence analysis did not identify specific conserved domains within the amino 

acid sequence in either Campylobacter species or related species. No significant 

similarity was found to nuoF, a predicted paralogue gene of extensively studied 

Escherichia coli strains. 
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Table 4.1 Comparison of C. jejuni NCTC 11168 Cj1574c to the similar gene 
from Campylobacter strains 

Bacterial species Strain Gene annotation 
Amino acid 

% Identity/ 
% Similarity 

Campylobacter jejuni 
subsp. jejuni 

 

11168 Cj 1574c 100/100 
CF93-6 CJJCF936_1664 100/100 
84-25 CJJ8425_1653 100/100 

DVFF1099 NADH dehydrogenase I chain F 100/100 
81-176 CJJ81176_1559 99/100 

RM1221 Hypothetical protein CJE 1745 99/100 

HB93-13 Conserved 
Hypothetical protein 99/99 

CG8421 Cj8421_1627 98/99 
CG8486 CG8486_1614c 98/99 
CG8421 Hypothetical protein Cj8421_1627 98/99 

1336 C1336_000330009 98/99 

81116 Hypothetical protein 
C8j_1471c 97/99 

327 NADH dehydrogenase I chain F 97/99 
260.94 CJJ26094_1620 97/98 

305 NADH dehydrogenase I chain F 97/98 
ICDCCJ0700

1 ICDCCJ07001_1487 96/98 

414 C414_000010183 93/96 
Campylobacter jejuni 

subsp.  Doylei 269.97 Hypothetical protein JJD26997_1925 97/98 

Campylobacter coli 
 

RM2228 
Conserved 

hypothetical 
protein 

81/89 

JV20 
Conserved 

hypothetical 
protein 

81/89 

Campylobacter 
upsaliensis 

 

RM3195 
Conserved 

hypothetical 
protein 

65/78 

JV21 
Conserved 

hypothetical 
protein 

65/78 

Campylobacter lari RM2100 Putative NADH-quinone 
oxidoreductase, F subunit 52/71 

Campylobacter 
hominis 

ATCCBAA-
381 

CHAB381_0186 
 41/60 

Campylobacter curvus 525.92 CCV52592_1524 38/57 
Campylobacter showae RM3277 NADH dehydrogenase I chain F 37/54 

Campylobacter 
concisus 13826 CCC13826_1661 36/56 

Campylobacter gracilis RM3268 NADH dehydrogenase I chain F 35/53 
Campylobacter fetus 

subsp.fetus 82-40 CFF8240-1639 34/55 

Campylobacterales 
bacterium GD GD 1 Ferredoxin 34/53 
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Table 4.2 Comparison of C. jejuni NCTC 11168 Cj1574c to the similar genes 
from different bacterial species 

Bacterial species Strain Gene annotation 
Amino acid 
% Identity/ 

% Similarity 
Arcobacter nitrofigilis DSM 7299 Arnit_2974 32/50 

Nitratiruptor sp. SB155-2 NADH-quinone 
oxidoreductase, chain G 36/54 

Sulfurimonas 
autotrophica DSM 16294 NADH dehydrogenase 

subunit G 34/51 

Arcobacter butzleri 
 

RM4018 Abu_2232 33/51 

JV22 Conserved Hypothetical 
protein 33/51 

Sulfurimonas 
dentrificans DSM 1251 NADH dehydrogenase 

subunit G 31/53 

Helicobacter pullorum MIT 98-5489 Conserved hypothetical 
protein 31/48 

Helicobacter 
winghamensis ATCC BAA-430 Predicted protein 31/60 

Sulfuricurvum kujiense DSM 16994 NADH dehydrogenase 
subunit G 28/48 

Caminibacter 
mediatlanticus TB-2 CMTB2_07206 29/45 

Sulfuruvum sp. NBC37-1 NADH-quinone  
oxidoreductase, chain G 28/41 

Helicobacter cinaedi CCUG 18818 HCinC1-05277 25/46 

Helicobacter pylori 
 

98-10 HP9810_899g22 27/45 

P-12 NADH-ubiquinone 
oxidoreductase, chain F 26/45 

PeCan4 NADH-ubiquinone 
oxidoreductase, chain F 26/44 

Salmonella enterica 
subsp. Enterica serovar 

Typhi 
E98-0664 Tyrosine kinase 26/44 
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ClustalW (v1.4) Multiple Alignment Parameters:

    Open Gap Penalty = 0.0 ; Extend Gap Penalty = 0.1; Delay Divergent = 40%

    Gap Distance = 8; Similarity Matrix = blosum

Arcobacter butzleri RM4018

Arcobacter butzleri JV22

Nitratiruptor sp. SB155-2

Sulfurimonas denitricansDSM1251

Sulfurospirillum deleyianum DSM

Caminibacter mediatlanticusTB-2

C showae RM3277

C rectus RM3267

C concisus 13826

C curvus 525.92

C fetus subsp fetus 82-40

C hominis ATCC BAA-381

C gracilis RM3268

C lari RM2100

C jejuni subsp. doylei 269.97

C jejuni subsp jejuni 260.94

Arcobacter nitrofigilis DSM7299

Campylobacter coli RM2228

Campylobacter coli JV20

C jejuni subsp. jejuni 305

C jejuni subsp jejuni 327

C jejuni subsp. jejuni 81116

C jejuni subsp jejuni 1336

C j subsp. jejuni CG8486

C jejuni subsp.jejuni 81-176

C jejuni RM1221

C j subsp. jejuni CG8421

C j subsp. jejuni DFVF1099

C jejuni subsp. jejuni CF93-6

C jejuni subsp. jejuni 11168

C. jejuni subsp. jejuni 84-25

C upsaliensis RM3195

C upsaliensis JV21

Helicobacter pylori PeCan4

Helicobacter pylori Shi470

Helicobacter pylori 98-10

Helicobacter pylori P12

Helicobacter pylori J99

H acinonychis str. Sheeba

S enterica serovar Typhi

Helicobacter cinaedi CCGU 18818

Helicobacter pollurumMIT98-5489

0.05

0.349

0.141
0.235

0.245

0.371

0.401

0.095

0.089

0.215

0.057

0.04

0.2

0.198

0.326

0.29

0.329

0.264

0.075

0.165

0.19

0.334

0.447

0.084

0.055

0.411

0.372

 

Figure 4.1 Bacterial species grouping according to the NuoY amino acid sequence 
similarity 
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4.2.2 Amplification and cloning of the nuoY gene for further protein expression 

and purification 

In order to express and purify the NuoY protein, the respective coding region was 

amplified by PCR for incorporation into a cloning plasmid intermediate pGEM®-T 

Easy, and subsequent cloning into expression vector pET-19b.  

4.2.2.1 Amplification of nuoY gene 

To enable the amplification of the nuoY  gene, forward and reverse primers (NuoY 

NdeI and NuoY BglII) (Table 2.3 Materials and Methods) were designed for the 

coding region of the gene, based on the published sequence of C. jejuni strain NCTC 

11168 (Parkhill, et al., 2000). In addition, NdeI and BglII restriction endonuclease 

sites were incorporated into the termini of each primer to aid in subsequent DNA 

manipulation (Figure 4.2) for cloning of the PCR product into the expression vector 

pET-19b.  

 

Figure 4.2 PCR Strategy for protein expression  
The purple arrow represents nuoY gene, the blue line represents each primer and the green line 
represents the restriction site incorporated into the termini of each primer. 

 

PCR products were generated as described in Materials and Methods section 2.5.8 

and visualized by agarose gel electrophoresis as a DNA fragment of 689 bp (Figure 
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4.3). The amplified DNA products were excised from the gel and DNA purified for 

subsequent cloning as per Materials and Methods section 2.6.1. 

 

 

Figure 4.3 Gel electrophoresis of PCR amplification of the nuoY gene 
Lane 1. 1 Kb DNA ladder, Lane 2 PCR to amplify the DNA sequence encoding the gene nuoY (689 
bp) with flanking NdeI and BglII restriction sites. Lane 3. negative control.  

 

4.2.2.2 Cloning of the nuoY gene into pGEM®-T Easy and sequence analysis 

The nuoY  insert was cloned into the pGEM®-T Easy vector (Materials and Methods 

section 2.6.1), transformed in E. coli DH5α cells, selected by blue/white selection and 

screened by PCR using nuoY  gene specific primers (Materials and Methods Table 

2.3).  

Randomly selected E. coli clones showing presence of nuoY  by PCR were further 

tested using restriction enzyme cleavage with NdeI and BglII (Materials and Methods 

section 2.6.2), which released the insert from the pGEM®-T Easy backbone. 

Sequencing and sequence analysis of the putative recombinant plasmid DNA using 

the T7 and SP6 primers positioned in the multiple cloning site of the pGEM®-T Easy 

vector were performed (Materials and Methods section 2.6.10). The complete 

sequences of the nuoY gene from different clones showed, after analyses using 

Chromas and MacVector programs, that the sequences obtained had 96% identity 

when compared to the published sequence of the Cj1574c gene from C. jejuni strain 

NCTC 11168. All recombinant plasmids harbouring pGEM®-T Easy cloning 
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intermediates had twenty-four amino acid substitutions in the nuoY  ORF and 

therefore these clones were not suitable for future work as these caused amino acid 

changes.   

 

4.2.2.3 Strategy to resolve nucleotide substitutions 

In order to overcome the nucleotide substitutions introduced by PCR several 

strategies were implemented. The first strategy to overcome the nucleotide 

substitution was to investigate whether using alternative DNA polymerases would 

produce an amplified gene without changes in the nucleotide sequence. The different 

polymerases used were: Pfu Turbo DNA polymerase, Expand Long Template PCR 

System polymerase, Phusion High-Fidelity DNA polymerase, Platinum Pfx DNA 

polymerase, Invitrogen Taq DNA polymerase and Triple Master Taq polymerase. 

In this first strategy the dNTP concentration was as per Materials and Methods 

section 2.5.8.3. The second strategy was to balance the high number of A-T by 

increasing the concentration of adenine and thyamine into the PCR reaction to avoid 

any nucleotide substitutions due to low A-T content in the gene. The concentration of 

G-C was kept at a standard concentration of 200µM whilst the concentration of A-T 

was increased to 300µM. The previously described enzymes were used to carry out 

the PCR amplification. The PCR conditions used were as described in Material and 

Methods section 2.5.8.3. The PCR products obtained by using these polymerases 

with higher A-T concentration were recovered from the gel (an example is shown 

using Expand Long Template PCR System polymerase in Figure 4.4 as it was the one 

used for subsequent cloning) and then the DNA was cloned into the pGEM®-T Easy 

vector (Promega).  Competent E. coli DH5α cells were prepared, and transformed 
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with the putative recombinant plasmid as described in Materials and Methods section 

2.6. 

 

 

Figure 4.4 Agarose gel electrophoresis of PCR amplification of nuoY gene using the  
Expand Long Template PCR system polymerase and 300 µM A-T 

Lane 1. 1 Kb DNA ladder (NEB), Lanes 2-8. PCR to amplify the DNA sequence encoding the gene 
nuoY (689 bp) with flanking Nde I and Bgl II restriction sites.   

 

Randomly selected colonies were screened for the presence of nuoY (Cj1574c) by 

PCR using gene specific primers amplifying a fragment of 689 bp corresponding to 

nuoY (Figure 4.5). All clones tested showed the presence of the nuoY gene. 

 

Figure 4.5 Agarose gel electrophoresis showing PCR amplification of the nuoY gene 
from putative recombinant plasmids 

Lane 1. 100 bp DNA ladder (NEB), Lanes 2-5. PCR product of 689 bp from plasmid templates isolated 
from the colonies screened for the presence of the recombinant plasmid, Lane 6.1 Kb DNA ladder.  
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Putative recombinant plasmids were isolated and further screened by restriction 

enzyme cleavage (Material and Methods section 2.6.2), which released a 689bp 

fragment from pGEM®-T Easy backbone (3,017bp) (Figure 4.6). 

 

 

Figure 4.6 Agarose gel electrophoresis showing the recombinant plasmid DNA 
consisting of the DNA sequence encoding nuoY cloned into pGEM®-T Easy after 

restriction enzyme cleavage with NdeI and Bglll enzymes 
Lane 1. 100 bp DNA ladder (NEB), Lane 2. Plasmid NuoY, Lanes 3, 5, 7, 9, 11, 13. Plasmids NuoY 
digested with BglII, Lanes 4, 6, 8, 10, 12, 14. Plasmid NuoY digested with NdeI after being digested 

with BglII showing pGEM®-T Easy (3,017) and nuoY products (689pb) and Lane 15.1 Kb DNA 
ladder. 

 

To ensure that the proper clones were chosen, the recombinant plasmids were 

subjected to further analysis using another four restriction enzymes selected based on 

the map constructed previously as shown in Appendix D. The expected fragment sizes 

of pGU0602 after restriction enzyme cleavage were as follows: DdeI (1769bp, 847bp, 

540bp, 409bp,166bp), EcoRI (2997bp, 723bp, 11bp), HindIII (3731bp) and NotI 

(298bp,750bp) and are shown in Figure 4.7 with the expected sizes proving that this 

intermediate cloning was successful.  
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Figure 4.7 Recombinant plasmid pGU0602 
Recombinant plasmid pGU0602 digested with restriction enzymes DdeI, EcoRI, HindIII and NotI. 
Each restriction enzyme shows the predicted sizes for the recombinant plasmid pGU0602. 

 

The gene was sequenced using the T7 and SP6 primers positioned in the multiple 

cloning site of the pGEM®-T Easy vector to confirm that nucleotide substitutions had 

not been introduced by the DNA polymerase during PCR amplification. The 

sequences obtained were compared to the published sequence of Cj1574c gene from 

C. jejuni strain NCTC 11168. Recombinant plasmids isolated from putative clones did 

not contain deletions, insertions or nucleotide substitutions within the nuoY  sequence 

showing that the PCR products had been successfully cloned into pGEM®-T Easy 

vector. The new plasmid was named pGU0602 (map is shown in Appendix D). 
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4.2.3  Expression, purification and characterization of the NuoY protein 

4.2.3.1 Cloning of pGU0602 into expression vector pET-19b 

The protein expression vector pET-19b was used to enable expression of a fusion 

protein consisting of a recombinant nuoY  and an N-terminal histidine tag in the E.coli 

host strain BL21 (DE3) (Materials and Methods section 2.6.11). 

In order to generate such a recombinant plasmid, the pGU0602 cloning intermediate 

and pET-19b expression vector were cleaved with NdeI and BamHI restriction 

enzymes respectively in order to release the nuoY coding region from pGU0602 and 

then linearised pET-19b vector. The excised nuoY DNA fragment and linearised pET-

19b were ligated and recombinant plasmids were transformed into E. coli host cells. 

The resultant E. coli colonies were initially screened by PCR, using NuoY specific 

primers (Materials and Methods; Table 2.3). To verify the integrity of the new 

construct, colonies were analysed by PCR using the pET T7 promoter primer and 

NuoY BglII reverse primer (Figure 4.8). Examination of the PCR products on agarose 

gel revealed bands of the expected size of 863 bp indicating that the colonies 

contained the nuoY  gene with the polyhistidine tag as expected. Subsequent 

sequencing of selected plasmids was performed to verify the integrity of the new 

construct; and DNA sequence analysis (data not shown) indicated that the His-tag 

sequence was cloned in frame with the open reading frame sequence of nuoY. The 

translation analysis of these clones also showed no modifications in the amino acid 

sequence. This plasmid was named pGU0604 (Appendix E). 
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Figure 4.8 PCR using pET T7promoter and NuoY BglII reverse primers 
Lane 1. 1 Kb DNA Ladder (NEB), Lanes 2-7 PCR products from individual clones showing NuoY 
putative clones containing His-tag.  

 

4.2.3.2 Small Scale Protein Expression and confirmation of NuoY 

Several randomly chosen colonies of E.coli BL21 (DE3) carrying pGU0604 were 

used for small scale protein expression to ensure that the His-NuoY protein was 

produced with the corresponding molecular mass. Expression of the His-NuoY fusion 

protein was induced using 2mM IPTG (Materials and Methods section 2.7.1) to 

enable over-expression of NuoY as a fusion protein with an N-terminal polyhistidine 

tag (His-NuoY). The estimated molecular mass of the His-NuoY protein was 26 kDa 

as generated from amino-acid sequence including the polyhistidine fusion tag. A 

protein corresponding to a molecular mass of 26 kDa was detected in whole cell 

lysate of the induced BL21 (DE3) carrying pGU0604 (Figure 4.9). An uninduced 

sample was also assessed in order to ensure that the fusion protein was only detected 

in the induced sample. To verify the localisation of the His-NuoY protein in the cell, 

different cell fractions were prepared as described in Materials and Methods; section 

2.7.2. The samples were analysed on 12% SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) and stained with Coomassie® Brilliant Blue stain to visualize the His-

NuoY protein (Materials and Methods section 2.7.9). Western blot analysis using 

anti-His tag antibodies was then performed and showed that most of the His-NuoY 
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protein was present in the soluble cytoplasmic fraction confirming that the 26 kDa 

protein in Coomassie stained SDS-PAGE contained a polyhistidine tag (Figure 4.10). 

 

Figure 4.9 Coomassie® Brilliant Blue staining of the SDS-PAGE from the small scale 
expression and protein localisation test using NuoY protein 

Lane 1. Precision plus protein marker, weights from bottom 10 kDa, 15 kDa, 20 kDa, 25 kDa, 37 kDa, 
50 kDa and 75 kDa. Lane 2. pGU0604 in BL21(DE3) Uninduced sample. Lane 3. pGU0604 in 
BL21(DE3) Induced sample. Lane 4. Soluble sample (pGU0604 in BL21(DE3) sample of  
supernatant), Lane 5, Insoluble sample pGU0604 in BL21(DE3) sample of pellet. Lane 6. Uninduced 
sample. Lane 7. pGU0604 in BL21(DE3) Induced sample. Lane 8. Soluble (pGU0604 in BL21(DE3) 
sample of  supernatant) . Lane 9. Insoluble sample (pGU0604 in BL21(DE3) sample of pellet). Arrow 
showing the 26 kDa NuoY protein. 

 

 

 

Figure 4.10 Western Blot analysis using an anti His-antibody of the different cell 
fractions  

Lane 1. pGU0604 in BL21(DE3) Uninduced sample. Lane 2. pGU0604 in BL21(DE3) Induced 
sample. Lane 3. Insoluble sample pGU0604 in BL21(DE3) sample of pellet. Lane 4. Soluble sample 
(pGU0604 in BL21(DE3) sample of  supernatant). Lane 5. Prestained precision plus protein marker (75 
kDa). Arrow showing the 26 kDa NuoY protein. 
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4.2.3.3 His-NuoY (pGU0804) Large Scale Protein Purification 

In order to generate large quantities (mg) of purified His-NuoY protein, purification 

was performed using 1 L of transformed E.coli culture (Materials and Methods 

section 2.7.3). After 12 hours of aerated growth, cells were lysed and the 

cytoplasmatic fractions were analysed for presence of His-NuoY protein by SDS-

PAGE gel and then confirmed by Western Blot analysis (Data not shown). The band 

corresponding to His-NuoY of 26 kDa was present. 

 

4.2.3.4 Optimisation of the recombinant protein purification protocols 

In order to maximize the yield of pure NuoY, His select Nickel affinity resin was used 

(Materials and Methods; section 2.7.4).  

Modification of the existing manufacturer’s protocol were included as follows: the 

addition of 20 mM β-mercaptoethanol, 0.5 % Tween 20 and 50-250 mM imidazole 

was used in the different buffers to allow for the reduction of non-specific interactions 

and yielding eluted recombinant proteins with 70-90% purity as described in 

Materials and Methods (section 2.7.4 Table 2.4).  

After large-scale protein expression His-select Nickel purification was performed. 

The elution fractions were collected in 1 mL fractions, which would contain the 

purified His-NuoY protein, these were analyzed on 12% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and stained with Coomassie® Brilliant Blue stain to 

visualize bands (Figure 4.11) and confirmed by Western blot (Figure 4.12). After the 

protein purification procedure, the concentration of the protein was estimated using 

automated spectrophotometry software Victor3, and comparing the protein sample 

against known protein standards. It was determined that the purified His-NuoY 

protein had a concentration of 0.6 mg/mL. It was found that shortly after purification 
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and concentration, that the NuoY protein started precipitating. However, for binding 

studies using NuoY, the protein is needed in soluble form. 

 

 

Figure 4.11 SDS-PAGE of NuoY (pGU0604) after large scale purification method after 
stained with Coomassie Brilliant Blue stain 

Lane 1. BenchMarkTM Pre-stained protein marker, weights from bottom 10 kDa, 15 kDa, 20 kDa, 25 
kDa, 40 kDa, 50 kDa, 60 kDa and 85 kDa.  Lanes 2-9 Elution fractions 1-8 after large scale 
purification method. 

 

 

 

Figure 4.12 Western Blot analysis of NuoY (pGU0604) using elution fractions from large 
scale purification 

Lane 1. Precision plus protein marker, weights from bottom 75 kDa, 100 kDa and 150 kDa. Lanes 2-9. 
Elution fractions 1-8 after large scale purification method. 
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4.2.3.5 Protein precipitation and solubility 

Over-expression and purification of the His-NuoY protein allowed for a high 

concentration of the targeted protein to be obtained (0.6 mg/mL). However, the 

protein precipitated shortly after purification (between 1 and 2 days) when stored at 

4º C. In order to maintain the protein in solution several strategies were trialed. These 

included a concentration gradient of IPTG from 0.5 mM to 4 mM, altering the 

induction time between 4 and 12 h, addition of detergents like Triton X-100 and n-

octyl-β-D-glucopyranoside in purification buffers from 0.05 % to 0.1 % as well as a 

combination of the above methods was also tried. However these methods did not 

influence the solubility of the expression of the recombinant protein.  

To further elucidate the cause of protein precipitation ExPASy program was used to 

predict that NuoY protein half-life in an E. coli host and was predicted to be less than 

10 h. Also it assisted to find that the theoretical predicted pI was 4.94, which required 

change of solutions pH. Then after trialing buffers with a range of 5.0 to 7.0 pH, it 

was determined that pH 5.5 resulted in protein stability for up to 2 weeks at 4 ˚C. 
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4.3 Discussion 

This chapter focuses on nuoY  gene which belongs to complex I (NDH-1) in 

C. jejuni.  Subunit NuoY is a protein with unknown function in C. jejuni that could 

have similar characteristics as NuoF in E. coli, based on its position within the NDH-

1 operon. This hypothesis was based on the fact that in E. coli the NDH-1 operon 

occurs as a single cluster, which is the same for the C. jejuni NDH-1 operon (Braun, 

et al., 1998, Leif, et al., 1995), Paracoccus denitrificans (Yagi, 1986) and Klebsiella 

pneumoniae (Steuber, 2001) among others. While the rest of the genes in the operon 

show similarities between C. jejuni and E. coli, two genes from this cluster  (nuoX  

and nuoY ) show no similarity to E. coli genes nuoE  and nuoF (Weerakoon, et al., 

2008). The NuoY subunit equivalent in   E. coli  (subunit NuoF) is predicted to 

contain the binding sites for NADH and FMN as well as an iron-sulfur cluster. The 

NuoF protein is contained in the water-soluble NADH dehydrogenase fragment 

together with subunits NuoE and NuoG. In C. jejuni NuoF is missing, although 

NADH cannot be ruled out as the donor to complex I in C. jejuni (Hoffman, et al., 

1982, Smith, et al., 2000), suggesting an alternative role for nuoY. 

In-silico analysis of C. jejuni strains showed the presence of a nuoY  

(Cj1574c) homologue in all fully and partially sequenced strains, with 99-100% 

amino acid identity. The high sequence similarity within the Campylobacter strains 

may suggest unique function of this protein within the genus, which is probably 

involved in the microaerophilic growth.  

When comparing the nuoY  with the putative NADH-dehydrogenase I chain F the 

highest identity was 53% and 75% similarity was shown by Helicobacter species, one 

of the most closely related bacterial species. The conserved sequence is probably due 

to the similar growth niches of these two bacteria and their requirements for oxygen. 
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Similarly, the nuoY  homologue is present in other non pathogenic epsilonbacterial 

C. jejuni relatives (with similar microaerophilic growth conditions) with varying 

degree of amino acid similarity, which further strengthens the hypothesis that the 

protein is involved in alternative proton transfer pathway. The NADH-dehydrogenase 

I subunit F in E. coli showed no similarity to NuoY which was thought to be expected 

as these two bacteria have different oxygen requirements and different proton transfer 

pathways (Smith, et al., 2000). When attempt were made to amplify nuoY  in order to 

clone it, it was noted that the amplified PCR products possessed nucleotide 

substitutions that could produce amino acid changes, which can significantly 

influence the function of the protein. In order to overcome this issue two strategies 

were attempted, the first strategy showed the same outcome with all the polymerases 

tested while the second strategy using an increment in dATP and dTTP concentration 

(300   mM each) was required to produce an error-free PCR amplification of the nuoY  

gene. The intermediate cloning into pGEM®-T Easy vector and the final cloning into 

pET-19b system to overexpress and purify His-NuoY (Cj1574c) protein using an E. 

coli BL21(DE3)  host succeeded in expressing a N-terminal His tagged fusion protein 

with a predicted molecular weight of  26 kDa. The cell fractionation studies have 

determined that the protein is present in the cytoplasmic soluble fraction and 

pellet.  Assuming that the purified NuoY is folded correctly, the soluble protein 

should behave as the reported NuoF subunit of the peripheral fragment referred to as 

the NADH dehydrogenase fragment (Hoffman, et al., 1982, Smith, et al., 2000, Yagi, 

et al., 1998, Zhang, et al., 2005). On the other hand, the presence of the protein in the 

insoluble cell pellet may also be expected as the protein is a part of the NADH-

dehydrogenase complex I and as such may have signal peptides directing it to the cell 

membrane, although the analysis of the predicted amino acid sequence did not reveal 

the presence of the conventional signal sequence. For the purposes of future studies, 
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soluble protein was needed and attention was given to purification of the protein from 

this cell fraction. Nickel affinity chromatography allowed purification of His-NuoY, 

however it was noticed that after few days the protein precipitated. Different methods 

of purification were trialed in order to maintain the protein in a soluble state to 

continue with other studies, such as identification of putative NuoY ligands. After  

various parameters in the expression protocols were changed it was discovered that 

the change of pH of the purification buffers allowed the protein to stay in solution for 

up to 7 days. The cause of the precipitation could not be fully elucidated, although 

due to the nature of the subunit it could be hypothesized that expression of NuoY by 

itself may prove to be problematic as protein may need other NADH complex I 

subunits to sustain it in solution and active form. On the other hand, as this subunit 

possesses a Fe-S cluster (Finel, 1998, Smith, et al., 2000, Yagi, et al., 1998), the metal 

co-factor Fe-S could be an essential requirement for perfect tertiary structure (Braun, 

et al., 1998). Purification of the His-NuoY protein and its stability in solution allowed 

further examination of possible interactions between NuoY and TCA ligands using 

different techniques, which will be described in Chapter 5. 
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Identification of putative ligands for NuoX and NuoY proteins using 

TCA array, Nuclear Magnetic Resonance Spectroscopy and Surface 

Plasmon Resonance 
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5.1 Introduction 

Campylobacter jejuni has the capacity to operate a complete oxidative citric acid 

cycle, with all of the key enzymes present (Parkhill, et al., 2000). This includes the 

obvious homologues of the α and β subunits of succinyl-CoA synthetase and a 

nicotinamide adenine dinucleotide-linked malate dehydrogenase. C. jejuni also 

encodes a putative succinate dehydrogenase, which is consistent with the presence of 

an oxidative citric acid cycle (Kelly, 2001). The C. jejuni complex I lacks the NuoE 

and NuoF subunits, which bind nicotinamide adenine dinucleotide (NADH) in other 

bacteria and therefore, in C. jejuni the actual source of electrons for this enzyme may 

not be reduced nicotinamide nucleotides (Carlone, et al., 1982, Hoffman, et al., 1982, 

Kelly, 2001, Mohammed, et al., 2004). C. jejuni also encodes genes for fumarate 

reductase which may allow anaerobic electron transport using fumarate as the 

terminal electron acceptor (Kelly, 2001). 

In this study, Citric Acid Cycle (TCA cycle) intermediates such as NAD+, succinate, 

malate, fumarate, acetyl-CoA, α-ketoglutarate and flavin adenine dinucleotide (FAD) 

were investigated for their potential ability to bind to NuoX and NuoY proteins.  

Traditional substrate utilization studies (Carlone, et al., 1982, Hoffman, et al., 1982) 

for C. jejuni have provided some information regarding the putative substrates for the 

TCA cycle and electron transport chain of this microorganism.  One limitation of 

these studies is that although they potentially identify substrates that are metabolised 

by C. jejuni, they do not identify binding partners, nor do they provide any 

information regarding the nature of the interaction. For this reason, more powerful 

methods that can provide information regarding interactions between proteins and 

ligands such as the newly developed TCA array, Saturation Transfer Difference 
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Nuclear Magnetic Resonance Spectroscopy (STD NMR) and Surface Plasmon 

Resonance (SPR) have been used in this study to detect and characterize protein-

ligand binding. These techniques have been used to confirm interactions between 

binding partners. This chapter describes the development of a TCA-array and the 

characterization of the potential protein-binding targets of the respiratory proteins 

NuoX and NuoY by the use of these techniques.  

 

TCA array – A High through-put methodology for the detection of 

interaction 

A TCA array is a novel method for investigating binding partners that uses the 

principals of the well-known methodology of microarrays.  Microarrays have been 

successfully used for DNA, antibodies, protein, glycan, lectin and amino acid array 

studies.  In this technique ligands of interest are printed onto a glass slide by means of 

a chemical linkage between groups on the glass slide and the ligands.  The chemically 

tethered ligands are then exposed to the protein of interest.  If there is binding 

between a ligand and protein, this can be visualized by using antibodies.  In this 

chapter, the ligands chosen were known substrates from the TCA cycle.  The TCA 

array, developed in this study, was used as a high through-put methodology to detect 

specific interactions and to rapidly identify active compounds from the TCA cycle 

that are believed to participate in the respiratory pathway of C. jejuni. The major 

advantage of this technique is that as in glycan, amino acid and lectin arrays (Arndt, et 

al., 2011, Hartley-Tassel, et al., 2010) this method uses a minute amount of material 

and can be used for high-throughput quantitative analysis (Weis, et al., 1996). 
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The array platform that was best suited to the printing of TCA component onto a glass 

substrate was similar to that used in a glycan array. The chemistry utilized for the 

printing of glycan arrays includes the use of epoxide activated surfaces for covalent 

attachment (Figure 5.1). The TCA array technique was developed to include specific 

compounds that are well known to participate in the TCA cycle. These compounds 

were chosen as they could potentially be recognized and specifically bound to the 

tested proteins. Each of these molecules conveniently has two or more chemical side 

chains that enable covalent attachment to an epoxide-activated group present on the 

array slide allowing printing of these molecules into an array format. These 

interactions were further verified through the use of STD-NMR spectroscopy. 
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Figure 5.1 Diagram of the TCA array methodology  
Diagrammatic representation of the TCA array methodology used to investigate the binding partners of 
His-NuoX and His NuoY.  

 

 

STD NMR Spectroscopy 

Saturation transfer difference (STD) Nuclear Magnetic Resonance (NMR) 

spectroscopy is a powerful ligand-based technique that has been utilized to detect and 

characterize protein-ligand interactions in solution at the molecular level (Diercks, et 

al., 2001). The STD-NMR method allows identification of the binding epitope of a 

ligand when bound to its receptor protein. The advantages of this method are that 



TCA array, Nuclear Magnetic Resonance and Surface Plasmon Resonance                               Chapter 5 

Lirio I. Calderon-Gomez 115 

spectra are relatively fast to acquire and no isotopic labeling of the protein of interest 

is required.  In the STD method, proton signals from the protein of interest are 

saturated with a cascade of Gaussian soft pulses. Saturation spreads quickly 

throughout the protein molecule, including to the binding site by a process known as 

spin diffusion.  The STD experiment is based on the transfer of saturation from the 

protein to the bound ligand.  Protons from the ligand that are close in space to the 

protein binding site receive a higher degree of saturation, whilst protons that are not in 

close contact with the protein receive little or no saturation. Therefore, the STD NMR 

experiment reveals only ligand protons that are in close contact with the protein-

binding site (Haselhorst, et al., 2009).  

Two spectra are acquired in a STD experiment.  An “On-resonance” spectrum is 

acquired i.e. a spectrum of the protein saturated in a region of spectrum where there 

are no ligands signals (say -5 ppm) and the “Off resonance” spectrum at, for example 

30 ppm where there are no ligand or protein resonances expected.  The signals of 

binding ligands are attenuated in the on-resonance spectrum.  The on resonance and 

off resonance spectra are then subtracted from each other to produce a difference 

spectrum, that reveals only proton signals from the ligand that are binding to the 

protein of interest as shown in Figure 5.2. 

Ligand-protons without direct protein contact do not show STD NMR signals in the 

difference spectrum. STD NMR can be used to detect the binding of ligands with KD 

values in the 10-2 to 10-8 M range.  Higher affinity ligands that undergo slow chemical 

exchange typically reside longer in the binding site and are not detected using STD 

NMR spectroscopy. Similarly, ligands with lower affinity that only weakly interact 

with the protein, might not receive saturation from the protein and therefore they are 

also not detected. 
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Figure 5.2 Showing the “On resonance”, “Off resonance” and the “difference spectrum” 
Diagrammatic representation of the STD-NMR spectroscopy used to detect protein-ligand interactions.  

 

 

Surface Plasmon Resonance 

Surface plasmon resonance (SPR) biosensors have become an established method for 

measuring molecular interactions. Biosensor experiments involve immobilizing one 

reactant onto a surface and monitoring its interaction with a second component in 

solution. SPR biosensors measure the change in refractive index of the solvent near 

the surface that occurs during complex formation or dissociation. These instruments 

are capable of characterizing binding reactions in real-time without labeling 

components. Consequently, SPR biosensors can be used to study the interactions of 

any biological system from proteins, oligonucleotides, oligosaccharides, and lipids to 

small molecules, phage, viral particles, and cells (Giannetti, 2011, Rich, et al., 2000). 
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In SPR one of the reactants is immobilized on a sensor chip and is referred to as the 

immobilized ligand (Giannetti, 2011). The other reactant, called the analyte, flows 

past the chip in the concentration range from approximately 100 nM to 10 µM 

(Giannetti, 2011, Myszka, et al., 1998). The SPR signal in a typical experiment 

reflects the affinity between the ligand and the analyte measured by KD and Rmax 

units. Rmax is defined as the analyte molecular weight over the ligand molecular 

weight times the RU units.  To resolve the kinetics of the movements of the analyte in 

and out of the detection volume (Figure 5.3), the amount of analyte entering the flow 

cell, is read in real time as a change in response, measured in resonance units or 

response units (1 RU = 1 pg protein/ mm2) (Giannetti, 2011, Stenberg, et al., 1991). 

Some interactions, especially weak ones, equilibrate too quickly to be resolved by the 

instrument’s sampling frequency and kinetic data are therefore not obtainable. In this 

case, the equilibrium binding level for the different concentrations of flowed binding 

partner is plotted versus the concentration to reveal the KD (Giannetti, 2011). In this 

study SPR was used to confirm interactions already identified from the TCA array or 

STD NMR studies. 
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Figure 5.3  Diagram of the surface plasmon resonance methodology 
Diagrammatic representation of the SPR methodology used to measure the molecular interactions 
between different analytes and the ligands His-NuoX and His NuoY.  
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5.2 Results 

5.2.1 TCA array  

5.2.1.1 Development and Verification of the TCA array methodology using 

Human Glutathione Reductase 

Glutathione reductase is an enzyme involved in oxidative stress responses and is 

produced widely by plants, animals, bacteria and yeast, with only trypanosomes and 

drosophila so far identified as not containing a glutathione reductase protein (Kanzok, 

et al., 2001, Krauth-siegel, et al., 2008), however, in both these organisms a functional 

analogue is present. Glutathione reductase utilizes both NADPH and FAD to facilitate 

the reduction of glutathione disulfide to glutathione sulfhydryl, which can then act as 

an antioxidant within the cell. This molecule was chosen to test the TCA array as it 

interacts with members of the TCA pathway through both binding and dimerisation 

events, allowing us to identify if the surface bound ligands can properly interact with 

soluble proteins.  

The TCA substrates were printed onto epoxide activated glass array substrates to 

produce the TCA array. The array included eleven different compounds of which 

eight of these are directly involved in the TCA cycle (described in Chapter 2, 

Materials and Methods 2.9, Table 5.1). 

Interactions between glutathione reductase, NADH, NADPH and FAD were observed 

on the array, with these interactions agreeing with published interactions found in the 

literature. Bile salts were also positive on the array for binding by glutathione 

reductase. Bile salts are a mixed extract of salts of organic acids and other compounds 

found in bile. Bile itself is critical in the formation of several components of the citric 

acid cycle in mammals and avian species and is therefore likely to contain TCA 



TCA array, Nuclear Magnetic Resonance and Surface Plasmon Resonance                               Chapter 5 

Lirio I. Calderon-Gomez 120 

substrates. It is therefore assumed that the interaction between glutathione reductase 

and bile salts is simply an interaction with one of the chemicals present in bile that it 

is capable of binding such as NAD+ or FAD. No additional new interactions were 

observed between glutathione reductase and the TCA substrates printed onto the 

array. The fact that this array enabled the identification of the known ligands for 

glutathione reductase provides evidence that interactions observed are likely to be 

real. This therefore allows identification of uncharacterized interactions between TCA 

substrates and proteins that utilize these chemicals as ligands such as those involving 

NuoX and NuoY from C. jejuni. 

 

5.2.1.2 Identification of interactions between Campylobacter jejuni NuoX and 

NuoY and TCA substrates using the TCA array 

Using glutathione reductase as a positive control it has been shown that the TCA array 

is a viable tool for the detection of proteins that can bind to molecules involved in the 

citric acid cycle. This array can therefore be utilized to elucidate interactions between 

NuoX and NuoY with the TCA substrates identifying binding specificities of these 

two proteins involved in respiration for C. jejuni (His-NuoX and His-NuoY). These 

proteins were investigated by testing substrate protein interactions using the same 

array layout as utilized for the Glutathione reductase assays (shown in Table 5.1).  

In order to analyze the TCA array data it was determined that binding was considered 

to be positive for the compound in question only if the binding was seen to be both 

higher than the average of the mean background plus three standard deviations of the 

background and could be verified manually through visual inspection of the scanned 

images. This resulted in a very strict “yes” or “no” binding outcome with the 
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statistical analysis in every experiment that the binding was significantly greater than 

the background plus three standard deviations had a p < 0.0001.  

Bile salts are a mixture of salts of organic acids that have been previously shown to 

interact with C. jejuni whole cell and C. jejuni proteins (Hugdahl, et al., 1988). Bile 

salts were also bound by glutathione reductase in the initial verification experiments 

indicating that bile salts could be considered a likely positive control for interactions 

in these experiments (Figure 5.4). 

 

 

Figure 5.4  TCA array of bile salts showing interaction to His-NuoX, His-NuoY and 
the mixure of both proteins. 

The above TCA array figure shows a representative result (high fluorescent intensity) for bile salts in 
the presence of His-NuoX and His-NuoY and the mixture of both proteins. 

 

Table 5.1 shows the compounds used for the TCA array experiment. These 

compounds included bile salts and FITC spots. Table 5.2 shows the fold increase and 

the P value observed for His-NuoX, His-NuoY and the mixture of His-NuoX/His-

NuoY proteins. 
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Table 5.1 Substrates used in TCA array for all assays using His-NuoX, His-
NuoY and His-NuoX/His-NuoY 

Substrates used for TCA array assay 

CODE SUBSTRATE              BINDING 

     X     Y     X/Y 

1A NAD+ 50 mM     No       No NoN       No 

1B Succinate 50 mM No No No 

1C Sodium L-lactate 50 mM No Yes No 

1D Sodium sulfide 50 mM No No No 

1E Sodium fumarate 50 mM No No No 

1F Malic acid 50 mM No Yes No 

1G Malic acid sodium salt 50 mM No Yes No 

1H α-ketoglutarate 50 mM No No No 

2A NAD+ 10 mM No No No 

2B Succinate 10 mM No No No 

2C Sodium L-lactate 10 mM No Yes No 

2D Sodium sulfide 10 mM No No No 

2E Sodium Fumarate 10 mM No No No 

2F Malic acid 10 mM No No N  No 

2G Malic acid sodium salt 10 mM No Yes No 

2H α-ketoglutarate 10 mM No No No 

3A FAD 10 mM Yes Yes Yes 

3B Bile Salts 10 mg Yes Yes Yes 

4B Bile Salts 100 mg Yes Yes Yes 

3C Acetyl CoA 10 mM No No No 

 FITC    
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Table 5.2 His-NuoX, His-NuoY and His-NuoX/His-NuoY specific binding 
fold increase using different substrates from the TCA cycle 

Protein Name Code Fold increase p value 

His-NuoX FAD 10mM 3A 3.55 ± 0.87 p < 0.00001 

  Bile salts 10mg 3B 11.77 ± 3.65 p < 0.00001 

His-NuoY Sodium L-lactate 50mM 1C 2.27 ± 0.11 p < 0.00001 

 Malic acid 10 mM     1F      1.27 ± 0.13          

  Malic acid sodium salt 50mM 1G 1.12 ± 0.17 p < 0.00001 

  Sodium L-lactate 10mM 2C 1.41 ± 0.06 p < 0.00001 

  Malic acid sodium salt 10mM 2G 0.96 ± 0.54 p < 0.00001 

  FAD 10mM 3A 5.08 ± 1.98 p < 0.00001 

  Bile salts 10mg 3B 14.90 ± 0.72 p < 0.00001 

NuoX/NuoY FAD 10mM 3A 5.03 ±  1.07 p < 0.00001 

  Bile salts 10mg 3B 10.08 ± 1.37 p < 0.00001 

 

The TCA array assisted in the identification of potential targets confirming protein 

interaction with some of the substrates used for this assay. Figure 5.5 shows the 

binding profile of the proteins tested with the substrates used.    

In order to analyze the TCA array data a cut-off of the mean background was defined 

as the average of background plus three standard deviations. The statistical analysis in 

every experiment showed that the binding was significantly greater than background 

as p < 0.0001. After analysis the results showed that the TCA array hybridization with 

His-NuoX and His-NuoY proteins identified an interaction with different potential 

substrates. The His-NuoX protein showed binding to FAD (3A) and Bile salts (3B and 

4B) with the fold increase in fluorescence greater than mean background. The His-
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NuoY showed binding to FAD (3A), Malate (1F and 1G), Lactate (1C and 2C) and 

Bile salts with the fold increase in fluorescence greater than mean background. 

When His-NuoX and His-NuoY were mixed to allow for potential heterodimer 

formation, using a concentration of 100 µg/mL of each, they only showed binding to 

FAD (3A) and Bile salts (3B and 4B) with the fold increase in fluorescence greater 

than mean background. The use of this technique identified possible substrates when 

both proteins were present and the results indicated that FAD (3A) was strongly 

recognised by His-NuoX His-NuoY and the mixture of both proteins.  

 

Figure 5.5 Comparison of the binding profiles showing His-NuoX (blue), His-NuoY 
(pink) and His-NuoX/His-NuoY (green) with the substrates tested (see Table 5.1) 

This figure shows the binding profiles of His-NuoX represented in blue, His-Nuo Y 
represented in pink and the mixture of both proteins represented in green. Red line is 
showing the cut-off of the average background plus three standard deviations. 

 

The results obtained are shown in Figure 5.5 with the binding profiles of His-NuoX 

alone (blue), His-NuoY alone (red) and the mixture of His-NuoX/His-NuoY proteins  
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(green), for each putative ligand. FAD (3A) in all cases showed strong binding to the 

proteins His-NuoX and His-NuoY alone or when mixed together.   
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5.2.2 Saturation Transfer Difference Nuclear Magnetic Resonance (STD-NMR) 

Spectroscopy of NuoY 

STD-NMR spectroscopy was used to further verify the protein-ligand interactions that 

were identified from the TCA-array.  All NMR experiments were performed as 

described in Materials and Methods section 2.8. 1H NMR spectra for each of the 

compounds under investigation were acquired and used as reference spectra; a 1H 

NMR spectrum of the His fusion protein was also acquired as a control spectrum. 

STD spectra were acquired with ligand only and protein only. These spectra served as 

controls to ensure that any signals observed in the ligand:His-NuoY STD spectrum 

resulted solely due to ligand binding to His-NuoY. The STD NMR spectrum was 

obtained by superimposing the on-resonance and off-resonance spectra and then 

performing a subtraction of these spectra. 

STD-NMR spectroscopy was not performed for His-NuoX protein because the size of 

this protein was a limiting factor (11.3 kDa and 75 amino acids residues), making the 

protein unsuitable for STD-NMR analysis.  

The His-NuoY protein is a larger protein with a molecular weight of 26 kDa and 227 

amino acids residues. The His-NuoY protein was prepared as described in Materials 

and Methods section 2.8 with different compounds to determine the interactions by 

STD-NMR.  

The compounds tested were FAD, NAD+, lactate, malate and fumarate as shown in 

Table 5.3.  
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Table 5.3 Showing the compounds and their formulas used by STD-NMR 

Compound Name Structure M.W 

Flavin Adenine 

Dinucleotide (FAD) 

 

829.51 

Nicotinamide Adenine 

Dinucleotide (NAD
+
) 

 

685.41 

Fumarate 

 

!"#$#% 

Malate 

 

156.07 

Lactate 

 

112.06 &

 

 

 

NuoY Protein 
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NuoY Protein 

As a control a STD NMR experiment of the NuoY protein was performed. The STD 

NMR spectrum of NuoY protein was performed at 600 MHz and 288 K. Figure 5.6 A 

shows the 1H NMR spectra of NuoY protein.  Figure 5.6 B shows the difference 

spectrum obtained when the off resonance spectrum was subtracted from the on 

resonance spectrum to give the STD NMR spectrum. The STD spectrum of NuoY 

clearly shows no significant resonances. 

 

 

Figure 5.6 STD NMR spectrum of NuoY protein 
 
                                     A) 1H NMR  Spectrum  and  B) STD difference spectrum 
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FAD 

Shown in Figure 5.7 A is the 1H NMR spectrum of FAD with resonance assignments.  

The aromatic protons of the adenine (7.71 and 8.19 ppm) and flavin (7.42 and 7.49 

ppm) moieties appear between 7.4 to 8.2 ppm.  The anomeric proton of the ribose ring 

appears at 5.7 ppm and the other ring protons of the ribose and the ribitol signals are 

located between 3.5 – 5.0 ppm.  The methyl resonances attached to the flavin group 

are found in the aliphatic region of the spectrum ~ 2.2 ppm   

 

 

 

Figure 5.7  1H NMR  Spectra (600 MHz, 288 K) of NuoY protein in presence of  FAD 
A)1H NMR  Spectrum  and  B) STD difference spectrum
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The STD NMR spectrum of NuoY protein and 200 equivalents of FAD as the binding 

ligand was performed at 600 MHz and 288 K. Figure 5.7 A shows the 1H NMR 

spectra of FAD.  Figure 5.7 B shows the difference spectrum obtained when the off 

resonance spectrum was subtracted from the on resonance spectrum to give the STD 

NMR spectrum. The STD spectrum of NuoY and FAD clearly shows FAD protons 

interacting with NuoY.  Interestingly, the relative intensities of the resonances in the 

off resonance spectrum are not the same as the intensities of the signals in the STD 

spectrum suggesting that NuoY interacts with greater or lesser affinity at some 

regions of the FAD molecule. This is most evident in the aromatic resonances of the 

flavin ring that are of greater intensity than the aromatic resonances of the adenine 

moiety (in contrast to those seen in the off resonance spectrum) suggesting that the 

flavin portion of FAD interacts more strongly with NuoY than the adenine portion.
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NAD+ 

Shown in Figure 5.8 A is the 1H NMR spectrum of NAD+ with resonances assigned.  

The aromatic protons of the adenine (6.7 and 8.5 ppm) and nicotinamide (8.5 ppm) 

moieties appear between 6.7 to 8.5 ppm.  The anomeric protons of the ribose rings 

appear at 5.7-6.0 ppm and the other ring protons of the ribose are located between 3.7- 

4.7  ppm.  

 

 

 

 

Figure 5.8 1H NMR  Spectra (600 MHz, 288 K) of NuoY protein in presence of  NAD+ 
 

A)1H NMR  Spectrum  and  B) STD difference spectrum 
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Figure 5.8 A shows the 1H NMR spectra of NAD+. Figure 5.8 B shows the STD 

difference spectrum obtained when the off resonance spectrum was subtracted from 

the on resonance spectrum. 

The STD spectrum of NuoY and NAD+ clearly shows NAD+ protons interacting with 

NuoY.  Interestingly, the relative intensities of the resonances in the off resonance 

spectrum are not the same as the intensities of the signals in the STD spectrum 

suggesting that NuoY interacts with greater or lesser affinity at some regions of the 

NAD+ molecule. Both the adenine and nicotinamide aromatic rings of NAD+ appear 

to be interacting with NuoY since they both show intensity in the STD difference 

spectrum as shown in Figure 5.8 B. 
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Fumarate 

Shown in Figure 5.9 A is the 1H NMR spectrum of fumarate with the proton on the 

double bond resonating at 6.35 ppm. The STD NMR spectrum of NuoY protein and 

200 equivalents of fumarate as the binding ligand was performed at 600 MHz and 288 

K. Figure 5.9 A shows the 1H NMR off resonance spectrum of NuoY and fumarate.  

Figure 5.9 B shows the difference spectrum obtained when the off resonance 

spectrum was subtracted from the on resonance spectrum to give the STD spectrum.  

 

 

Figure 5.9  1H NMR  Spectra (600 MHz, 288 K) of NuoY protein in presence of  
Fumarate 

 

A)1H NMR  Spectrum  and  B) STD difference spectrum 
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The STD spectrum of NuoY and fumarate clearly shows the fumarate protons 

interacting with NuoY.  

 

Malate 

The 1H NMR of malate is shown in Figure 5.10. The methylene protons (CH2) of 

malate appear at 2.692/2.550 ppm and the methine (CH) at 4.283 ppm. 

 

CH
2
 

CH
2
 

 

Figure 5.10  1H NMR  Spectra (600 MHz, 288 K) of NuoY protein in presence of  Malate 
 

A) 1H NMR  Spectrum  and  B) STD difference spectrum 
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The STD NMR spectrum of NuoY protein and 200 equivalents of malate as the 

binding ligand was performed at 600 MHz and 288 K. Figure 5.10 A shows the off 

resonance spectrum of NuoY and malate.  Figure 5.10 B shows the difference 

spectrum obtained when the off resonance spectrum was subtracted from the on 

resonance spectrum to give the STD spectrum. The STD spectrum of NuoY and 

malate clearly shows the malate protons interacting with NuoY.  

Lactate 

The 1H NMR of lactate is shown in Figure 5.11. The methyl protons (CH3) of lactate 

appear at 1.182 ppm and the methine (CH) at 3.965 ppm. The STD NMR spectrum of 

NuoY protein and 200 equivalents of lactate as the binding ligand was performed at 

600 MHz and 288 K. 

CH
3
 

 

Figure 5.11  1H NMR  Spectra (600 MHz, 288 K) of NuoY protein in presence of  
Lactate 

A)1H NMR  Spectrum  and  B) STD difference spectrum 
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The difference STD NMR spectrum showed no signals attributable to lactate 

suggesting that lactate either did not bind His-NuoY or that the binding affinity 

between lactate and NuoY is too high and is therefore not detectable by this method. 
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5.2.3 SPR 

All SPR experiments were carried out twice using a freshly purified batch of protein 

every time to ensure the stability of the protein in each experiment. The methodology 

for all SPR experiments is described in Materials and Methods section 2.10. As NuoX 

and NuoY proteins in the TCA array assays bound bile salts, bile salts were used as a 

trial control analyte for SPR analysis. Bile salts are a mixed analyte and so can only 

be used as control. Affinities observed for interactions with bile salts in SPR will be 

lower than any interactions for single analytes. Bile salts showed low affinity in the 

SPR analysis with only millimolar binding observed (Table 5.5). The combination of 

NuoX or NuoY proteins and Bile salts yields the highest signals in the sensorgrams 

free of artifacts. An example of these sensorgrams are shown in Figure 5.12 and 

Figure 5.13 showing the data obtained from Bile salts (used as analyte) and the NuoX 

and NuoY proteins (used as ligand) respectively. The analytes used are described in 

Table 5.4, which shows the molecular weight, RU and the predicted Rmax. Each 

analyte was used in different concentrations to reveal the specific KD  (Molar) (Table 

5.5). Two analytes (lactate and malate) were only performed once due to the 

precipitation of the compounds during the SPR experiment. 
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Table 5.4  Molecular weight, RU and predicted Rmax for each compound used 
to test the affinity using His-NuoX and His-NuoY by SPR 

Compound MW RU Predicted 

Rmax 

NuoX protein/ 11.3 kDa 

Bile Salts 430.6 2,624.4 100 

FAD 829.51 1, 362.3 100 

NAD+ 685.4 165.16 100 

NADH 663.4 1,703.5 100 

NADP+ 765.39 1,476.38 100 

Lactate 112.06 10,083.89 100 

Malate 156.07 7,243.75 100 

NuoY protein/ 26 kDa 

Bile salts 430.6 6,038.64 100 

FAD 829.51 3,134.7 100 

NAD+ 685.4 3,793.48 100 

NADH 663.4 3,920.03 100 

NADP+ 765.39 3,397.89 100 

Lactate 112.06 23,201.85 100 

Malate 156.07 16,666.66 100 
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Table 5.5 Actual RU, actual Rmax and average KD for each compound tested 
with His-NuoX and His-NuoY by SPR 

Compound MW Actual 

RU 

Actual 

Rmax 

KD (rep 1) 

M 

NuoX protein/ 11.3 kDa 

Bile Salts 430.6 2,624.4 169.4 ± 69 0.014051 

FAD 829.51 1, 362.3 27.4 ± 0.54 1.425 X 10-5 

NAD+ 685.4 165.16 0.8 ± 0.098 0.3475 X 10-6 

NADH 663.4 1,703.5 3.69 ± 0.16 4.032 X 10-7 

NADP+ 765.39 1,476.38 4.23 ± 0.69 4.861 X 10-8 

NuoY protein/ 26 kDa 

Bile salts 430.6 6,038.64 408.1 ± 35 0.004669 

FAD 829.51 3,134.7 0.6 ± 0.091 1.168 X 10-8 

NAD+ 685.4 3,793.48 5.75 ± 0.001 4.887 X 10-6 

NADH 663.4 3,920.03 169.4 ± 69 4.775 X 10-7 

NADP+ 765.39 3,397.89 169.4 ± 69 5.868 X 10-7 

 

 

Figure 5.12 Sensorgram of NuoX and Bile salts at different concentrations 
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Figure 5.13 Sensorgram of NuoY and Bile salts at different concentratios 
 

Figure 5.12 and 5.13 are showing: A. Preinjection baseline, B association phase and C injection ends 
and dissociation is observed back to baseline levels. 

 

The compounds analysed using SPR were NAD+, NADH, NADP+ and FAD. These 

compounds were used as analytes at different concentrations from 10 nM to 1000µM. 

The ligands (NuoX and NuoY) were always used at 100 µg/µL. 

When lactate and malate were used it was found that their small molecular weight 

required concentrations that produced precipitation immediately after injection and 

consequently blocking of the chip. Therefore lactate and malate binding to NuoX or 

NuoY could not be analyzed by SPR.  

A plot of the equilibrium response of ligand and analyte is calculated as the average 

of the response values versus the log of the sample concentration in molar.  The KD is 



TCA array, Nuclear Magnetic Resonance and Surface Plasmon Resonance                               Chapter 5 

Lirio I. Calderon-Gomez 141 

taken as the ratio of the off-rate divided by the on-rate and KD is derived from the fit 

in the plot. 

Examples of SPR using His-NuoX and His-NuoY ligands and NAD+ as an analyte 

are showed in Figure 5.14 and 5.15 respectively showing the specific  KD. 

 

Figure 5.14 His-NuoX protein (ligand) with NAD+ analyte 

 

 

Figure 5.15 His-NuoY protein (ligand) with NAD+ analyte 
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The SPR results showed that His-NuoX protein had the highest affinity for NADP+ 

while His-NuoY protein showed the highest affinity with FAD although both proteins 

showed affinity to the other compounds tested. When His-NuoX and His-NuoY were 

tested in a mixture the only affinity observed was with FAD, but this has to be 

verified and standardize using the NTA chip.   
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5. 3 Discussion 

This study was designed to identify the binding capability and interactions between 

the purified proteins NuoX and NuoY from C. jejuni and previously reported 

compounds from the TCA cycle (Carlone, et al., 1982, Hoffman, et al., 1982). This 

was to be achieved through the use of highly purified and biologicaly active 

Campylobacter proteins from an E. coli host and by the development and use of 

powerful techniques like TCA-microarrays, STD NMR spectroscopy and SPR.  

The microarray principle was utilized for the development of the TCA array. 

Microarrays are a technique that has been used to study glycans, amino acids and 

lectins (Arndt, et al., 2011, Hartley-Tassel, et al., 2010) previously. In this study the 

technology was modified in order to show ligand-binding interactions between the 

purified protein and the previously reported TCA compounds that participate in the 

respiration cycle of C. jejuni (Carlone, et al., 1982, Hoffman, et al., 1982).  

Initial testing of the TCA-array technique was done using an already characterized 

protein. The protein chosen was human glutathione reductase as it and its non-

neutralising antibody are commercially available and known to be active for both 

binding and enzymatic assays. The TCA array identified each of the known 

interactions for this protein showing that the TCA-array is a viable technique for the 

identification of protein-ligand interactions for proteins of the citric acid cycle. 

The TCA array used bile salts as the positive control due to previous findings of 

strong binding and interaction by whole C. jejuni cells (Hugdahl, et al., 1988) and the 

likelihood that bile salts contain molecules from the citric acid cycle. All data was 

compared to negative control spots consisting of PBS, equivalent to the solution that 



TCA array, Nuclear Magnetic Resonance and Surface Plasmon Resonance                               Chapter 5 

Lirio I. Calderon-Gomez 144 

was used to dissolve the TCA components. These negative control spots were used as 

the background for statistical analysis. 

The TCA array identified FAD as the ligand for both NuoX and NuoY supporting 

previous speculation (Hoffman, et al., 1982) that C. jejuni does not use NAD as its 

primary source of electrons. NuoY also showed binding to malate and lactate. 

Interestingly, more interactions were observed in NMR and SPR analysis as explained 

below indicating that the array did not identify all binding partners. This may be due 

to the affinity/kinetics of the interactions.  

NuoY bound to FAD, malate and lactate on the TCA array. SPR confirmed affinity of 

FAD, NAD+, NADH, and NADP+ to NuoY. STD-NMR analysis of the ligand-

binding interaction between NuoY and the identified TCA compounds indicated a 

strong binding interaction to FAD, NAD+, fumarate, malate but not lactate. These 

results were the first confirmation of an interaction between NuoY and FAD. 

Fumarate binding to NuoY was also detected by STD-NMR to NuoY confirming 

previous findings that it is the terminal acceptor instead of oxygen (Carlone, et al., 

1982, Smith, et al., 2000). Even though lactate is known to be catabolized by C. jejuni 

via fermentative pathways (Mendz, 1994, Mendz, et al., 1995) it did not show any 

binding to NuoY by STD-NMR, however, the possibility that it does participate in the 

respiration of C. jejuni cannot be ruled out.   

SPR analysis revealed that FAD had the highest affinity to NuoY allowing for a 

speculation that FAD could be a substrate for NuoY in vivo. If this is the case, then 

the TCA array results could mean that NuoY without a proton donor and an oxidised 

FAD bound does not allow the enzymatic process to proceed resulting in a more 

stable interaction or inability to disassociate. That is, NuoY could not convert FAD to 
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FADH2 and as such the binding on the array was observed. This same lack of 

processing may have been the reason why binding to potential proton donors were 

observed on the TCA array, such as malate and lactate, while the likely primary 

donor, fumarate, was not seen. This indicates that NuoY may have two binding 

pockets, one for FAD and one for proton donors. In E. coli subunit NuoF contains the 

NADH binding site (Friedrich, et al., 2004) which could explain the reactions with 

NAD+ containing molecules in NMR and SPR, which may not have resulted in long 

lasting binding to be identified on the TCA array. Malate, lactate and fumarate may 

therefore act as proton donors and either bind subsequently or together with FAD 

resulting in the transfer of protons to FAD, creating FADH2.  

NuoX only bound to FAD on the array but showed a more diverse interaction in SPR 

like that observed for NuoY. The lack of interaction with NAD+ compounds on the 

array may be due to the fast enzyme kinetic reaction and the affinity observed. As was 

mentioned before, TCA array analysis requires more stable and durable reactions than 

the ones required for STD-NMR or SPR.  As in other bacteria, subunit NuoE is 

probably involved in binding NADH (Finel, 1998) in C. jejuni NuoX may actually be 

processing the NADH and NADPH to NAD+ and NADP+ on the array. This would 

result in release of the molecule and it would be unlikely to maintain a long term 

binding on the TCA array.  

When His-NuoX and His-NuoY were tested together by TCA array or SPR FAD 

showed the greatest affinity. In this work FAD appears to be the molecule utilized by 

these C. jejuni proteins for the citric acid cycle. The fact that in SPR NuoX has better 

binding capacity for NADH and NADP+, raises the possibility that C. jejuni uses this 

as an advantage to allow scavenging of energy from the host cell during infection. It 

also gives the possibility that NuoX may have a higher affinity for FADH2 than that 
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seen for NADH or NADP+ just like NuoY for FAD. Unfortunately FADH2 is not 

commercially available and therefore it could not be tested. Lactate and malate could 

not be confirmed by SPR as precipitation occurred when tested. 

This finding reopens the possibility that C. jejuni is able to use oxygen as terminal 

acceptor, but not growing or growing poorly when in contact with oxygen by the use 

of both NAD+ and FAD in the respiratory cycle. However, this hypothesis requires 

experimental verification. 

The polypeptides encoded by nuoX  and nuoY  of C. jejuni may enable one or several 

cytosolic proteins to attach to the NDH-1complex as proposed previously by Smith 

(Smith, et al., 2000). If NADH were the electron donor, it would be expected that 

these binding proteins would possess similar elements to those NuoE and NuoF 

subunits, namely NADH and FMN binding domains, and Fe-S centres (Smith, et al., 

2000). In an analogous way, NAD(P)H oxidoreductases may be able to feed electrons 

into the electron transport chains of C. jejuni. Another possibility is that C. jejuni 

proteins encoded in lieu of subunits E and F may act as binding sites for substrates 

other than NADH (Smith, et al., 2000). 

The findings in this chapter suggested that the tested compounds may be necessary for 

survival and growth under microaerobic conditions, highlighting FAD as the 

compound that plays the main role in the TCA cycle for C. jejuni. Inhibition of these 

subunits will interrupt the electron flow in the respiratory chain of this microaerophilc 

pathogen providing a target with possible bactericidal effects, as shown by the 

essential nature of NuoX and NuoY, which could lead to the potential development of 

new antibiotics that would inhibit the electron input domain of C. jejuni NDH-I. 
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6.1 Introduction  

The genome sequence of C. jejuni codes for respiratory components that can utilise 

different electron donors and acceptors in a branched electron transport chain 

(Parkhill, et al., 2000). Complex I is one of these components in C. jejuni and shows a 

conserved order of 14 genes, similar to other bacteria (Smith, et al., 2000, Weerakoon, 

et al., 2008). However in C. jejuni, the nuoE and nuoF genes have been replaced with 

two genes of unknown function (Cj1575c and Cj1574c, also known as nuoX and 

nuoY ) (Parkhill, et al., 2000, Smith, et al., 2000). These two novel genes have been 

identified as electron acceptors in the respiratory chain (Smith, et al., 2000, 

Weerakoon, et al., 2008). In this study, we postulate that these two genes are essential 

for C. jejuni survival and we aimed to characterise their role in the respiratory chain 

by generating isogenic mutant strains for comparative analysis. Creation of isogenic 

mutants is an extensively used method to determine potential gene function by 

analysing the effect of gene mutation on the bacteria. Many C. jejuni virulence factors 

such as iron acquisition (Palyada, et al., 2004), lipooligosaccharides (Fry, et al., 

1998), and motility and chemotaxis (Nachamkin, et al., 1993) as well as 

characteristics required for chicken intestinal colonisation (Hendrixson, et al., 2004) 

have been investigated using deletion mutants. The kanamycin (aph(3’)-III) resistance 

gene is often used for the creation of isogenic constructs in C. jejuni. 

Many C. jejuni genes are organised into long tandem clusters, but genes within the 

cluster are often not functionally related and have individual control sequences 

(Parkhill, et al., 2000). The lack of well-defined promoter sequences in the C. jejuni 

genome is an acknowledged problem in the genetic analysis of Campylobacter spp. 

(Wosten, et al., 1998). The insertion of an antibiotic resistance gene within the open 

reading frame (ORF) of the genes nuoX and nuoY  may cause a polar mutation effect 
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by inactivating genes downstream from the insertion point. In an attempt to 

circumvent this effect, both promoter-less and promotered kanamycin resistance 

cassette constructs were used in this study.  

Kanamycin (aph(3’)-III) resistance cassettes expressed in both E. coli and 

Campylobacter spp., have been previously used in site-specific mutations in 

Campylobacter genes and in the creation of suicide constructs in E. coli (Yao, et al., 

1993).  

This chapter describes attempts to generate an isogenic mutant of nuoX and nuoY  

aimed at initial characterisation of these genes and their function. 
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6.2 Results 

6.2.1 Primer Design and Amplification of Nuo X and NuoY 

Forward and reverse primers for amplification of the genes nuoX  and nuoY  were 

designed for each gene based on the sequence of C. jejuni strain NCTC 11168 

published by the Sanger Institute (Parkhill, et al., 2000). Due to the small size of these 

genes and in order to subsequently facilitate double crossover into the C. jejuni 

genome, flanking regions, located upstream and downstream of each gene were 

included (Figure 6.1) (Table 6.1). It has been previously reported that C. jejuni 

requires minimum of 202 bp homologous DNA for a successful cross-over event and 

incorporation of foreign DNA into the genome (Wassenaar, et al., 1993). 

 

 

Figure 6.1 Schematic representation of the strategy used to amplify the nuoX and nuoY 
genes of C. jejuni via PCR 
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Table 6.1 Size of nuoX and nuoY genes and flanking regions 

Gene name Gene size Downstream Upstream PCR product 

nuoX 228bp 269bp (NuoY ) 441bp (NuoD) 938bp 

nuoY  689bp 313bp (NuoG) 122bp (NuoX ) 1124bp 

 

The genes nuoX  and nuoY  were amplified from the genomic DNA of C. jejuni strain 

11168 (Figure 6.2). Positive (C. jejuni NTCT 11168) and negative (no template) 

controls were always included in PCR reactions.  PCR amplification was performed 

as described in Materials and Methods Section 2.5.8.3 using standard protocols. 

 

 

Figure 6.2 Agarose gel electrophoresis showing products of the PCR amplification of 
nuoX and nuoY 

A.  Lane 1, 1 Kb DNA ladder; Lane 2, PCR amplification of gene nuoX showing the 938 bp amplicon; 
Lane 3, Negative control (no DNA template) 
B.  Lane 1, 1 Kb DNA ladder; Lane 2 and 3, PCR amplification of gene nuoY showing the 1124bp 
amplicon; and Lane 4, Negative control  (no DNA template). 
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6.2.2 Cloning of nuoX and nuoY genes from C. jejuni 11168 into pGEM®-T 

Easy vector 

The PCR products generated for nuoX  and nuoY  from strain C. jejuni 11168 were 

cloned into the pGEM®-T Easy vector (Promega) using standard cloning protocols as 

described in Materials and Methods Section 2.6. Competent E. coli DH5α host cells 

were prepared and transformed with the two respective recombinant plasmids.   

Putative clones were selected by growth on media containing ampicillin and by 

blue/white selection. White colonies were selected as they potentially harbor pGEM®-

T Easy recombinant plasmid DNA.  The integrity of the recombinant plasmids was 

initially determined by PCR screening using gene specific primers and the T7/SP6 

primer sets (all described in Materials and Methods Chapter 2). The T7/SP6 primers 

were used to detect any possible rearrangements within the plasmid’s multiple cloning 

site. Genomic DNA from C. jejuni strain 11168 was used as a positive control to 

verify the size of the amplified product when used with gene-specific primer set. The 

PCR assay of recombinant plasmids using nuoX  and nuoY  specific primers amplified 

a fragment of 938 bp and 1,224 bp respectively from selected clones (Figure 6.3 

shows the nuoX results).  PCR using the pGEM®-T Easy specific T7/SP6 primers 

amplified part of the flanking regions of the multiple cloning site in addition to the 

cloned inserts producing 1,083 bp and 1,374bp for the nuoX  and nuoY  genes 

respectively. The amplified fragments were approximately 150 bp larger than the PCR 

fragments amplified with the C. jejuni specific primers as was expected. 

The complete sequences of nuoX  and nuoY  from C. jejuni 11168 were obtained and 

analyzed using the Chromas program. Sequence analysis using BLAST (Atschul, et 

al., 1997) of nuoX  and nuoY  showed 100% identity with the published sequence of C. 

jejuni strain 11168. Using the complete sequences of the genes nuoX  and nuoY  
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restriction enzyme maps of the recombinant plasmids (pGU0404 and pGU0405) were 

generated by pDRAW32 software programs (Appendices F and G). 

 

Figure 6.3 Agarose gel electrophoresis showing the inserts present in the selected 
recombinant plasmids 

Lane 1. 1Kb DNA ladder. Lanes 2, 3, 6 unsuccessful amplification with gene-specific primers. Lane 4 
& 5: Successful amplification of nuoX clones using gene-specific primers (938 bp). Lanes 9 & 10: 
Unsuccessful amplification using plasmid specific primers. Lanes 11&12. Successful amplification of 
nuoX clones using T7/SP6 primers (1,083bp). Lane 13, 150 bp product amplified using T7/SP6 specific 
primers. Lanes 7 and 14: Negative control using gene-specific primers.  



Mutagenesis of nuoX and nuoY                                                                                                    Chapter 6 

Lirio I. Calderon-Gomez 154 

6.2.3 Mutagenesis  

6.2.3.1 Strategy for positioning mutation sites to circumvent potential polar 

effects resulting from insertion of an antibiotic resistance cassette within 

ORF of nuoX and nuoY 

Suicide plasmids for nuoX and nuoY mutagenesis needed to be prepared to enable 

insertion of an antibiotic resistance gene within the open reading frames of nuoX and 

nuoY leaving between 122 bp and 441 bp nuoX and nuoY DNA on each side of 

antibiotic resistance gene (Table 6.1) insertion site to maximise the chances for a 

successful cross-over event and incorporation of gene plasmid DNA into the C. jejuni 

genome. The insertion of the antibiotic cassettes may potentially create polar 

mutations by inactivating downstream genes. To minimise the possibility of polar 

mutations, two different KmR gene cassettes were used, one with and one without a 

promoter (Figure 6.4). The transcriptional termination signal was removed from both 

cassettes to prevent disassociation of RNA polymerase during the transcription 

process. 

 

 

Figure 6.4 Schematic presentation of the two different antibiotic resistance gene 
constructs used for creation of the suicide plasmids for nuoX and nuoY mutagenesis 

(1) Promoter-less aph(3’)-III (Klipic, 2010), (2) aph(3’)-III gene including aph(3’)-III gene promoter 
(Klipic, 2010). 
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Due to the fact that mutagenesis of nuoX  and nuoY  was performed in similar manner 

for both, mutagenesis of only one gene, nuoX, is described in this chapter. The 

outcome obtained for nuoY  was identical to nuoX .  

 

6.2.3.2 Construction of the suicide plasmid backbone for insertion of an 

antibiotic resistance cassette 

To create a suicide plasmid for mutagenesis of C. jejuni genome containing the nuoX 

gene interrupted by one of the antibiotic resistance cassettes, the previously created 

cloning intermediate pGU0404 was used. Inverse PCR (IPCR) was used to generate a 

linearized product for pGU0404 and to create a unique BglII restriction enzyme site 

within the nuoX gene. The PCR primers used in this part of the study (Materials and 

Methods: Table 2.3) were designed based on the genome sequence of C. jejuni NCTC 

11168 and were positioned within the open reading frame of nuoX  to create a small 

deletion (26 bp) within the cloned Campylobacter DNA and included BglII restriction 

endonuclease sites at 5’ and 3’ termini of the primer sequences (Figure 6.5). The BglII 

restriction endonuclease recognition sequence and the 26 bp deletion were carefully 

positioned so that subsequent insertion of an antibiotic resistance cassette at the newly 

created BglII site within nuoX would be in frame with the start and stop codons of the 

NuoX.  
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Figure 6.5 Schematic diagram of inverse PCR primers position within pGU0404 plasmid 

 

The inverse PCR product was amplified using standard PCR conditions as stated in 

Chapter 2 (Figure 6.6). The new linearised plasmid previously digested with Bglll was 

then ligated and transformed into E. coli DH5α using standard protocols. E. coli 

colonies were screened to confirm the presence of the insert by PCR using nuoX 

gene-specific primers followed by plasmid purification and restriction enzyme digest 

of the new recombinant plasmid, termed pGU0511, to ensure the presence of the 

newly created BglII site.  

 

Figure 6.6 Amplification of the inverse PCR product using pGU0511 as a template 
                  Lane 1. 1 Kb DNA ladder, Lanes 2-5. Inverse PCR product of 3,922 bp 
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6.2.3.3 Using the promoter-less aph(3’)-III gene cassette to interrupt coding 

region of nuoX 

A Campylobacter-derived kanamycin resistance gene coding region (aph(3’)-III) is 

commonly used for mutagenesis of C. jejuni genes (Bleumink-Pluym, et al., 1999, 

Myers, et al., 2005). The insertion of the kanamycin resistance gene without its 

promoter and in frame with the start codon of nuoX is expected to result in co-

expression of the aph(3’)-III gene and nuoX without interruption of the expression of 

downstream genes. In order to construct the suicide plasmids, the kanamycin cassette 

was released from the plasmid pGU0706 (Klipic, 2010) (a promoter-less aph(3’)-III) 

by BglII digest and was subsequently ligated into the linearized pGU0511 plasmid, 

and transformed into E. coli DH5α using standard protocols (Materials and Methods; 

section 2.6.6).  

E. coli cells transformed with recombinant plasmid carrying promoter-less kanamycin 

cassette could not be recovered on media supplemented with kanamycin. Since the 

poor expression of the Campylobacter specific antibiotic resistance gene in E. coli 

was previously reported (Alfredson, et al., 2005), in this study, transformed E. coli 

cells were grown on ampicillin supplemented media, utilizing the ampicillin 

resistance gene of the cloning vector for selection, to recover E. coli clones carrying 

the recombinant plasmid DNA (Materials and Method; Section 2.5.1). Ampicillin 

resistant colonies were subsequently recovered and recombinant plasmid DNA 

purified. The new suicide plasmid was then cleaved using NotI restriction enzyme to 

confirm the insertion of the promoter-less kanamycin cassette within the nuoX 

(Figure 6.7). The expected product was 1,838 bp fragment containing the promoter-

less aph(3’)-III and nuoX  gene and 2,895 bp fragment containing the pGEM®-T Easy 

vector.  The plasmid construct was named pGU0524. 
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Figure 6.7 Agarose gel electrophoresis showing NotI restriction enzyme digest of  
pGU0524 

Lane 1, 1 Kb DNA ladder; Lanes 2 and 3 not related with this experiment; Lane 4. pGU0524 after 
digestion with NotI showing the confirmation of the new plasmid construct (2,895 bp and 1,838 bp). 

 

Mutagenesis of nuoX  gene was then attempted by transformation of the pGU0524 

plasmid into C. jejuni NCTC 11168 using natural transformation and electro-

transformation methods (Materials and Methods; Section 2.6). Despite numerous 

attempts to create isogenic mutants of nuoX  these procedures failed to produce viable 

C. jejuni colonies. To ensure that the transformation and integration procedure were 

successful, the ability of recipient cells to integrate C. jejuni DNA contained in a 

suicide vector was measured in each case by transforming C. jejuni cells with the  

pBF6A vector (Bleumink-Pluym, et al., 1999), a suicide vector constructed by 

inserting the flail and flaB genes of C. jejuni 81116 separated by a kanamycin 

resistance gene cassette in the pBluescript vector. In every instance, pBF6A 

transformation produced kanamycin resistant C. jejuni colonies, confirming that  

integration could be achieved. 
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6.2.3.4 Using the promoted aph(3’)-III gene cassette to interrupt coding region of 

nuoX 

The insertion of the promoted kanamycin resistance gene within an ORF would 

enable independent expression of the aph(3’)-III gene ensured by the presence of the 

aph(3’)-III gene  promoter sequence,  and thus ensuring the kanamycin resistant 

phenotype in the case of a successful cross-over event. To reduce the possibility of 

creating a polar effect, which could affect the expression of genes downstream from 

the cassette insertion, aph(3’)-III with its promoter transcriptional termination signal 

was removed as described above. The possibility of up-regulated expression of distal 

genes due to a presence of a strong aph(3’)-III promoter, was taken into account in 

subsequent analysis. 

In order to construct the suicide plasmids, the kanamycin cassette was released from 

the pGU0509 plasmid (Klipic, 2010) (a fully functional aph(3’)-III including 

promoter region)  by BglII digest. Released cassettes were ligated into the linearized 

pGU0511 BglII plasmid and transformed into E. coli DH5α using standard cloning 

protocols (Materials and Methods; section 2.6.6). Recombinant plasmid DNA was 

isolated from E. coli cells (Materials and Method; Section 2.5.1). NotI restriction 

enzyme cleavage of the newly created suicide plasmid was used to confirm the 

insertion of the promoted kanamycin cassette within the nuoX (Figure 6.8). The 

expected products were 2,024 bp fragment containing the promoted aph(3’)-III and 

nuoX  gene and 2,895 bp fragment containing the pGEM®-T Easy vector.  The 

plasmid construct was named pGU05026. 
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Figure 6.8 Agarose gel electrophoresis showing NotI restriction enzyme digest of  
pGU0526 

Lane 1, 1 Kb DNA ladder; Lane 2, pGU0526 after digestion with NotI showing the confirmation of the 
new plasmid construct (2,895 bp and 2,024 bp). 

 

Mutagenesis of nuoX  gene was attempted by transformation of pGU0526 plasmid 

into C. jejuni NCTC 11168 using natural transformation and electro-transformation 

methods (Materials and Methods; Section 2.6). Despite numerous attempts to create 

isogenic mutants of nuoX  these procedures failed to produce viable C. jejuni colonies. 

To ensure that the transformation and integration procedure was successful, the ability 

of recipient cells to integrate C. jejuni DNA contained in a suicide vector was 

measured in each case by transforming C. jejuni cells with pBF6A vector (Bleumink-

Pluym, et al., 1999), a suicide vector constructed by inserting the flaA  and flaB genes 

of C. jejuni 81116 separated by a kanamycin resistance gene cassette in the 

pBluescript vector. In every instance, pBF6A transformation produced kanamycin 

resistant C. jejuni colonies, confirming that the integration method was successful. 

In summary, the mutagenesis of nuoX and nuoY  genes was attempted using two 

different suicide plasmids, both of which contain a mutated copy of nuoX and nuoY  

genes by promoter-less aph(3’)-III and promoted aph(3’)-III cassettes (Table 6.2). The 

plasmids were transformed into C. jejuni NCTC 11168 using natural transformation 
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and electro-transformation. Many attempts to generate an isogenic mutant by each 

method failed to produce viable C. jejuni colonies. The control plasmid pBF6A, also 

used to transform C. jejuni cells during every transformation attempt, produced 

kanamycin resistant C. jejuni colonies. 

Table 6.2 Suicide vectors used for mutagenesis of nuoX and nuoY 

Recombinant 

suicide plasmid 

name 

Promoter region 

included 

Mutated by Mutagenesis of 

C. jejuni 

pGU0524 (nuoX ) None aph(3’)III Unsuccessful 

pGU0525 (nuoY ) None aph(3’)III Unsuccessful 

pGU0526 (nuoX ) Paph(3’)III aph(3’)III Unsuccessful 

pGU0527 (nuoY ) Paph(3’)III aph(3’)III Unsuccessful 

 

6.2.4 Strategy for analysis of non-recoverable isogenic mutants during C. jejuni 

transformations 

Insertional inactivation of the gene may result in the lack of recoverable isogenic 

mutants when the gene is essential for bacterial survival. To confirm that the lack of 

recovery of the isogenic mutants for genes nuoX  and nuoY  was a result of a lethal 

mutation, and not a technical error, the possibility of a non-recoverable cross-over 

event needed to be explored. Therefore, following the natural transformation 

procedure, the transformation mixture (competent cells and DNA) was subjected to 

treatment with DNase. The DNase treatment ensured elimination of residual plasmid 

DNA that had not been transformed into a live cell. Thus, the bacterial cells 

potentially transformed with the suicide plasmid could be assessed. Different 

combinations of primers were used to analyze the transformation mix. These primers 

were: the gene-specific primers and antibiotic resistance gene cassette specific 
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primers (Table 6.3) which would make it possible to confirm a successful integration 

event (Figure 6.9). 

 

Figure 6.9 Schematic representation of positions of a primer pair used for confirmation 
of a double cross-over event of the promoted aph(3’)-III gene cassette with the nuoX 

gene 
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Table 6.3 Primer combination using gene-specific primers from nuoX and 
antibiotic specific primers showing the expected products with 
each combination 

Primers Expected product 

1. Gene-specific forward X located in nuoD gene + 
Gene-specific reverse X located in nuoY  gene 

1,904 bp 

2. Gene-specific reverse X located in nuoY  gene + 
Kanamycin forward 

1,452 bp 

3. Gene-specific forward X located in nuoD gene + 
Kanamycin reverse 

1,452 bp 

4. Kanamycin forward + kanamycin reverse 1,000 bp 

5. Positive (11168, genomic DNA) 938 bp 

 

Following PCR using these primers sets, different products were amplified (Figure 

6.10). First of all when gene specific primers were used the expected product of 1,904 

bp was amplified. Secondly PCR products were amplified when specific primers of 

each cassette were used, the promoter-less aph(3’)-III or the promoted aph(3’)-III 

cassettes were amplified (Promoter-less data shown in Figure 6.10, promoted data not 

shown), indicating that the suicide plasmid was transformed into the C. jejuni cells.  

Also, a combination of gene specific primers and the antibiotic primers (described in 

Table 6.3) was expected to generate a product of 1,452 bp.  However, when primer set 

number 2 (Table 6.3) was used, although present on the original gel, this product 

could not be visualised in Fig 6.10. Nevertheless, a significant PCR product of the 

expected size was generated by primer set number 3 (Table 6.3) (Figure 6.10 lane 4). 

It should be noted that due to the nature of transformation mix, many non-specific 

products were also produced during this PCR reaction.   
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Figure 6.10 Agarose gel electrophoresis showing the different PCR products obtained 
after the Gene-specific primers and the promoted kanamycin primers 

Lane 1, 1 Kb DNA ladder; Lane 2, Gene-specific forward and reverse primers (1904 bp); Lane 3, 
Gene-specific forward and Kanamycin reverse primers (1452 bp); Lane 4, Kanamycin forward and 
Gene-specific reverse primers (1452 bp); Lane 5, Kanamycin forward and Kanamycin reverse (814 
bp); Lane 6, no template DNA (Negative control). 

 

Growth of the transformation mix containing the potentially mutated C. jejuni on 

selective media containing kanamycin yielded a few slow growing colonies. PCR 

analysis of these colonies showed that these did not contain aph(3’)III gene and were 

likely kanamycin resistant colonies arising due to spontaneous mutation and not due 

to the incorporation of the mutated gene into the C. jejuni genome. 

Due to the publication of Weerakoon and Olson (Weerakoon, et al., 2008) at this 

point of the experimentation, showing that the mutation of nuoY  and of nuoX, were 

lethal, which agreed with the results obtained in this study, no further attempts to 

create isogenic mutants or to prove the integration of recombinant plasmids were 

made.  
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6.3 Discussion 

In order to allow the functional analysis of unknown C. jejuni genes of nuoX and 

nuoY, it was necessary to generate insertionally inactivated mutants of these genes. 

Mutagenesis was attempted using the promoter-less aph(3’)-III and the promoted 

aph(3’)-III cassettes. This approach did not result in the creation of the isogenic 

mutants, indicating that inactivation of either nuoX or nuoY could be lethal for C. 

jejuni survival and that these genes may be essential for C. jejuni growth. These 

results are similar to those later publish by Weerakoon and Olson, who attempted to 

interrupt or delete the nuoY/X via allelic replacement, in addition to the other 12 genes 

of the Nuo operon. Though they were successful with the other 12 genes, attempts for 

nuoY inactivation were unsuccessful, except when a second copy of the nuoY was 

provided elsewhere in the genome (Weerakoon, et al., 2008). They did not attempt to 

interrupt nuoX individually and speculated that both genes may be essential for 

survival or viability of C. jejuni, while other genes in the operon are not, though they 

did not attempt to delete nuoY or nuoX individually to test this hypothesis. Weerakoon 

and Olson’s unsuccessful mutation of nuoY supports the findings of this study that 

interruption of nuoY gene is likely to be lethal for the C. jejuni. This was also 

supported in this study by the inclusion of methodological controls to investigate 

whether polarity issues, transformation, or integration issues could explain the 

obtained results.   

 

Firstly, two different approaches were utilised in order to circumvent potential 

polarity effect during the creation of nuoX and nuoY isogenic mutants. This study 

employed the two antibiotic resistance gene cassettes (promoter-less and promoted) to 

address this issue, though it needs to be considered that the absence of fully 

characterised promoter sequences and genes organised in an operon structure pose a 
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significant issue when constructing insertion gene inactivation in C. jejuni (Parkhill, 

et al., 2000). Despite the fact that these two cassettes were used, no isogenic mutants 

were obtained either for promoted or promoter-less cassettes, suggesting that polarity 

is not likely to be the reason for a lack of recovery of isogenic mutants. 

 

Secondly, by using two transformation methods (natural transformation and electro-

transformation) (Miller, et al., 1988, Wang, et al., 1990, Wassenaar, et al., 1993, 

Wilson, et al., 2003) and by using a positive transformation control (pBF6A) it was 

ensured that incorporation of the suicide plasmids into the C. jejuni cells occurred as 

expected. No isogenic mutants were obtained for either procedure in this study, 

however, each transformation procedure was evaluated by using the plasmid pBF6A 

as a positive control and to evaluate transformation efficiency for C. jejuni strains 

used in this study (Bleumink-Pluym, et al., 1999, Wassenaar, et al., 1993, Wilson, et 

al., 2003). The control plasmid produced kanamycin resistant C. jejuni colonies in 

every experiment confirming that C. jejuni cells used in the transformation were 

naturally transformable or electro-transformable as reported previously in the 

literature (Miller, et al., 1988), indicating that failure to recover isogenic mutants was 

not due to the transformation technique. 

Thirdly, integration issues were addressed by PCR analysis of the transformation mix. 

Utilisation of the different kanamycin gene-specific primers amplified the size of each 

cassette (814 bp promoter-less aph(3’)-III and 1000 bp promoted aph(3’)-III)  from 

the genome. This is due to the inability of suicide plasmids to replicate inside C. 

jejuni cell. When gene specific primers were used the expected product was also 

amplified. All this suggests that the mutated copy of the gene was present in 

transformed cells. 
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Finally, to ensure integration this study used at least 435 bp of homologous DNA to 

maximise the chances of a cross-over event occurring as previously Wassenaar 

reported (Wassenaar, et al., 1993) that 202 bp was the minimum number of 

homologous base pairs required for a successful cross-over event. 

  

Overall, it appears that although mutation of the nuoY and nuoX genes was not 

successful, polarity, transformation, and integration issues were unlikely to be the 

cause. These methodological controls and a concurrent study by Weerakoon and 

Olson suggest that the failure to produce nuoY and nuoX mutants is likely to be due to 

the fact that they are essential for C. jejuni viability and survival. Further studies, 

utilising partial diploids during an attempt to delete nuoY and nuoX individually to 

test this hypothesis, similar to the study reported by Weerakoon and Olson, could be 

implemented to further investigate whether these genes are truly indispensable in C. 

jejuni. If in fact these genes are essential for C. jejuni growth and survival they could 

provide novel targets for development of antimicrobial compounds for treating 

campylobacteriosis, the leading cause of gastroenteritis worldwide.   
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7.1 Introduction 

C. jejuni has a respiratory complex similar to other bacteria. The Nuo operon, NDH I 

or Complex I is currently the least understood component of the respiratory chain. In 

C. jejuni the atomic structure of complex I is not known and as a consequence, the 

mechanisms of proton pumping and electron transfer are also not established. 

Electron microscopy in other bacteria revealed that the bacterial NDH-1 has an L-

shaped structure with a peripheral fragment, connecting fragment and a membrane 

fragment (Figure 1.4). The peripheral fragment contains the NADH dehydrogenase 

fragment, which has been localized to NuoE, NuoF and NuoG (Dupuis, et al., 2001, 

Falk-Krzesinski, et al., 1998, Friedrich, 2001, Leif, et al., 1995). In the peripheral 

fragment of C. jejuni, two proteins have been replaced with two of unknown function 

(Smith, et al., 2000, Weerakoon, et al., 2008). The connecting fragment contains 

subunits NuoB, NuoC, NuoD, and NuoI (Di Bernardo, et al., 2001, Falk-Krzesinski, 

et al., 1998, Leif, et al., 1995, Yano, et al., 1999). In E.coli, the NuoC and NuoD 

subunits are fused (Braun, et al., 1998), while in C. jejuni, these are single subunits. 

The membrane fragment is comprised of the mitochondrial homologs (hydrophobic 

proteins) NuoA, NuoH, NuoJ, NuoK, NuoL, NuoM and NuoN (Dupuis, et al., 2001, 

Falk-Krzesinski, et al., 1998, Leif, et al., 1995). In order to demonstrate part of the 

signal flow in C. jejuni, the protein-protein interactions between some Nuo proteins of 

the peripheral arm (including NuoX and NuoY proteins that are under study), were 

investigated using a yeast two-hybrid system in this study.  
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Table 7.1 shows a comparison between the Nuo operon collated information from 

E.coli and the putative function in C. jejuni.  

Table 7.1  Nuo protein homologues identified in C. jejuni NCTC11168 
(Braun, et al., 1998, Falk-Krzesinski, et al., 1998, Friedrich, et al., 
2004, Leif, et al., 1995, Weerakoon, et al., 2008, Weidner, et al., 
1993, Yagi, et al., 2003, Yagi, et al., 2001) 

Nuo protein in E.coli Homologue identified in C. jejuni 

NCTC11168 

NuoC – Peripheral subunit, connecting 

fragment, fused with NuoD, harbours the 

FMN and Fe-S clusters 

NuoC – Peripheral subunit, connecting 

fragment, harbours the FMN and Fe-S 

clusters 

NuoD – Peripheral subunit, connecting 

fragment, fused with NuoC, harbours the 

FMN and Fe-S clusters, probably 

involved in quinone binding 

NuoD - Peripheral subunit, connecting 

fragment, harbours the FMN and Fe-S 

clusters, probably involved in quinone 

binding 

NuoE – Peripheral subunit, encode the 

NADH dehydrogenase subunit, predicted 

to be an iron-sulfur protein [2Fe-2S] 

NuoX - Peripheral subunit, may provide 

a docking site for a protein that may pass 

its electrons directly to NuoG 

NuoF – Peripheral subunit, encode the 

NADH dehydrogenase subunit and FMN 

as well as one Fe-S cluster [4Fe-4S] 

NuoY - Peripheral subunit, may provide 

a docking site for a protein that may pass 

its electrons directly to NuoG 

NuoG – Peripheral subunit, encode the 

NADH dehydrogenase subunit, predicted 

to be an iron-sulfur protein [2Fe-2S], 3 x 

[4Fe-4S] 

NuoG - Peripheral subunit, encode the 

NADH dehydrogenase subunit, predicted 

to be an iron-sulfur protein [2Fe-2S] 

 

The yeast two-hybrid system allows detection of interacting proteins in vivo by 

utilising the two separable domains of the GAL-4 transcription factor: the DNA-

binding domain (DNA-BD) and the transcription activation domain (AD allows 
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activation of reporter gene expression) (Fields, et al., 1989). This system relies on the 

reconstitution of the GAL-4 transcription factor when two proteins of interest, the 

‘bait’ protein fused to the DNA-BD and the ‘target’ protein fused to the AD, interact. 

This system was utilised to investigate protein-protein interactions between the 

components of the Nuo respiratory operon of C. jejuni. To allow the investigation of 

protein-protein interactions, recombinant plasmids expressing C. jejuni NTCC 11168 

Nuo proteins (NuoC, NuoD, NuoX and NuoY) were constructed using DNA 

sequences encoding each protein into the “target” vector (pGADT7) and the “bait” 

vector (pGBKT7) to allow reciprocal interactions to be identified. The two-hybrid 

system and vectors are fully described in the Materials and Methods; Section 2.11, 

chapter 2. 
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7.2 Results 

7.2.1 Amplification of DNA sequences encoding C. jejuni NCTC11168 Nuo 

proteins  

DNA sequences encoding NuoC, NuoD, NuoX, NuoY and NuoG proteins were 

amplified using primers designed from the C. jejuni NCTC11168 genome sequence 

(Parkhill, et al., 2000) with flanking restriction endonuclease recognition sites to 

allow site-directed cloning into both pGADT7 and pGBKT7 (as per Materials and 

Methods section 2.11).  

Figure 7.1 shows the PCR amplification of three nuo genes (nuoC, nuoD and nuoX ) 

of approximately 800 bp, 1227 bp and 228 bp DNA sequence encoding the nuo genes 

and flanking NdeI and BamHI restriction endonuclease recognition sites to allow 

cloning into pGADT7. All other DNA sequences were amplified in a similar manner 

(data not shown). 
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Figure 7.1 Agarose gel electrophoresis showing PCR amplification of the DNA sequence 
encoding nuoC, nuoD and nuoX 

Lane 1: 100 bp DNA ladder (NEB), Lanes 2-4: PCRs to amplify the DNA sequence encoding nuoC   

with flanking NdeI and BamHI restriction sites, Lanes 5-7: PCRs to amplify the DNA sequence 
encoding nuoD   with flanking NdeI and BamHI restriction sites and Lanes 8-10: PCRs to amplify the 
DNA sequence encoding nuoD   with flanking NdeI and BamHI restriction sites Lane 11: Negative 
control. 

 

7.2.2 Cloning of PCR products encoding C. jejuni NCTC11168 Nuo proteins 

into pGEM®-T Easy 

To generate cloning intermediates, PCR products were initially cloned into pGEM®-T 

Easy. This was performed to ensure efficient cleavage of insert DNA with appropriate 

restriction endonucleases to allow high fidelity subcloning into pGADT7 and 

pGBKT7.  Following ligation of the PCR products into pGEM®-T Easy, the ligated 

DNA was transformed into competent E. coli DH5α cells. Putative clones were 

selected by growth on media containing ampicillin and by blue/white selection. 

White colonies were selected as they potentially harbour pGEM®-T Easy recombinant 

plasmid DNA. The integrity of the recombinant plasmids was initially screened by 

PCR using gene specific primers. Those that showed the expected PCR product were 

isolated. Presence of the C. jejuni DNA inserts in the plasmid DNA was subsequently 
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confirmed by restriction enzyme analysis followed by DNA sequencing. The 

recombinant plasmids were then assigned the following names: pGU0819 (NuoC), 

pGU0820 (NuoD), pGU0821 (NuoX) and pGU0822 (NuoY) (Materials and Methods, 

Section 2.4.2). 

The NuoG cloning intermediate was repeatedly attempted by natural and electro-

transformation methodologies using pGEM ®-T Easy and TOPO vectors but it could 

not be successfully cloned.  

 

7.2.3 Subcloning of DNA sequences encoding C. jejuni NCTC11168 Nuo 

proteins into pGADT7 and pGBKT7 

Subsequent to cloning into pGEM®-T Easy, C. jejuni insert DNA was released from 

the pGEM®-T Easy recombinant plasmids by digestion with appropriate restriction 

endonucleases to allow for subcloning into pGADT7 and pGBKT7 vectors. Figure 7.2 

shows the digestion of the recombinant plasmid containing of the DNA sequence 

encoding nuoC, nuoD and nuoX cloned into pGEM®-T Easy with NdeI/BamHI. The 

3,015 bp DNA fragment corresponds to linearised pGEM®-T Easy plasmid DNA, 

while the approximately 800 bp, 1227 bp and 228 bp fragments corresponds to 

NdeI/BamHI nuoC, nuoD and nuoX respectively. The NdeI/BamHI nuo fragments 

were purified from the gel and then ligated into NdeI/BamHI digested pGADT7. All 

other recombinant plasmids consisting of PCR products cloned into pGEM®-T Easy 

were digested in a similar manner (data not shown) and the digested insert DNA was 

ligated into appropriately digested pGADT7 and/or pGBKT7 vector DNA. The 

ligated DNA was transformed into competent E. coli DH5α cells. Putative clones 

were identified by antibiotic selection. 
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Figure 7.2 Agarose gel electrophoresis showing the recombinant plasmid DNA 
consisting of the DNA sequence encoding nuoC , nuoD and nuoX cloned into pGEM®-T 

Easy digested with NdeI/BamHI 
Lane 1: 100 bp DNA Ladder (NEB), Lanes 2-5: Plasmid DNA isolated from putative clones carrying 
the recombinant plasmid consisting of nuoC in pGEM®-T Easy digested with NdeI/BamHI, Lanes 6-8: 
Plasmid DNA isolated from putative clones carrying the recombinant plasmid consisting of nuoD in 
pGEM®-T Easy digested with NdeI/BamHI, Lanes 9-11: Plasmid DNA isolated from putative clones 
carrying the recombinant plasmid consisting of nuoX in pGEM®-T Easy digested with NdeI/BamHI, 
Lane 12: 1 Kb DNA Ladder (NEB). 
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7.2.4 Confirmation of pGADT7 and pGBKT7 recombinant plasmid constructs 

E. coli cells, putatively clones harbouring pGADT7 and pGBKT7 recombinant 

plasmids, were initially screened for the presence of the appropriate C. jejuni DNA 

inserts by PCR using insert DNA specific primers. Plasmid DNA was then isolated 

from putative clones identified by PCR screening. Restriction enzyme analysis was 

conducted to confirm the integrity of pGADT7 and pGBKT7 recombinant plasmid 

constructs. An example of this is shown in Figure 7.3. This figure shows the 

confirmation of the recombinant plasmid construct pADNuoD by restriction enzyme 

digestion. Plasmid DNA was isolated from 3 putative pADNuoD clones and was 

digested with NdeI/BamHI. All 3 clones were found to be harbouring the correct 

plasmid construct. The 8.0 kb DNA fragment corresponded to linearised pGADT7 

and the 1.2 kb DNA fragment corresponded to the nuoD gene. The integrity of all 

other yeast two-hybrid recombinant plasmids was confirmed in a similar manner (data 

not shown). Furthermore, DNA sequencing was performed to ensure that the DNA 

sequence encoding the C. jejuni NCTC11168 NuoD protein was cloned in frame with 

vector DNA to allow expression as a fusion to either the GAL-4 AD or DNA-BD.  
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Figure 7.3 Agarose gel electrophoresis showing the confirmation of pADnuoD by 
restriction enzyme digestion with NdeI/BamHI 

Lanes 1. 1 Kb DNA ladder (NEB), Lanes 2 – 4: Plasmid DNA isolated from putative clones 1 to 3 
carrying pADnuoD digested with NdeI/BamHI 

 

For the construction of pADnuoC to pADnuoY  and pBKnuoC to pBKnuoY , insert 

DNA was released from the previously constructed reciprocal yeast two-hybrid 

recombinant plasmid, as described in Table 7.2. Table 7.2 outlines the recombinant 

plasmid constructs generated for use in the yeast two-hybrid system analysis of 

protein-protein interactions conducted in this study. 

All the new confirmed recombinant plasmids were assigned with a new name that can 

be seen in Table 7.2. 
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Table 7.2 Yeast two-hybrid recombinant plasmids constructed in this study 

Yeast two hybrid plasmids 

Recombinant Plasmid 
constructs generated 
for use in the yeast two 
hybrid system 

Insert DNA Vector DNA 

(‘target’ or ‘bait’) 

pGU0823/ pADNuoC NdeI/BamHI NuoC digested from pGEM®-T 

Easy recombinant plasmid, cloned into pADT7 

NdeI/BamHI pGADT7 

pGU0824/ pADNuoD NdeI/BamHI NuoD digested from pGEM®-T 

Easy recombinant plasmid, cloned into pADT7 

NdeI/BamHI pGADT7 

pGU0825/pADNuoX NdeI/BamHI NuoX digested from pGEM®-T 

Easy recombinant plasmid, cloned into pADT7 

NdeI/BamHI pGADT7 

pGU0826/pADNuoY NdeI/BamHI NuoY digested from pGEM®-T 

Easy recombinant plasmid, cloned into pADT7 

NdeI/BamHI pGADT7 

pGU0827/pBKNuoC NdeI/BamHI NuoC digested from pGEM®-T 

Easy recombinant plasmid, cloned into pBKT7 

NdeI/BamHI pGBKT7 

pGU0828/pBKNuoD NdeI/BamHI NuoD digested from pGEM®-T 

Easy recombinant plasmid, cloned into pBKT7 

NdeI/BamHI pGBKT7 

pGU0829/pBKNuoX NdeI/BamHI NuoX digested from pGEM®-T 

Easy recombinant plasmid, cloned into pBKT7 

NdeI/BamHI pGBKT7 

pGU0830/pBKNuoY NdeI/BamHI NuoY digested from pGEM®-T 

Easy recombinant plasmid, cloned into pBKT7 

NdeI/BamHI pGBKT7 

 

7.2.5 Analysis of protein-protein interactions between the C. jejuni NCTC11168 

Nuo proteins  

The target vector expressing each of the C. jejuni NCTC11168 Nuo proteins fused to 

the GAL-4 AD was co-transformed with each of the recombinant plasmids expressing 

the GAL-4 DNA-BD fused to all Nuo proteins in pair-wise combinations. The 

pGADT7-T/pBKT7-53 interaction was utilised as a positive control.  Protein-protein 

interactions detected between Nuo proteins in the yeast two-hybrid analysis are shown 

in Table 7.3. 

Prior to conducting co-transformations screening for protein-protein interactions, all 

pGADT7 and pGBKT7 recombinant plasmid constructs were examined for 

autonomous activation of reporter gene expression as described in Materials and 
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Methods; Section 2.11. This was performed to eliminate the possibility of obtaining 

false positive results. 

Table 7.3 Protein-protein interactions detected between AD and DNA-BD 
fused Nuo proteins in two-hybrid analysis 

 DNA-BD Fusion proteins 

AD-Fusion proteins BD-NuoC BD-NuoD BD-NuoX BD-NuoY BD-NuoG 

AD-NuoC - - - - - 

AD-NuoD - - - - - 

AD-NuoX - - - ++  

AD-NuoY - - ++ -  

+++ = cream, dense growth of >75% of co-transformants observed on high stringency media and intermediate 

stringency media without supplementation of 3-AT 

++ = cream - pink moderate growth for ~75% or more of co-transformants observed on high stringency media and 

intermediate stringency media without supplementation of 3-AT 

+ = cream - pink light growth for ~50% or more of co-transformants observed on high stringency media and/or 

intermediate stringency media with  

- = no growth of co-transformants observed 

 

Analysis of reciprocal protein-protein interactions with four proteins from the Nuo 

operon of C. jejuni NCTC11168 showed that the only interaction detected was when 

the NuoX and NuoY proteins were used (See Table 7.3). Identical interaction was 

also observed in the reciprocal comparisons of the fusion proteins. NuoC and NuoD 

proteins failed to interact with any other Nuo protein of the C. jejuni NCTC11168 

tested by yeast two-hybrid system. 
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7.3 Discussion 

The first genome sequence of the microarephilic Campylobacter jejuni (Parkhill, et 

al., 2000) uncovered the presence of some of the respiratory components that can 

utilise multiple electron donors and acceptors in a branched electron transport chain 

like Complex I.   

In C. jejuni the respiratory pathway is still not clearly understood and any new 

information will allow us to understand and to identify its role in their adaptation to 

growth at low oxygen tensions. The yeast two-hybrid system is a well-established 

method for the detection of protein-protein interactions, as well as entire ‘protein 

interactomes’, and this is highlighted by the fact that the majority of protein-protein 

interactions published in the literature to date were identified using the yeast two-

hybrid system (Suter, et al., 2008). Therefore, this study utilised the yeast two-hybrid 

system to investigate the protein-protein interactions between four proteins from the 

periplasmic and connecting fragments from the Nuo operon in C. jejuni NCTC 11168 

and describes some of the interactions in the NDH-I operon for C. jejuni. It was 

hypothesised that two Nuo protein components and their subunits have to be 

interacting with each other and the adjacent protein to transfer and return signals to 

the membrane fragment. It has been already speculated that the gene order in NDH-I 

operons is related to the spatial arrangement of the subunits (Di Bernardo, et al., 

2001). The periplasmic fragment is the best understood appearing to be a kind of 

interchangeable input module (Dupuis, et al., 1998), which led to the assumption of 

possible interactions between the chosen subunits (NuoC, NuoD, NuoX and NuoY).  

Complex I has been characterised in many bacteria such as Salmonella typhimurium  

(Archer, et al., 1995, Claas, et al., 2000), Rodhobacter capsulatus (Dupuis, et al., 

1998), Paracoccus denitrificans (Crouse, et al., 1994, Di Bernardo, et al., 2001, Finel, 
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1996, Yano, et al., 1995) and E. coli (Falk-Krzesinski, et al., 1998, Weidner, et al., 

1993) showing that these bacterial operons have a very similar organization and the 

same characteristics. Although there is some information about subunit interaction of 

the peripheral segment in these bacteria, little is known in Campylobacter jejuni.   

The yeast two-hybrid analysis of protein-protein interactions conducted in this study 

could only show a weak interaction between NuoE and NuoF proteins. These 

interactions were detected in reciprocal combination of fusion proteins.  This finding 

was expected as both subunits belong to the peripheral fragment in the operon 

confirming data published by Yano et al (Yano, et al., 1996).  

These data were subsequently confirmed the interaction by Yano who showed that 

NuoE and NuoF were likely to form a subcomplex (P.denitrificans homologs subunits 

NQO2 and NQO1, respectively) (Yano, et al., 1996). Yano et.al, also discussed the 

possibility that the interaction with neighbouring subunits, such as NuoG subunit, 

may be required for the cofactor incorporation and to form a more stable subcomplex 

(Yano, et al., 1996). 

If a similar situation is present in C. jejuni, then it would be expected that these two 

proteins (NuoX and NuoY) interact with each other, as well as with NuoG. NuoG was 

considered to be a potential interacting partner to NuoX/NuoY subcomplex at the 

beginning of this work, assuming that it may be required to form a more stable 

subcomplex. Despite numerous attempts, it was not possible to produce the cloning 

intermediates using pGEM®-T Easy, TOPO and two hybrid vectors using NuoG 

amplicons. This could be due to the presence of two copies of the nuoG gene in the 

E.coli cell, which probably make it unable to function properly, similar to that showed 

by Falk-Krzesinski and Wolfe for E. coli (Falk-Krzesinski, et al., 1998). The authors 

demonstrated that if subunit NuoG was deleted or duplicated, complex I was 
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prevented from functioning properly. Also, they discussed how the deletion or 

duplication of the C-terminal region of NuoG may result in improper folding of some 

other portions of NuoG, thus preventing incorporation of cofactors, may be 

preventing the further assembly of other subunits (Falk-Krzesinski, et al., 1998).  

As the construction of a NuoG recombinant plasmid was unsuccessful after several 

attempts the identification of interactions by two-hybrid system failed using NuoG. 

Although for future work it could be important to investigate the interactions between 

NuoE, NuoF and Nuo G, perhaps using a controlled expression promoter. 

According to two-hybrid system data, presented here, C. jejuni NuoC and NuoD 

subunits do not interact. This information was surprising as an interaction between 

NuoC and NuoD subunits was expected following the suggestion that the signalling is 

transmitted according to their fragment allocation in the complex I.  In E. coli, NuoC 

and NuoD are fused to form one subunit (NuoCD) while in other bacteria; including 

C. jejuni these subunits are present as single subunits.  Evidence suggests that NuoC 

and NuoD support the peripheral and the connecting fragments by linking them with 

other subunits (Holt, et al., 2003). This opens the possibility that NuoC and NuoD 

proteins need another protein to interact properly. Thus, it may be speculated that the 

gene order in the complex I operon in Campylobacter jejuni like in other bacteria is 

related to the spatial arrangement of the subunits. Results from this work reinforce the 

speculation that NuoX and NuoY interact with each other (E. coli NuoE and NuoF 

respectively). The lack of interaction between NuoC and NuoD supports the 

suggestion that these subunits need neighbouring subunits (peripheral or membrane 

fragments) for any interaction to be detected. Future studies have to include three 

subunits in a three-hybrid system to allow such interactions to be detected. 
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Campylobacter jejuni is an important pathogen that causes human bacterial 

gastroenteritis worldwide (Altekruse, et al., 1999, Butzler, 2004). Campylobacter 

spp., survive in a wide range of environments, including water, meat products, and 

milk. Under such conditions they are exposed to a variety of stresses, which they must 

be able to tolerate in order to permit their transmission to a suitable environment for 

growth, such as the avian gastrointestinal tract. Campylobacter spp. possess a number 

of essential mechanisms, which confer resistance to different environmental stresses 

(Purdy, et al., 1999). Currently, C. jejuni is regarded as an obligate microaerophile, 

with a respiratory metabolism based on the use of oxygen as the terminal electron 

acceptor (Sellars, et al., 2002). The microaerophilic nature of Campylobacter spp. and 

their ability to survive in oxygen conditions and the natural environment indicates a 

potential to carry out aerobic respiration. This, in principle, could also allow growth 

in the absence of oxygen (Sellars, et al., 2002) or to an oxidative stress that must be 

deeply influenced by the presence of cellular mechanisms, which can eliminate 

reactive oxygen intermediates (Purdy, et al., 1999).  

Physiological studies are crucial in understanding both the mechanisms of 

pathogenicity of C. jejuni and its ability to survive in aerobic and anaerobic 

environments, including the host gastrointestinal tract and the food chain. Despite its 

importance, effective control of Campylobacter spp. in the food chain and the design 

of disease prevention strategies are restricted by a poor understanding of the genetics, 

physiology and virulence of this organisms (Mohammed, et al., 2004, Parkhill, et al., 

2000). Metabolic characteristics and substrate utilization patterns may demonstrate 

the ability of C. jejuni to survive in such extensive conditions (Mohammed, et al., 

2004). Therefore, to gain a greater understanding of its survival in different 
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environments, it is important to understand how the respiratory pathway functions in 

C. jejuni in order to gain a greater understanding of its physiology.  

As previously discussed, the respiratory complex I (NDHI) of C. jejuni consists of a 

large enzyme composed of 14 different genes designated as nuo. These genes are 

clustered in a conserved order; however in C. jejuni the subunits nuoE and nuoF have 

been replaced for two subunits of unknown functions designated NuoX and NuoY 

(encoded by cj1575c and cj1574c genes respectively). Complex I has been 

characterized in other bacteria such as E. coli and Paracoccus denitrificans among 

others and identified subunit E as being involved in binding NADH and possessing a 

binuclear Fe-S centre (Braun, et al., 1998, Finel, 1998, Leif, et al., 1995, Yagi, et al., 

1998). This study, to our knowledge, is the first work focused on subunit NuoX 

(Chapter 3) and NuoY (Chapter 4), in order to identify (based on their position within 

the NDH-1 homologous function operon) if they could have similar characteristics as 

NuoE and NuoF seen in other bacteria such as E. coli.  Furthermore, subunit F 

contains the catalytic NADH binding site, noncovalently bound flavin 

mononucleotide (FMN), and Fe-S centre. In 2000, Smith (Smith, et al., 2000) 

suggested that C. jejuni and H. pylori were the only bacteria lacking the two genes 

critical for substrate binding and electron transfer (encoding subunits NuoE and 

NuoF) which makes us believe that the genes missing are involved with these 

functions. This leads to the hypothesis that NuoX and NuoY may be involved in 

aerobic respiration in microaerophilic C. jejuni. This hypothesis was based on the fact 

that 12 genes in the operon show similarities between C. jejuni and E. coli (Braun, et 

al., 1998, Leif, et al., 1995, Steuber, 2001, Yagi, et al., 1998) with exception of these 

two genes from the cluster (nuoE and nuoF) which show no similarity to E. coli 

(Weerakoon, et al., 2008). Although in C. jejuni NuoE and NuoF are missing, NADH 
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cannot be ruled out as the donor to complex I in C. jejuni (Hoffman, et al., 1982, 

Smith, et al., 2000) therefore in this work the alternative role for NuoX and NuoY 

was investigated.  

Smith (Smith, et al., 2000) reported that polypeptides encoded by cj1574c lacked the 

conserved features of NuoF and that the polypeptides encoded by cj1575c did not 

contain the conserved cysteinyls found in NuoE. Smith (Smith, et al., 2000) proposed 

that in C. jejuni and H. pylori there is the possibility that these proteins may act as 

binding sites for substrates other than NADH. Finel (Finel, 1998) proposed that in 

Helicobacter pylori the corresponding polypeptides to these genes may provide a 

docking site for proteins that are able to deliver electrons to the Fe-S centre of NuoG.  

 

The lack of information in C.jejuni with regards to subunit interaction between NuoX 

and NuoY and the limited information about its interaction and their peripheral 

segment to date led to the aim of this study, which was to investigate the activity and 

the specificity of NuoX and NuoY proteins of C. jejuni as potential candidate genes 

for aerobic respiration and to determine the role of these genes in the respiratory 

complex I of C. jejuni.  

 

NuoE and NuoF are reported as proteins belonging to the peripheral fragment referred 

to as the NADH dehydrogenase fragment, which is considered to be a soluble unit 

(Braun, et al., 1998, Smith, et al., 2000, Yagi, et al., 1998, Zhang, et al., 2005). Nuo X 

and NuoY in C. jejuni were found in the soluble and insoluble portion. As these 

proteins have signal peptides directing it to the cell membrane, presence of the protein 

in the cell pellet was expected. For the purposes of this study, soluble proteins were 

required and attention was given to their purification from this cell fraction. To 
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produce purified NuoX and NuoY for further studies, optimization of three 

purification methods was required, resulting in Nickel affinity chromatography resin 

being the best method for recovery of a highly purified product. It was then noted that 

purified His-NuoX and His-NuoY proteins precipitated after 24 hours. Consequently, 

it was necessary to vary parameters in expression and purification protocols in order 

to produce proteins that remained in solution. The altered pH of their specific 

purification buffers from 7.5 to 5.5 or 6.5, depending on the protein, allowed proteins 

to stay in solution for up to 7 days. These data, together with the previously published 

information that NuoE and NuoF subunits possess a binuclear Fe-S centre (Finel, 

1998, Smith, et al., 2000, Yagi, et al., 1998), made it possible to hypothesize that the 

metal co-factor Fe-S could be an essential requirement for perfect tertiary structure in 

both subunits (Braun, et al., 1998). Due to time constraints the requirement of the 

metal co-factor was not further investigated. The successful purification and stability 

in solution of His-NuoX and His-NuoY proteins for at least 7 days enabled further 

examination of possible interactions between these proteins and the known 

compounds from the TCA cycle (Carlone, et al., 1982, Hoffman, et al., 1982, 

Mohammed, et al., 2004).  

Hoffman (Hoffman, et al., 1982) using membrane vesicles of C. jejuni determined 

respiratory activities using formate, hydrogen, succinate, lactate, malate and NADH. 

Carlone (Carlone, et al., 1982) also determined the respiratory activity of C. fetus 

using cell suspensions with similar substrates such as succinate, malate, fumarate, 

aspartate and glutamate. Mendz (Mendz, et al., 1997) using metabolically competent 

cells incubated aerobically with pyruvate showed the formation of acetate, 

acetolactate, alanine, formate, lactate, and succinate. Mendz (Mendz, et al., 1997) 

reported that accumulation of acetate and formate as metabolic products provided 
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evidence for the existence of a mixed acid fermentation pathway in the 

microorganism. He also suggested that the observation of pyruvate dehydrogenase 

activities in bacterial lysates after formation of succinate prove the incorporation of 

the pyruvate carbon skeleton to the Kreb's cycle. Mohammed (Mohammed, et al., 

2004) detected the oxidation activity of different strains of C. jejuni and C. coli using 

α-ketoglutarate, succinate, fumarate and aspartic acid highlighting the extensive 

metabolic diversity between and within Campylobacter species (Carlone, et al., 1982, 

Hoffman, et al., 1982, Mendz, et al., 1997, Mohammed, et al., 2004). Conventional 

metabolic and substrate utilization studies can be difficult to achieve, therefore, this 

work presents novel methodologies enabling the identification of binding partners and 

binding affinities, focusing in NuoX and NuoY proteins, to elucidate their role in the 

C. jejuni respiratory Complex I. The novel techniques developed in this work are the 

TCA-microarrays, followed by STD NMR spectroscopy and SPR (Chapter 5).   

 

The new TCA-array was developed by modification of the already developed 

microarray to illustrate ligand-binding interactions between the purified proteins 

NuoX and NuoY and the previously reported TCA compounds that are known to 

participate in the respiration cycle of C. jejuni (Arndt, et al., 2011, Carlone, et al., 

1982, Hartley-Tassel, et al., 2010, Hoffman, et al., 1982). In order to test the principle 

of the TCA-array, a previously characterized protein, human glutathione reductase, 

was used as a functional method control, as it and its non-neutralising antibody are 

commercially available and are known to be active for both binding and enzymatic 

assays. The TCA array confirmed each of the known interactions for the human 

glutathione reductase protein showing that the TCA-array is a viable technique for the 

identification of protein-ligand interactions of proteins with the compounds of the 



Conclusions and Future Directions             Chapter 8 

Lirio I. Calderon-Gomez 189 

citric acid cycle. 

The TCA-array enabled the identification of stable and long-lasting reactions of test 

proteins with FAD as the ligand for both NuoX and NuoY supporting previous 

speculation by Hoffman (Hoffman, et al., 1982) that C. jejuni does not use NAD as its 

primary source of electrons. The TCA-array also showed NuoY binding to malate and 

lactate. This was further confirmed by SPR which also showed affinity of NuoY to 

FAD, NAD+, NADH, NADP+. Furthermore, STD-NMR analysis of the ligand-

binding interaction between NuoY indicated a strong binding interaction to FAD, 

NAD, fumarate, malate but not lactate. These results were the confirmation of an 

interaction between NuoY and FAD. Fumarate binding to NuoY was also detected by 

STD-NMR confirming previous findings that it is the terminal acceptor instead of 

oxygen for anaerobic growth (Carlone, et al., 1982, Kelly, 2001, Smith, et al., 2000). 

Even though lactate is known to be catabolised by C. jejuni via fermentative pathways 

(Mendz, et al., 1995, Mendz, et al., 1994), which is considered a key energy source 

for C. jejuni growth (Mohammed, et al., 2004), it did not show any binding to NuoY 

by STD-NMR. However, despite this, the possibility that it does participate in the 

respiration of C. jejuni cannot be ruled out.  Lactate is widely available in body fluids 

and tissues and may be easily accessed by campylobacters in vivo (Mohammed, et al., 

2004) but perhaps it may not be able to be detected using this methodology.  

SPR analysis also revealed that FAD had the highest affinity to NuoY allowing for 

speculation that FAD could be a substrate for NuoY in vivo. If this is the case, then 

the TCA array results could mean that NuoY, without a proton donor and a bound 

oxidised FAD, does not allow the enzymatic process to proceed resulting in a more 

stable interaction or inability to disassociate. Therefore, NuoY may not convert FAD 

to FADH2 resulting in the observed binding on the array. This same lack of 
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processing may have been the reason why binding to potential proton donors, such as 

malate and lactate, was observed on the TCA array while the likely primary donor, 

fumarate was not seen; although it is known that fumarate reduction appears to play 

an important metabolic role in this bacteria (Smith, et al., 1999). Thus, NuoY may 

have two binding pockets, one for FAD and one for proton donors. In E. coli the 

NuoF subunit contains the NADH binding site (Friedrich, et al., 2004) which could 

explain the reactions of NuoY with NAD+ containing molecules in NMR and SPR, 

which may not have resulted in long lasting binding to be identified on the TCA 

array. Therefore, malate, lactate and fumarate may act as proton donors and either 

bind sequentially or together with FAD, resulting in the transfer of protons to FAD, 

creating FADH2.  

NuoX was found to only bind to FAD on the array but showed a more diverse 

interaction in SPR, like that observed for NuoY. The lack of interactions between 

NouX and NAD+ compounds on the array may be due to the fast enzyme kinetic 

reaction and the high affinity observed. As in other bacteria, subunit NuoE is involved 

in binding NADH (Finel, 1998) therefore, in C. jejuni NuoX may actually be 

processing the NADH and NADPH to NAD+ and NADP+ on the array. This would 

result in a release of the molecule, as it would be unable to maintain long term 

binding on the TCA array.  

The greatest affinity was observed using FAD when His-NuoX and His-NuoY were 

tested together by TCA array or SPR. TCA array indicated that FAD is likely to be 

the molecule utilized by the C. jejuni proteins for the citric acid cycle. The fact that in 

SPR NuoX has a better binding capacity for NADH and NADP+, raises the 

possibility that C. jejuni uses this as an advantage to allow for scavenging of energy 

from the host cell during infection. It also gives the possibility that NuoX may have a 
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higher affinity for FADH2 than that seen with NADH or NADP+ just like NuoY for 

FAD. Unfortunately FADH2 is not commercially available and therefore could not be 

tested. The interactions with lactate and malate could not be confirmed by SPR as 

precipitation occurred when tested. 

All these findings highlighted the possibility that C. jejuni is able to use oxygen as a 

terminal acceptor, but not for aiding growth as it grows poorly when in contact with 

oxygen as it uses both NAD+ and FAD in the respiratory cycle. However, this 

hypothesis requires further experimental verification. 

The polypeptides encoded by nuoX  and nuoY  of C. jejuni may enable one or several 

cytosolic proteins to attach to the NDH-1complex, as proposed previously by Smith 

(Smith, et al., 2000). If NADH were the electron donor, it would be expected that 

these binding proteins would possess similar elements to those of NuoE and NuoF 

subunits, namely NADH and FMN binding domains, and Fe-S centres (Smith, et al., 

2000). In an analogous way, NAD(P)H oxidoreductases may be able to feed electrons 

into the electron transport chains of C. jejuni. Another possibility is that C. jejuni 

proteins encoded in lieu of subunits E and F may act as binding sites for substrates 

other than NADH (Smith, et al., 2000). 

In order to investigate the function of unknown C. jejuni genes of nuoX and nuoY, it 

was necessary to generate insertionally inactivated mutants of these genes. 

Mutagenesis was attempted using the promoter-less aph(3’)-III and the promoted 

aph(3’)-III cassettes. This approach did not result in the creation of isogenic mutants, 

indicating that inactivation of either nuoX or nuoY may be lethal for C. jejuni survival 

and that these genes may be essential for C. jejuni growth. These results are similar to 

those published by Weerakoon and Olson (concurrent with this study), who attempted 
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to interrupt or delete the nuoY/X via allelic replacement, in addition to the other 12 

genes of the Nuo operon. Though they were successful with the other 12 genes, 

attempts for nuoY inactivation were unsuccessful, except when a second copy of the 

nuoY was provided elsewhere in the genome (Weerakoon, et al., 2008). They did not 

attempt to interrupt nuoX individually and speculated that both genes may be essential 

for survival or viability of C. jejuni, while other genes in the operon are not, though 

they did not attempt to delete nuoY or nuoX individually to test this hypothesis. This 

supports the findings of this study that interruption of nuoY gene is likely to be lethal 

for the C. jejuni. This was further confirmed in this study by the inclusion of 

methodological controls to investigate whether polarity issues, transformation, or 

integration issues could explain the obtained results.   

The genome of C. jejuni encodes in 90% for proteins (Parkhill, et al., 2000), which 

makes insertional inactivation of genes a challenge. Construction of insertional gene 

inactivation for this study considered the absence of fully characterised promoter 

sequences and the organization in an operon structure. The polar mutation caused by 

insertional inactivation of nuoX and nuoY could, therefore, significantly change the 

bacterial phenotype of the resulting isogenic mutant in which case the true effect of 

the insertional mutation would not be determined.  To circumvent this, various 

plasmid suicide constructs (See chapter 6) were prepared and utilized in an attempt to 

generate nuoX and nuoY isogenic mutants. Despite the fact that the suicide plasmid 

constructs contained nuoX and nuoY genes interrupted by one of the two different 

antibiotic resistance cassettes (promoter-less kanamycin resistance gene cassette and 

promoted kanamycin resistance cassette), no isogenic mutants were obtained either 

for promoted or promoter-less cassettes, suggesting that polarity is not likely to be the 

reason for lack of recovery of isogenic mutants. No isogenic mutants were obtained 
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by natural transformation or electro-transformation. In addition, each procedure was 

evaluated by using the plasmid pBF6A(Bleumink-Pluym, et al., 1999) to ensure that 

incorporation of mutated DNA fragments, of fla genes in this case, carried by the 

suicide vector into the C. jejuni cells occurred as expected. The control plasmid 

produced kanamycin resistant C. jejuni colonies in every experiment confirming that 

C. jejuni cells used in the transformation were naturally transformable or electro-

transformable as reported previously in the literature (Miller, et al., 1988), indicating 

that failure to recover isogenic mutants was not due to transformational techniques. 

Also, integration issues were addressed by PCR analysis of the transformation mix, 

which showed that the mutated copy of the gene was present in transformed cells, but 

no viable mutants could be recovered. 

Overall, it appears that although mutation of the nuoY  and nuoX  genes was not 

successful, polarity, transformation, and lack of DNA integration were unlikely to be 

the cause. These methodological controls and a concurrent study by Weerakoon and 

Olson also suggest that the failure to produce nuoY  and nuoX mutants is likely to be 

due to the fact that they are essential for C. jejuni viability and survival. Further 

studies, utilising partial diploids during an attempt to delete nuoY  and nuoX 

individually to test this hypothesis (similar to the study reported by Weerakoon and 

Olson) could be implemented to further investigate whether these genes are truly 

indispensable in C. jejuni. Dupuis, using the complex I of Rhodobacter capsulatus, 

reported that any disruption of individual genes (nuoG, -H, -I, -J, -K, L, -M, -N) or the 

nuo cluster (-B, C-D) leads to suppression of complex I (Dupuis, et al., 1998). These 

findings supported the data presented in this work that disruption of nuoX  and nuoY  

individual genes will prevent the growth or the survival of C. jejuni.  
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Unfortunately, due to time constraints, other methods, such as chromosomal gene 

deletion and complementation in the presence of a low-copy-number plasmid carrying 

the coding regions of the targeted genes were not explored. If these genes are essential 

for C. jejuni growth and survival they could provide novel targets for development of 

antimicrobial compounds for treating campylobacteriosis, the leading cause of 

worldwide gastroenteritis.   

The function of the peripheral arm (nuoE, -F, -G) is to oxidize NADH and to transfer 

the electrons to the membrane arm (Guenebaut, et al., 1998). Although there is some 

information about subunit interaction of the peripheral segment in bacteria such as 

N. crassa and E. coli (Guenebaut, et al., 1998, Yagi, et al., 2003), little is known in 

Campylobacter jejuni.  Also, there is little known about subunit interaction between 

the peripheral and membrane segments in C. jejuni.  In this work it was hypothesised 

that two Nuo protein components and their subunits have to be interacting with each 

other and the adjacent protein to transfer and return signals to the membrane 

fragment. It has already been speculated that the gene order in NDH-I operons is 

related to the spatial arrangement of the subunits (Di Bernardo, et al., 2001). The 

periplasmic fragment is the best understood, appearing to be a kind of interchangeable 

input module (Dupuis, et al., 2001), which led to the assumption of possible 

interactions between the chosen subunits (NuoC, NuoD, NuoX and NuoY). 

Complex I has been characterised in many bacteria such as Salmonella typhimurium 

(Archer, et al., 1995, Claas, et al., 2000), Rodhobacter capsulatus (Dupuis, et al., 

1998), Paracoccus denitrificans (Crouse, et al., 1994, Di Bernardo, et al., 2001, Finel, 

1996, Yano, et al., 1999, Yano, et al., 1995) and E. coli (Falk-Krzesinski, et al., 1998, 

Weidner, et al., 1993), showing that these bacterial operons have a very similar 

organization and the same characteristics. Protein- protein interactions in the yeast 
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two-hybrid system was utilized to assess NuoX and NuoY proteins to determine 

substrate utilization to investigate the suitability of these proteins as drug design 

targets for future development of new treatments against this pathogen and assist in 

future prevention and treatment of disease outcome. The yeast two-hybrid system, 

suggested a weak interaction between NuoX and NuoY proteins. These interactions 

were confirmed in reciprocal combinations of fusion proteins, as was expected 

considering that both subunits belong to the peripheral fragment in the operon 

confirming data published by Yano et al (Yano, et al., 1996) who showed that NuoE 

and NuoF were likely to form a subcomplex (P.denitrificans homologs subunits 

NQO2 and NQO1, respectively) (Yano, et al., 1996). Yano et.al, also discussed the 

possibility that the interaction with neighbouring subunits, such as the NuoG subunit, 

may be required for the cofactor incorporation and to form a more stable subcomplex 

(Yano, et al., 1996). 

If a similar situation is present in C. jejuni, then it would be expected that these two 

proteins (NuoX and NuoY) not only interact with each other, but also with NuoG. 

NuoG was considered to be a potential interacting partner to NuoX/NuoY 

subcomplex at the beginning of this work, assuming that it may be required to form a 

more stable subcomplex, as these two subunits along with NuoG have been reported 

to be segregated to form a soluble unit, which possesses NADH dehydrogenase 

activity (Herter, et al., 1997, Leif, et al., 1995, Smith, et al., 2000, Yano, et al., 1996). 

Despite numerous attempts, it was not possible to produce the cloning intermediates 

using pGEM®-T Easy, TOPO and the yeast two-hybrid vectors using NuoG 

amplicons. This may be due to the presence of two copies of the nuoG gene in the E. 

coli cell, which alters protein function, similar to that showed by Falk-Krzesinski and 

Wolfe for E. coli (Falk-Krzesinski, et al., 1998).  The authors demonstrated that if 
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subunit NuoG was deleted or duplicated, complex I was prevented from functioning 

properly. Also, they discussed how the deletion or duplication of the C-terminal 

region of NuoG may result in improper folding of some other portions of NuoG, thus 

preventing incorporation of cofactors, and therefore may be preventing the further 

assembly of other subunits (Falk-Krzesinski, et al., 1998). According to the yeast two-

hybrid system presented in this work, C. jejuni NuoC and NuoD subunits do not 

interact. This information was surprising as an interaction between NuoC and NuoD 

subunits was expected following the suggestion that the signalling is transmitted 

according to their fragment allocation in the complex I.  In E. coli, NuoC and NuoD 

are fused to form one subunit (NuoCD) while in other bacteria; including C. jejuni 

these subunits are present as single subunits.  Evidence suggests that NuoC and NuoD 

support the peripheral and the connecting fragments by linking them with other 

subunits (Holt, et al., 2003). This opens the possibility that NuoC and NuoD proteins 

need another protein to interact properly. Thus, it may be speculated that the gene 

order in the complex I operon in C. jejuni like in other bacteria is related to the spatial 

arrangement of the subunits. Future studies to research more about interactions have 

to include three subunits in a three-hybrid system to allow such interactions to be 

detected. 

This work presented novel information about previously reported unknown genes 

(nuoX  and nuoY ) by the use of novel techniques such as TCA-array and SPR and  

complements many other studies about the NDH-I complex and compound usage by 

C. jejuni.  Further studies are required to understand the biochemical and molecular 

basis of such data that may lead to a better understanding of the respiratory complex 

of this microaerophilic microorganism. 
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The data from this work is presenting NuoX and NuoY as important factors in the 

respiratory chain of C. jejuni, by the use of different compounds present in its TCA 

cycle, confirming that C. jejuni is a versatile and a metabolically active pathogen. The 

findings in this chapter suggested that the tested compounds may be necessary for 

survival and growth under microaerobic conditions, highlighting FAD as the 

compound that plays the main role in the TCA cycle for C. jejuni. Inhibition of these 

subunits will interrupt the electron flow in the respiratory chain of this microaerophilc 

pathogen providing a target with possible bactericidal effects, as shown by the 

essential nature of NuoX and NuoY, which could lead to the potential development of 

new antibiotics that would inhibit the electron input domain of C. jejuni NDH-I.  
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Appendix A 

pGU0601 (pGEM®-T Easy::nuoX coding region) 

 

 

 

3,241 bp 
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Appendix B 

Nucleotide sequence alignment 

Formatted Alignments

NuoX

NuoX pGEM clone

50

A T G A G A A G G G T A G A T T T A A G A A A A A G C A A A G A G C T T T T T G A A G A T T T A G C A C A A A T C A T A

A T G A G A A G G G T A G A T T T A A G A A A A A G C A A A G A G C T T T T T G A A G A T T T A G C A C A A A T C A T A

A T G A G A A G G G T A G A T T T A A G A A A A A G C A A A G A G C T T T T T G A A G A T T T A G C A C A A A T C A T A

NuoX

NuoX pGEM clone

100

A A A G A A G C A A A A C A A G G T G A G G T T T T A G T G G T G C T T T T T G A A A T C G G C G A T T T T T C T C C T

A A A G A A G C A A A A C A A G G C G A G G T T T T A G T G G T G C T T T T T G A A A T C G G C G A T T T T T C T C C T

A A A G A A G C A A A A C A A G G Y G A G G T T T T A G T G G T G C T T T T T G A A A T C G G C G A T T T T T C T C C T

NuoX

NuoX pGEM clone

150

G T T G A A A A A A G T T T T T C T T T T G T A A A A G A A C A A G G C T G T G A G C T T T T A A A T T C T T T G A A A

G T T G A A A A A A G T T T T T C T T T T G T A A A A G A A C A A G G C T G T G A G C T T T T A A A T T C T T T G A A A

G T T G A A A A A A G T T T T T C T T T T G T A A A A G A A C A A G G C T G T G A G C T T T T A A A T T C T T T G A A A

NuoX

NuoX pGEM clone

200

T T T A A T C A A G T C G A T T G G A C T A T T G T T A T A A A A A A G G A G A G G G T A T G A

T T T A A T C A A G T G G A T T G G A C T A T T G T T A T A A A A A A G G A G A G G G T A T G A

T T T A A T C A A G T S G A T T G G A C T A T T G T T A T A A A A A A G G A G A G G G T A T G A
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Appendix C 

pGU0603 (pET-19b::nuoX) 
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Appendix D 

pGU0602 (pGEM®-T Easy::nuoY coding region) 
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Appendix E 

pGU0604 (pET-19b::nuoY) 

 

 

 

6,389 bp 
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Appendix F 

pGU0404 (pGEM®-T Easy::nuoX  + Flanking regions) 
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Appendix G 

pGU0405 (pGEM®-T Easy nuoY + Flanking regions) 
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