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ABSTRACT 

Campylobacter fetus is recognized as an important animal and human pathogen.  

Chemotaxis and motility have been identified as important virulence factors associated 

with C. jejuni colonisation.  This study established that chemoreceptor and chemotaxis signal 

transduction cascade genes of C. fetus subsp. fetus 82-40 showed high level of similarity to that 

in C. jejuni and appears to include sixteen diverse transducer-like protein (tlp) genes that are 

similar to nine of the twelve tlp genes in the C. jejuni NCTC 11168 with a percent identity ranging 

from 15 to 50%.  Sixteen putative C. fetus 82-40 tlp genes belong to three classes: A, B, and C, as 

well as an aerotaxis gene, based on their predicted structure.  C. fetus subsp. fetus 82-40 

chemoreceptor and chemotaxis signal transduction pathway genes have close phylogenetic 

relationship of chemotaxis genes between Campylobacteraceae and Helicobacteraceae. 

The full amino acid sequences of four C. fetus 82-40 putative Tlp proteins, 

CFF82-40-1041, CFF82-40-0185, CFF82-40-1645 and CFF8240-0065 showed 50%, 34%, 32% 

and 15% identity and 72%, 55%, 52% and 33% similarity respectively with the protein sequence 

from the same gene, C. jejuni NCTC11168-1506c.  The highest percent identity 50% (similarity 

72%), with C. jejuni NCTC11168-1506c tlp1 was present in CFF82-40-1041.  In addition, 

Group A receptors in C. fetus isolates of different sources (mammalian, ovine and bovine), showed 

a low level of genetic diveristy which is in accordance with the previous documentation that 

C. fetus strains were genetically homogenous and had a high level of clonality by MLST.  The 

choice of CFF8240-1041 for subsequent study as the Tlp1 homologue in Campylobacter fetus was 

based on its high percentage similarity with its orthologous receptors in the examined genomes, as 

well as its universal representation in our C. fetus collection.   



 

II  
 

 This study demonstrated that Campylobacter fetus CFF1041 sensory domain 

(Tlp1-SD-His) recombinant protein is capable of binding to multiple amino acids using a range of 

confirmatory methodologies such as ELISA based amino acid plate assay, STD-NMR 

spectroscopy and SPR.  Amino acid arrays and ELISA plate assays revealed an association of the 

Tlp1-SD with amino acids: L-aspartic acid, L-arginine, L-asparagine and L-glutamic acid.  This 

was further verified with respect to L-aspartic acid and L-arginine by STD-NMR spectroscopy.  

The binding affinity of purified Tlp1-SD (Kd) for L-arginine, L-aspartic acid, L-asparagine and 

L-glutamic acid was determined by real-time surface plasmon resonance detection (SPR) systems 

using Biacore-T100.  The Kd value for L-aspartic acid was 8.2 and that for L-glutamic acid was 

25.7 whereas the estimated Kd value for both L-arginine and L-asparagine was in the range of 

42 -45, and 62-65 respectively.  The relatively low Kd of the Tlp1-SD for the L-aspartate suggests 

that the recombinant protein has a higher sensitivity to L-aspartate than to the other three amino 

acids.  The chemotaxis signal transduction pathway in Campylobacter fetus has never been 

previously investigated.  This is the first report that demonstrate ligand binding specificity and 

affinity of Campylobacter fetus Tlp1chemosensory receptor.   
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1.0. Introduction 

1.1. General Characteristics of Campylobacter fetus 

C. fetus, belongs to the family Campylobacteraceae, class 

Epsilonproteobacteria, phylum Proteobacteria.  It is a gram-negative, spirally curved 

rod-shaped motile (Figure 1.1), bacteria that requires microaerobic environment for 

growth (5% O2, 6% to 12% CO2, 85% nitrogen) (Vandamme, 2000).  With respect 

to growth temperature C. fetus is typically a non-thermotolerant animal pathogen, 

however the atypical strains, were found to be thermotolerant; being able to grow at 

42�qC (Edmonds et. al., 1985).  

 

Figure 1.1 Scanning Electron micrograph showing a group of C. fetus bacteria 

magnified 4,976xs.  Taken from Centers for Disease Control and Prevention's Public 

Health Image Library (PHIL), with identification number #5776. 
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C. fetus was the first campylobacter spp. to be recognized as causative agents 

of fetal infection and abortion in sheep (McFadyean and Stockman, 1913).  In 1919, 

these organisms, then termed Vibrio fetus, were reported to cause abortion in cattle 

(Smith and Taylor, 1919).  C. fetus is the type species of the genus campylobacter 

(Veron and Chatelain, 1973) and classically it is separated based on host and niche 

preferences into two subspecies, C. fetus subspecies fetus and C. fetus subspecies 

veneralis.  C. fetus subspecies fetus (CFF) colonizes the intestine and causes 

abortion in sheep and to a lesser extent in cattle.  C. fetus subspecies veneralis 

(CFV) is adapted to colonising the bovine urogenital tract and causes infertility by 

destroying the embryo early in gestation (Garcia et. al., 1983).  The principal habitat 

for CFV is the prepuce of asymptomatic bulls, which form a reservoir of infection 

for cows (Lastovica and Skirrow, 2000).  CFF has been recognised as a human 

pathogen especially in the case of debilitated and elderly humans (Lastovica and 

Skirrow 2000). 

Despite the differences in the host and niche preferences, microbiological 

differentiation of the two subspecies of C. fetus has been difficult (Abril et. al., 

2007).  Classical biochemical tests useful for the differentiation of these two 

subspecies are: 1) tolerance to 1% glycine (Florent, 1953) and 2) the ability to 

produce hydrogen sulphide from a medium containing 0.02% cysteine (Berg et. al., 

1971).  CFF produces hydrogen sulphide whereas CFV does not.  CFV is sensitive 

to glycine whereas CFF is tolerant.  Serological testing was devised (Berg et. al., 

1971) to complement the biochemical testing.  C. fetus strains occur as two 

serogroups A and B, based on their surface layer specific binding to 

lipopolysaccharide (LPS) A or B.  C. fetus subsp. veneralis are always type A, 

whereas C. fetus subsp. fetus can be either type A or type B, and rarely type AB 
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(Moran et. al., 1994).  A loop mediated isothermal method (LAMP) was devised by 

Yamazaki et. al in 2009 for rapid detection of C. fetus, but this assay, has to be 

complemented with the conventional biochemical assays for subspecies 

differentiation of the positive samples (Yamazaki et. al., 2010). 

A distinct group of C. fetus strains known as C. fetus subsp. venerealis 

biovar Intermedius have been as well determined; these strains phenotypically 

resemble C. fetus subsp. venerealis, but they react positively to the H2S test 

(typically positive for C. fetus subsp. fetus). 

C. fetus subsp. testudinum subsp. nov. is a newly proposed subspecies that 

seems to have originated in reptile species.  Although the information is limited, 

Patrick et. al., 2013 data suggests that humans may contract this subspecies through 

the exposure to reptiles, possibly by ingestion or by contact with feces or the 

environment (Patrick et. al., 2013). 

 

1.2. Epidemiology of C. fetus 

Campylobacter is the leading cause of food-borne illnesses in the 

industrialised world.  The public health burden of Campylobacter spp. other than 

C. jejuni and C. coli such as C. fetus remains to be determined.  It is thought that 

C. fetus infection is an under diagnosed cause of human disease because of its 

fastidious growth requirements.  In addition, the C. fetus subspeciation is solely 

based on biochemical differences between the two subspecies CFF and CFV. 

The source of many C. fetus infections in humans is probably zoonotic.  

Faeces from infected animals may contaminate the soil, fresh water, and carcasses 
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during abattoir processing (Blaser et. al., 1998).  Human infections most probably 

result from consumption of contaminated food or water.  The available 

epidemiological information is based mainly on numerous case reports or small 

series (Tremblay, et. al., 2003). 

The first reported human case occurred in 1947 when a spontaneous abortion 

in a pregnant lady was attributed to C. fetus bacteraemia (Rennie et. al., 1994).  

Outbreaks of C. fetus are rare (Rennie et. al., 1994); however one outbreak was 

reported in a Hutterite Colony in central Alberta, Canada in 1994.  Epidemiological 

investigation of this outbreak, associated abattoir labour to the development of the 

diarrhoea. 

 C. fetus is not severely toxic but can result, rarely, in serious systemic 

disease, and even death, in human beings, especially in immune-compromised hosts.  

A recent retrospective study of 21 cases of C. fetus bloodstream infection studied 

over a 9 year period in France by Gazigne et. al., 2008, highlighted the susceptibility 

of elderly patients with underlying diseases such as diabetes, immunodeficiency or 

cardiovascular diseases to C. fetus infections.  C. fetus may be a potentially 

emerging zooanthroponotic pathogen, because the population at risk for systemic 

infections is increasing worldwide (Kalka-Moll et. al., 2005). 

In recent years there has been a notable increase in the prevalence of C. fetus 

subsp. venerealis biovar Intermedius in some countries (e.g. in South Africa) 

(Schmidt et. al., 2010).  Recently the complete genome of the C. fetus subsp. 

venerealis Biovar Intermedius isolated from the prepuce of a bull has been 

sequenced (Iraola, et. al., 2013) (deposited at DDBJ/ EMBL/GenBank under 

accession number ASTK00000000). 
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A C. fetus strain was isolated from the feces of a reptile, a Florida box turtle 

(Terrapene Carolina bauuri), that was kept as a pet, in 1984 (Harvey and 

Greenwood., 1985).  C. fetus has also been isolated from feces of a healthy western 

hognose snake (Heterodon nasicus) and a blotched blue-tongue lizard (Tiliqua 

nigrolutea) that had unformed feces and was losing weight (Dingle et. al., 2010).  

Considerable genetic divergence between C. fetus strains of reptile and mammal 

origin has been demonstrated (Tu et. al., 2005). 

A human isolate of C. fetus with reptilian in origin markers, was reported in 

2004 (Tu et. al., 2004).  Further study of the phenotypic and molecular 

characterization of the 2004 human case, 4 additional human cases and 3 reptiles 

definitively defined this collection of strains as a newly proposed subspecies named 

C. fetus subsp. testudinum subsp.nov. (Dingle et. al., 2010 and Patrick et. al., 2013).  

The Centers for Disease Control and Prevention recently screened Campylobacter 

strains from its historical culture collection and have identified 4 additional human 

cases of infection with this subspecies.   

 A recent study in Taiwan reported C. fetus subsp. testudinum subsp.nov in 

feces of 12 (6.7%) of 179 reptile feces samples; prevalence was highest in turtles 

(10 [9.7%] of 103) (Wang et. al., 2013).  It is worth mentioning that turtles is an 

ingredient in some traditional Asian dishes and turtles are sold in Asian specialty 

markets, this association could explain the predominance of the Asian race among 

reported patients.  A review of the GenBank found 5 submissions of the 16S rDNA 

sequences representing C. fetus subsp. testudinum subsp.nov from China (accession 

nos. DQ997044, HQ450384, HQ681195, JN585921 and JN585922). 
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1.3 Clinical features of C. fetus infection 

The clinical features of diarrheal diseases due to C. fetus infection in healthy 

individuals are similar to infection by C. jejuni (Rennie et. al., 1994).  Sequelae are 

uncommon and the disease is self-limiting.  C. fetus infection may occur at any age; 

although the elderly and immunocompromised patients are at high risk to develop 

infection (Tremblay et. al., 2003; Lastovica and Skirrow, 2000).  Bacteremia due to 

C. fetus can be primary, presumably arising in the gastrointestinal tract or secondary, 

arising from infection at another site.  Although the organism is rarely isolated from 

faeces, diarrhea precedes or accompanies bacteremia in about half of the reported 

cases (Lastovica, 1996).  C. fetus exhibit a positive tropism for damaged 

endovascular surfaces and thus can be responsible for endocarditis or mycotic 

aneurysms, thrombophlebitis and cellulitis.  C. fetus is known to cause septic 

abortions in animals and it is now known to cause perinatal sepsis and fetal loss in 

humans.  Tubo-ovarian abscess due to C. fetus has been described in nonpregnant 

women (Lichtenberger et. al., 1982).  The central nervous system can be infected by 

C. fetus, with meningoencephalitis being the most common presentation in adults 

(Dronda et. al., 1998).  The aforementioned clinical manifestations of C. fetus 

infections warrant the in-depth study of the pathogenesis and virulence factors that 

this bacteria utilizes to cause disease. 

 

1.4 Economic impact of C. fetus infection 

Bovine venereal campylobacteriosis (BVC) or bovine genital 

campylobacteriosis (BGC) is a venereal disease, caused by C. fetus subspecies 
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venerealis (Thompson and Blaser, 2000; Garcia et. al., 1983).  In the female, the 

disease is characterized by abortion and infertility with mild endometriosis.  In bulls, 

it is confined to the epithelial surface of the glans penis, prepuce and urethra, where 

it establishes a chronic infection without causing clinical symptoms (Campero et. 

al., 2005).  BVC cause substantial economic losses in countries and regions with 

large cattle populations where natural breeding is practiced.  The disease leads to 

reduction in milk production and reduction in the number of calves produced 

(Stoessel, 1982).  The introduction of artificial insemination (AI) has considerably 

decreased the incidence of CFV due to surveillance, and control measures at AI-

stations (van Bergen et. al., 2006). 

Subspecies CFF has a broader host and niche range than CFV and has been 

mainly associated with abortion in sheep and cattle (Skirrow, 1994), although CFF 

related fertility problems in cattle have been reported (MacLaren and 

Agumbah, 1988; Skirrow, 1994).  In contrast with CFV, CFF can occur in cattle 

without causing clinical symptoms, and appears to be an opportunistic pathogen.  

Due to its broad host range and commensal characteristics, CFF has not been 

eradicated with the introduction of artificial insemination (AI).  Identification and 

separation of infected animals is difficult because infected animals show no overt 

signs of disease. 

In industrialised countries, the introduction of artificial insemination (AI) in 

combination with veterinary health control programmes has reduced the incidence 

of BCG.  On the other hand, in developing countries where AI is not a common 

practice and appropriate animal health surveillance is not optimally implemented, 

BCG remains a major problem for the cattle industry (van Bergen et. al., 2005).  The 
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testing results of two commercial vaccines A and B containing C. fetus subspecies 

fetus in female cattle naturally challenged by serving with infected bulls in 

Argentina, were not showing protection of the herd against CFV infection (Cobo 

 et .al., 2003).  This suggests that a better understanding of the pathogenicity of CFF 

and CFV would allow a more effective measure for controlling the disease burden 

that they cause. 

 

1.5. Pathogenicity and virulence factors of C. fetus 

Wild-type C. fetus possesses an outermost para crystalline surface layer (the 

S-layer) composed of specialized surface layer proteins (SLP) ranging in size from 

97 to 149 KDa.  Based on the lipopolysaccharide structure and surface protein (SLP) 

composition, C. fetus may be designated either type A or type B, whereas C. fetus 

veneralis are all type A (Figure 1.2) (Tu et. al., 2004). 

The complement system is a biochemical cascade of the innate immune 

system that complements the antibody to flag and destroy the invading 

microorganism.  C3 protein is a critical component of the complement system that is 

hydrolysed into C3a and C3b.  C3b binds to the surface of microbe and thereby 

stimulates its phagocytosis hence acting as an opsonin in the opsonisation process.  

In vivo and in vitro studies have demonstrated that SLPs inhibits the C3b binding to 

the bacterial cell and therefore causes resistance to the innate immune defenses 

of the host.  Each SLP is encoded by five to nine homologous sapA genes (�ssap for 

�6�X�U�I�D�F�H���$�U�U�D�\���S�U�R�W�H�L�Q�´�����Z�L�W�K���D���V�L�Q�J�O�H���S�U�R�P�R�W�H�U�������,�Q���Z�L�O�G���W�\�S�H��C. fetus strain 23D, the 

9 sap A homologues are clustered on a 54-kb chromosomal DNA locus (called the 



 DINA FAHMY  
 

 

11 
 

sap island), that surrounds the genes required for secretion of the SLPs from the 

bacterial cell (Tu, et. al., 2005).  Rearrangements in the sapA locus enable variations 

in the SLP expression to occur which in turn also allows variation in antigenicity 

(Grogono-Thomas et. al., 2003) which is believed to permit pathogen persistence in 

an immunologically hostile environment.  The inhibition of the C3b binding to 

bacterial cell in addition to the antigenic variation protects against 

antibody-mediated opsonisation (Tu et. al., 2001).  

 

 

 

Figure 1.2 Schematic representation and genomic organization of the sap island and 

its flanking regions in C. fetus strain 23D (Tu, et. al., 2004). 

 

The sap locus has been shown by Tu et. al., 2001 to be not easily acquired 

by horizontal gene transfer, being an ancient genomic constituent.  By comparing 

the similarities between the C. fetus sap island and C. jejuni strain 11168 for which 

the entire genome has been sequenced (Parkhill et. al., 2000), sap island was found 

to be unique to C. fetus (Tu et. al.,  2003).  The genomic plasticity, based on the 

recombination of homologous sequences, can result in substantial antigenic variants, 

in addition to those variants produced by the eight independent sap genes, leading to 

a repertoire of huge complexity. 
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1.6. C. fetus subsp. fetus 82-40 genome  

The availability of the full sequence for several Campylobacter spp. 

genomes is a useful genomic comparative tool that will allow the identification of 

common virulence determinants, surface structures, metabolic pathways, signal 

transduction and chemotaxis proteins and other features contained within the all 

campylobacter strains (Miller, 2008).  The fully sequenced genome of C. fetus 

subsp. fetus 82-40 (CP000487.1) reveals that it is a circular DNA with a total length 

of 1.8 Mb, 33% G + C content, and a 90% coding sequence, 1791 open reading 

frames (Fouts, Mongodin et. al., 2005).  Although the genome size of the CFF 

is within the same size range as the other campylobacter spp. sequenced strains; 

namely, 11168, 81-176, CG8486, RM1221 and C. doylei, yet its G + C content 

is slightly higher.   

C. fetus has to be capable of regulating gene expression in response 

to environmental conditions.  It has three sigma factors (�M 28, �M54 and �M 70); two 

of these are involved in flagellar regulation.  C. fetus has a greater number of 

two-component regulatory systems (TCR) than C. jejuni, with a total of 10 histidine 

kinases and 15 response regulators (C. jejuni has 7 sensors and 12 response 

regulators: Parkhill et. al., 2000).  The cluster of orthologous groups - a 

phylogenetic classification of homologous proteins encoded in complete genomes- 

reveals that CFF has 72 proteins for signal transduction mechanisms. 
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1.7. Chemotaxis 

The ability of motile bacteria, to detect attractant and repellent gradients as it 

moves about, to integrate and amplify diverse stimuli, and to generate a coherent 

output signal manifested by locomotor action, (Parkinson et. al., 2005), is termed 

chemotaxis.  This behaviour is governed by a highly efficient two-component signal 

transduction (TCST) system, that consists of a histidine protein kinase (HK), with a 

conserved kinase core, and a response regulator protein (RR), containing a 

conserved regulatory domain. (Stock, Ninfa et. al., 1989).  In bacterial chemotaxis, 

Che A is the histidine protein kinase and Che Y is the response regulator protein.  

The bacterial chemosensory pathway has been extensively studied in the enteric 

bacteria Escherichia coli coli and Salmonella spp. and hence can be considered as a 

paradigm of bacterial two component regulatory systems in general and chemotaxis 

signal transduction in particular (Eisenbach, 1996; Falke et. al., 1997). 

1.7.1 The E. coli chemotaxis paradigm 

 The peritrichously flagellated E. coli moves towards attractants and 

away from repellents by means of a biased random walk that involves two forms of 

movement; a tumbling mode induced by clockwise-rotating (CW) flagella, and a 

smooth straight swimming mode induced by counterclockwise (CCW) flagellar 

rotation.  The former tumbling mode enables the cell to reorient itself and the CCW 

rotation of the latter smooth swimming mode, results in the coalescence of flagella 

into a bundle at one pole and hence the pushing of the bacterium up the attractant 

gradient concentration.  As the concentration of the attractants increases, the 

frequency of tumbling decreases, leading to a greater proportion of smooth 

swimming and therefore the movement up the concentration 
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gradient (Berg and Brown, 1972).  This effector response occurs by means of two 

processes namely a) signal relay and b) sensory adaptation and desensitization. 

a) Signal Relay 

E. coli sense attractant and repellent stimuli via transducers, also known as 

methyl-accepting chemotaxis prtoeins (MCPs).  The MCPs perceive these 

environmental signals (ligands) and trigger an excitation (signalling event) response 

that is relayed to the motor effector organ (the flagella) via a cognate pair of 

bacterial sensory proteins, CheA (a histidine kinase) and CheY (a response 

regulator).  CheA autophosphorylates at a highly conserved histidine residue with 

ATP as a substrate, after which the phosphoryl group is transferred from CheA to a 

conserved aspartate residue of its cognate response regulator Che Y (Hess et. al., 

1988; Borkovich et. al., 1989).  The phospho-CheY shows a decreased affinity to 

CheA and dissociates from the signaling complex.  It then diffuses to the rotary 

motor, where it binds to flagellar target protein FliM.  It has been shown that 

phospho-CheY has to occupy at least 70% of the available FliM molecules for a 

change in the rotational direction to be initiated (Bren and Eisenbach, 2001).  Then 

the bacteria switch its counterclockwise (CCW) motion of the flagella to a clockwise 

(CW) direction (Berg and Brown, 1972; Berg and Anderson, 1973).  This tumble 

signal is modulated by two opposing reactions: creation of phospho-CheY by the 

receptor kinase complex and destruction of phospho-CheY by hydrolysis of its acyl 

phosphate.  CheZ speeds the latter hydrolysis reaction, acting as a phosphatase 

(Falke et. al., 1997).  Repellents stimulate the Che A autophosphorylation activity 

and speed the production of phosho-CheY, whereas attractants binding to the 

chemoreceptor result in an almost complete shutdown of autokinase activity and 



 DINA FAHMY  
 

 

15 
 

slow the phospo-CheY formation, thereby raising or lowering the steady state 

tumble signal respectively (Figure 1.3) (Falke et. al., 1997). 

 

 

Figure 1.3 General Chemotaxis Scheme.  Nature Reviews Genetics 

(McAdams et. al., 2004). 
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b) Sensory adaptation and desensitization 

Sensory adaptation / desensitization, namely, the restoration of the 

prestimulus condition in the presence of the stimulus, allows the organism to 

respond to higher concentrations of the same chemo-effectors or other types of 

chemo-�H�I�I�H�F�W�R�U�V���� �� �7�K�H�� �µ�H�[�F�L�W�H�G�¶�� �F�K�H�P�R�U�H�F�H�S�W�R�U�V�� �D�U�H�� �G�H�V�H�Q�V�L�W�L�]�H�G�� �Y�L�D�� �U�H�Y�H�U�V�L�E�O�H��

methylation events of their cytoplasmic signaling domain (Koshland, 1980; Springer 

et. al., 1979).  These actions are performed by two enzymes: CheR, a 

methyltransferase (Springer and Koshland, 1977; Simms et. al., 1987; Djordjevic 

and Stock, 1997) and CheB, which acts as a deamidase as well as a methylesterase 

(Figure 1.3) (Stock and Koshland, 1978; Djordjevic et. al., 1998). 

Adaptation to a chemo-effector (e.g. attractant) proceeds as follows: During 

excitation (signal reception and transduction), the binding of the attractant molecules 

to the MCPs, abolishes the autokinase activity of CheA completely, thereby 

triggering a swift swimming of the cell as a result of the decreasing levels of 

phospho-CheY.  Simultaneously, phosphorylation levels of CheB, the other cognate 

response regulator of CheA, decrease as well, resulting in low CheB methylesterase 

activity.  The CheR, whose activity appears not to be regulated, keeps adding methyl 

groups to the cytoplasmic portion of the MCP.  This combination of reduced levels 

of CheB and constant CheR-mediated methylation leads to the shifting of the 

methylation equilibrium in the chemoreceptors of the cell towards the methylated 

state (Lux and Shi, 2001) until a threshold is reached.  Then the activity of CheA is 

restored.  The phosphorylated CheA level increases in addition to the 

phosphorylated levels of both CheY and CheB, thereby causing the cell to 

eventually maintain an unstimulated random walk despite the presence of the bound 
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ligand.  Adaptation to repellents involves opposite changes in methylation levels and 

activity (Lux et. al., 2001). 

1.7.2 Chemoreceptor structure 

 Five chemoreceptors or Methyl accepting proteins (MCPs) are present 

in E. coli; two high abundance receptors, the aspartate receptor (Tar) and the serine 

receptor (Tsr) are present in a 5-10 fold greater amount than the low abundance 

receptors, the ribose and galactose receptor (Trg), the dipeptide receptor (Tap) and 

the receptor for redox potential (Aer) (Stock and Surette, 1996; Falke et. al., 1997).  

The Tar protein responds to the attractants aspartate, glutamate (directly) and 

maltose (via the maltose-binding protein) as well as divalent cations as repellents.  

The Tsr transducer responds to the attractants serine, alanine, glycine, 

aminoisobutyrate, pH (directly) oxygen and protonmotive force (indirectly).  Trg 

responds to ribose (via ribose binding protein), galactose and glucose (via the 

galactose-binding protein).  Tap is the sensor of dipeptides (via the dipeptide-

binding proteins) and Aer is the sensor of redox potential of the electron transport 

system (Zhulin, 2001).  Members of the E. coli chemoreceptor family share 

considerable structural similarity, with the exception of Aer (Levit et. al., 1998).  By 

far the best characterized receptor is the Tar whose structure has been 

crystallographically determined (Milburn et. al., 1991; Scott et. al., 1993) and 

therefore serves as a structural representative of other chemoreceptors.   

 The Tar receptor is composed of three domains: a periplasmic domain 

that binds aspartate, a cytoplasmic domain that binds and regulates the associated 

histidine kinase, and a transmembrane domain that couples the other two domains 

structurally and functionally Figure 1.4.  The periplasmic domains are relatively 
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variable reflecting the large repertoire of different ligands that they bind to (Kirkos 

et. al., 1983).  Aer is unusual in that it lacks a sensing periplasmic domain so it 

anchors directly to the cytoplamic domain by hydrophobic transmembrane 

sequences (Levit et. al., 1998).  A more detailed description of the structure of the 

different domains will help demonstrate the structure-function relationship. 

A) The periplasmic (sensory) domain (SD) 

 The sensory domain contains consisting of eight helices arranged in two 

symmetric four-helix bundles one per subunit (helices �D1 - �D4 and �D���¶- �D���¶���������7�K�H��

two central helices �D1and �D4�¶�� �I�U�R�P�� �H�D�F�K�� �E�X�Q�G�O�H�� �H�[�W�H�Q�G�� �W�R�� �W�K�H�� �L�Q�V�L�G�H�� �R�I�� �W�K�H�� �F�H�O�O��

membrane (Levit et. al., 2002). 

B) The transmembrane signaling domain (TMMD) 

 The transmembrane domain consists of four transmembrane helices, 

transmembrane helix 1 (TM1) and transmembrane helix 2 (TM2) from one 

monomer and TM1` and TM2` from the other.  Both the first and the second 

transmembrane sequences (TM1 and TM2) appear to be a continuation of the 

�F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �.-helices of the sensing domain.  TM1 is essentially an uncleaved 

signal sequence and TM2 links the periplasmic sensing domain to the cytoplasmic 

signaling domain (Falke and Hazelbauer, 2001). 

C) The conserved cytoplasmic domain (CD) 

 This domain is composed of highly conserved regions which appear to 

play ubiquitous roles in receptor adaptation, and histidine kinase (CheA) regulation.  

The CD extends away from the membrane and then bends back on itself via a 

hairpin turn.  The degree of sequence identity is at a maximum at the hairpin turn 
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region and decreases away from the centre giving variable sequences.  It is divided 

into four subdomains starting at the N-terminus: Histidine kinases, adenyl cyclases, 

methyl-binding proteins and phosphatases domain (HAMP) formerly known as the 

linker, methylated Helix 1 (HM1), signaling domain (SD), and methylated Helix 2 

(HM2) (Baker et. al., 2006). 

-�7�K�H���+�$�0�3���G�R�P�D�L�Q�����I�R�U�P�H�U�O�\���³�W�K�H���O�L�Q�N�H�U�´������This is a small region of nearly 30 

amino acid residues that couples the transmembrane signaling helix to the 

cytoplasmic domain, thereby providing an important relay point from the periplasm 

to the cytoplasm (Falke et. al., 1997).  These interactions allow packing of the 

cytoplamic domain into trimers of dimers in the crystal structure 

(Weis et. al., 2003). 

-The first methylation helix (MH1): Following the linker region (HAMP domain) 

is the first of the two methylation segments that contain the regulatory methylation 

sites.  These two methlylation sites are targeted for methyl esterification and 

demethylation by the adaptation enzymes Che R and CheB respectively (Falke and 

Kim 2000). 

-The kinase-signaling domain: This is the final domain of the cytoplasmic domains 

that forms the ternary complex with CheW and CheA. 

-The second methylation helix (MH2): Together TM1 and TM2 contain four or 

more glutamyl residues that are substrates for CheB and CheR modification (Baker 

et. al., 2006). 
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Figure 1.4 Bacterial chemotaxis chemoreceptor. A schematic of the domain 

architecture of transmembrane chemoreceptors (Baker et. al., 2006).  

 

1.7.3 Chemotaxis proteins structure and function  

a) The role of CheA, Che W, CheY (Histidine kinase, Coupling protein and 

Response regulator) in the signal relay 

 CheW, a soluble monomeric protein, having no known regulatory or 

catalytic function, it simply couples the CheA to the signaling module of the 
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receptor and activates its histidine kinase activity (Falke et. al., 1997).  Che A, a 

cytoplasmic histidine autokinase, autophosphorylates then donates its phosphoryl 

group to two aspartate autokinases, CheY and CheB (Garzon and Parkinson, 1996), 

which in turn control the flagellar rotation (Barak and Eisenbach, 1992; Welch et. 

al., 1993) and sensory adaptation (Lupas and Stock, 1989).  In E. coli, CheA exists 

as a homodimer.  CheA has two distinct domains, an amino terminal 

phosphotransfer domain and a docking domain for the response regulators CheB and 

Che Y.  Phospho-CheY then serves to change the flagellar rotation from the default 

CCW direction to CW one.  Phosphorylated CheY autodephosphorylates 

spontaneously, yet this activity is enhanced by the phosphatase CheZ.  This 

dephosphorylation terminates the binding of CheY to the flagellar switch.  It was 

initially assumed that the receptor-CheW-CheA complexes had a 2:2:2 

stoichiometry (Gegner et. al., 1992; Stock et. al., 1992).  Levit et. al., in 2002 have 

found that ratio to be 6 MCPs: 4 CheW: 1 CheA (Levit et. al., 2002). 

b) Structure of CheZ (Phosphatase) and its role in termination of signal relay 

CheZ was isolated as a dimer that assembles into high-order oligomers in 

vitro and in vivo.  The Phospho-CheY, triggers the formation of a large, higher order 

oligomer of CheZ containing a molar ratio of 2:1 of CheZ to phospho-CheY.  This 

oligomeric assembly appears to enhance the dephosphorylation of the CheY by 

CheZ (Falke et. al., 1997).  It appears that CheZ is regulated by its own target. 
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c) Structure of CheB (Methylesterase/Amidase) and CheR (receptor 

methyltransferase) and their role in the sensory adaptation 

The constitutively active CheR is a soluble monomeric protein, which 

catalyzes the transfer of a methyl group from S-adenosyl-methionine (AdoMet) to 

�W�K�H�� �J�O�X�W�D�P�L�F�� �D�F�L�G�� �U�H�V�L�G�X�H�� �O�R�F�D�W�H�G�� �L�Q�� �W�K�H�� �P�H�W�K�O�\�D�W�L�R�Q�� �U�H�J�L�R�Q�� �R�I�� �W�K�H�� �0�&�3�¶�V��

cytoplasmic domain (Springer and Koshland, 1977).  CheR contains two distinct 

binding sites for the chemoreceptors.  The docking site for CheR is a pentapeptide 

sequence (NWETF) present at the extreme C-terminus of only the high abundance 

MCP (Wu et. al., 1996). 

CheB is a response regulator protein (Lupas and Stock, 1989; Stewart et. al., 

1990), consisting of an N-terminal regulatory domain, homologous to CheY, joined 

by an extended linker to a C-terminal effector domain (Simms et. al., 1985).  The 

CheB methylesterase catalyzes the demethylation of the chemoreceptors by 

hydrolyzing the carboxyl-methyl glutamate residues created by CheR (Hess et. al., 

1988a).  Additionally, CheB exhibits amidase activity.  Half of the glutamate 

residues in the methylation region of the MCPs are encoded as glutamines.  The 

amidase activity of the CheB converts these glutamines into glutamates, which can 

then serve as substrates for methylation by CheR (Djordjevic and Stock, 1998).  

Unlike the methyltransferase CheR, which is constitutively active, the 

methylesterase activity of CheB is activated via phosphorylation (Lupas and Stock, 

1989).  His 48 of CheA acts as a phosphoryl donor for both of the CheY and CheB 

response regulator proteins (Djordjevic and Stock, 1998).  The N-terminal 

regulatory domain inhibits CheB methylesterase activity, whereas upon 

phosphorylation, the regulatory domain stimulates CheB effector function (Lupas 



 DINA FAHMY  
 

 

23 
 

and Stock, 1989).  Therefore, the N-terminal domain performs a dual regulatory 

mechanism of CheB methylesterase activity (Lupas and Stock, 1989).  CheB is 

capabale of binding the chemoreceptor C-terminal pentatpeptide docking site for the 

CheR, albeit with lower affinity (Barnakov et. al., 1999). 

1.7.4 Receptor clustering, why, and how?  

 Chemoreceptors form large clusters, where thousands of sensory 

receptors come together as observed by immunogold electron microscopy (Maddock 

and Shaprio, 1993) and confirmed by fluorescence microscopy (Sourjik and Berg, 

2000).  It is believed that the mode of receptor interactions in a cluster is trimers of 

dimers as shown by the Tsr crystal structure (Kim et. al., 1999) however other 

organizations cannot be ruled out (Studdert and Parkinson, 2004).  Receptors of 

different types are intermixed in clusters (Ames et. al., 2002), forming large 

allosteric protein complexes that integrate multiple stimuli and amplify weak signals 

(Parkinson et. al., 2005; Sourjik, 2004).  Chemoreceptor signaling complexes can 

detect minute ligand occupancy of less than 1% occupancy, yet this small change 

can trigger large changes in the rotational behaviour of the flagellar motors 

(Parkinson et. al., 2005).  The cooperative interactions of multiple receptors i.e. 

receptor clustering, has been implicated in this observed high receptor sensitivity 

(Kim et. al., 2002).  In E. coli, there are two classes of chemoreceptors, the high-

abundance transducers (Tar & Tsr) and the low-abundance transducers (Tap, Trg 

and Aer).  The patches of chemoreceptors clusters formed in E .coli, comprise 

signaling teams that can contain different types of high or low abundance receptors.  

Aggregation of the MCPs into mixed clusters enables cooperatibility in adaptation 

by methylation as low abundance MCPs do not have CheR docking motifs, and 
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therefore methylation in trans occurs in tightly packed aggregates (Stock and Levit, 

2000).  Allosteric interactions between receptors in clusters enables multiple 

�U�H�F�H�S�W�R�U�V�� �W�R�� �E�H�� �F�R�X�S�O�H�G�� �W�R�� �W�K�H�� �V�D�P�H�� �µ�R�X�W�S�X�W�¶�� �N�L�Q�D�V�H�� �P�R�O�H�F�X�O�H�V���� �H�Q�D�E�O�L�Q�J�� �U�D�S�L�G�� �D�Q�G��

efficient signal integration and amplification at the sensory level and reducing 

intrinsic noise in signal detection by individual receptors (Kentner and Sourjik, 

2006). 

 Because E. coli cells make temporal rather than spatial comparisons of 

chemoeffector concentrations (Berg and Brown, 1972), it is thought that the physical 

location of a cluster in the plasma membrane is not important for signal processing 

(Berg and Turner, 1990).  However, cluster distribution in the cell is not random. 

Largest clusters are found at the poles, but lateral clusters are also observed 

(Maddock and Shapiro, 1993; Maki et. al., 2000; Sourjik and Berg, 2000; Kentner 

et. al., 2006).  It has been proposed that lateral clustering is no different than polar 

ones physiologically, yet there presence at the future division sites serves to assure 

that every newly divided cell has at least one cluster and can perform chemotaxis 

(Thiem et. al., 2007). 

 Kentner et. al., in 2006 have shown that the cytoplasmic part of 

receptors which includes a conserved signaling domain known to bind CheA and 

CheW appears to be necessary and sufficient for the receptors incorporation into 

aggregates or clusters.  Although CheA and CheW do not appear to be essential for 

clustering, yet clusters formed in their absence appear to be less compact.  Both 

CheA and CheW can bind the receptors independent of one another yet each has a 

role in clustering enhancement (Kentner et. al., 2006).  Many questions remain to be 
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answered regarding architecture of these receptors arrays?  What causes the 

receptors to form patches?  How is the signalling component units interconnected? 

1.7.5 Bacterial Flagella 

Flagella are locomotory organs and chemotaxis effector organelles.  On 

receiving sensory information from the cytoplasm of the bacterial cell, it generates a 

behavioural response that is critical for its survival.  Pertrichously flagellated E .coli 

moves towards attractants or repellents by means of a biased random walk (Berg and 

Brown 1972). 

The ultrastructure of the flagellum E. coli shows that the flagellar apparatus 

consists of basal body, a hook-like structure near the cell surface, and the flagellar 

filament (Figure 1.5).  The basal body is composed of distinct proteins and a 

system of rings embedded in the cell envelope.  The innermost rings, the M and S 

rings, located in the plasma membrane comprise the motor apparatus.  The 

structural element that is responsible for switching the direction of flagellar rotation 

-the switch�± is found at the base of the flagellar motor (Macnab, 1992; Eisenback 

and Caplan, 1998).  The switch complex is built from multiple units of the proteins 

FliG, FliM, and FliN. 
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Figure 1.5 The structure of the Flagella (lecture notes of Systems Microbiology 

Lecture 2 Prof. DeLong) 

 

1.8. Chemotaxis in other bacteria 

 The E. coli chemotaxis system serves as the prototype, yet comparative 

genomics and experimental analysis of other systems highlight its relative simplicity 

and the degree of variations in chemotaxis systems (Korolik and Ketley, 2008).  
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A brief description of the known variations in the other bacterial chemotaxis systems 

is reviewed. 

1.8.1 Bacillus Subtilis 

Bacillus Subtilis is a gram positive bacteria commonly found in the soil.  

B. subtilis has 10 putative receptors (Kunst et. al., 1997).  They are: the 

chemoreceptors McpA, McpB and McpC (Hanlon and Ordal, 1994; Muller et. al., 

1997); TlpA, TlpB and TlpC (Hanlon and Ordal, 1994; Hanlon et. al., 1994); the 

aerotaxis receptor HemAT (Hou et. al., 2000) and three proteins of unknown 

function: YfmS, YoaH and YvaQ (Kunst et. al., 1997).  Chemotaxis by B. subtilis 

deviates substantially from the E. coli paradigm in many ways. First, B. subtilis 

responds to all amino acids as attractants, whereas only certain amino acids are 

attractants while others, such as leucine, act as repellents for E. coli (Tso and Adler, 

1974).  Secondly, in B. subtilis, attractants (rather than repellents) enhance the flux 

of phosphoryl groups through CheA to CheY, resulting in smooth swimming rather 

than tumbling as in E. coli.  Thirdly, adaptation to asparagine stimulation in 

B. subtilis is dependent on an apparent CheY-P feedback that is coupled to complex 

receptor methylation changes on McpB (Kirby et. al., 1999). Fourthly, site-specific 

methylation changes occur sequentially on McpB (Zimmer et. al., 2000) and are 

required to preset the ligand-bound McpB complex for a response to negative 

stimuli.  CheB-mediated demethylation of ligand-bound McpB is necessary to 

generate a tumbling response when asparagine concentrations decrease (Kirby et. 

al., 2000).  In E. coli, methylation changes are thought to affect adaptation and do 

not appear to be required for swimming or tumbling responses.  Fifthly, B. subtilis 

lacks the CheZ phosphatase present in E. coli and other closely related 
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��- proteobacteria (Kirby et. al., 2001).  Yet another major difference between E. coli 

and B. subtilis is that B. subtilis possesses two additional proteins, CheC and CheD, 

that have been shown to affect the adaptation.  Adaptation in B. subtilis involves a 

third protein-CheV, which has been shown, together with CheC, to be involved in a 

methylation-independent adaptation of receptors (Rosario et. al., 1994; 

Saulmon et.al., 2004). 

1.8.2 Helicobacter pylori 

The human gastric pathogen H. pylori appears to have some similar and 

some distinct features compared with E. coli chemotaxis.  It has four 

chemoreceptors: three integral membrane chemoreceptors TlpA (HP099), TlpB 

(HP0103), TlpC (HP0082), and one soluble chemoreceptor Tlp D similarly 

annotated as HylB (HP0599) (Alm and Trust., �������������2�¶�7�R�R�O�H��et. al., 2000; Tomb et. 

al., 1997; Williams et al., 2007) instead of the five MCPs present in E. coli.  Tlp A, 

TlpB and TlpD have been assigned specific responses to them.  TlpA has been 

suggested to sense arginine (Cerda et al., 2003).  TlpB mediates a response to low 

pH (Croxen, et al., 2006).  The soluble chemoreceptor Tlp D (HylB) mediates a 

tactic response to the bacterial energy levels (Schweinitzer et al., 2008). 

Chemoreceptors communicate their ligand binding information to the 

flagella via the chemotaxis system using the core signal transduction proteins CheA, 

CheW and CheY.  H. pylori has three core signaling proteins CheW, CheA, and 

CheY (Lertsethtakarn et al., 2011).  Most of the Epsilonproteobacteria (other than 

H. pylori) encode CheB, CheR, and CheV; H. pylori lacks CheB and CheR and 

instead has three CheV proteins namely CheV1, CheV2 and CheV3 (Lertsethtakarn 

et al., 2011).  Finally, it was recently reported that H. pylori contains a remote 
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homolog of CheZ, a protein that accelerates the dephoshorylation of CheY~P (Terry 

et al., 2006). 

1.8.3 Pseudomonas aeruginosa 

In contrast to E. coli, which has a single set of che genes, the opportunistic 

pathogen P. aeruginosa  has a very complex chemosensory system with more than 

20 chemotaxis genes (che) genes in five distinct clusters and 26 chemoreceptor 

(methyl-accepting chemotaxis protein) (mcp) genes (Kato et. al., 2008), subsets of 

which are differentially expressed (Shitashiro et. al.,2005).  Six che genes are 

essential for chemotactic responses, while genes in Pil-Chp cluster and Wsp cluster 

are involved in typle IV pilus synthesis, twitching motility and biofilm formation 

respectively (Kato et. al., 2008).   

1.8.4 Vibrio Cholerae 

V. cholerae has three chemotaxis pathways, and it has been hypothesized 

that at least one of these pathways is associated with virulence.  It has been 

suggested, as well, that one of the sensory receptors which is implicated in the 

regulation of the cholera toxin (CT) and toxin-coregulated pilus (TCP) cascade is 

involved in this virulence-related chemotaxis pathway (Butler and Camilli, 2005; 

Hyakutake et. al., 2005; Lee et. al., 2001). 

1.8.5 Rhodobacter sphaeroides 

The photosynthetic R. sphaeroides possesses 13 chemoreceptors (nine of 

which are transmembrane proteins and four of which are cytoplasmic) and multiple 

copies of CheA, CheW and CheY that encode multiple chemotactic pathways that 
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are required for different ecological niches (Porter et. al., 2011, Martin et. al., 2001; 

Porter et. al., 2006).  R. sphaeroides has several homologues of all the E. coli 

chemotaxis genes except CheZ.  Most of these are arranged in three major 

chemotactic operons (Porter et. al., 2002).  The different CheA proteins have 

different subsets to cluster with specific CheW proteins and sensory receptors to 

phosphorylate specific CheYs.  The redundancy of CheYs in R. sphaeroides, serve 

as phosphate sink to reduce the phosphorylation level of the CheY that will intereact 

with the flagellar motor (Szurmant and Ordal, 2004). 

 

1.9. Chemotaxis in Campylobacter spp. 

The complexity level of the signal transduction pathway in campylobacters 

appears to lie somewhere between the simpler E. coli pathway and the more 

complex pathways such as that of Rhodobacter sphaeroides 

(Szurmant and Ordal, 2004). 

1.9.1 Chemotaxis in Campylobacter jejuni 

 C. jejuni is a highly motile organism with a single polar flagellum that 

colonizes the intestines (Hugdahl et. al., 1988; Marchant et. al., 2002).  Mucin, and 

its constituent L-fucose and L-serine as well as certain organic acids (pyruvate and 

succinate) have been shown to be chemoattractants for C .jejuni (Hugdahl 

et. al., 1988).  Mucus glycoproteins (mucins) are secreted from the epithelial cells of 

the intestinal, gastric and gall bladder tissues (Hugdahl et. al., 1988).  Additionally, 

C. jejuni has been proven to colonize the intestinal mucus itself, and actively swim 
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up and down the caecal crypts, displaying an efficient motility in a viscous milieu 

(Lee et al., 1986; Armitage 1999; Szymanski et al., 1995).  Therefore, chemotaxis 

towards mucin combined with the efficient motility in a viscous milieu (Ferrero and 

Lee, 1988; Szymanski et. al., 1995) would enable the bacteria to remain localized 

within the mucus (Korolik and Ketley, 2008).  

 C. jejuni detects the variations in the chemotaxin-concentrations in its 

environment by means of a set of chemoreceptors that share two-component system 

for signal transduction, consisting commonly of a membrane-associated histidine 

autokinase (CheA) and a cytoplasmic RR (CheY) (Lux and Shi, 2004).  These 

chemoreceptors, belonging to the methyl-accepting proteins (MCPs) are present as 

integral membrane proteins or as free drifting cytoplasmic proteins and are termed 

Tlps (transducer-like proteins) (Marchant et. al., 2002).  The first Tlp type detects 

the signal via their N-terminal periplasmic sensory domain and relay it to their 

C-terminal cytoplasmic signalling domain, whereas the second Tlp protein interacts 

with cytoplasmic proteins, detecting the intracellular chemoeffector signals and 

similarly relaying it to their C-terminal (Zautner et. al., 2012).  The CheW scaffold 

protein attached to CheA interacts with the Tlps cytoplasmic signalling domain.  

Autophosphorylation of Che A is inhibited and therefore phosphorylation of 

CheY-RR domain is reduced.  Campylobacter spp. exhibits specific modifications to 

this general scheme of signal transduction. (Lertsethtakarn et al., 2011).  The first of 

these modifications is the presence of CheV �± a CheW-scaffold like protein with an 

additional RR-domain- that could play a role in adaptation to attractants (Pittman 

et al., 2001; Alexander et al., 2011).  Second modification exists in CheA that 

possesses an additional RR-domain (homologue to CheY) at its C-terminus which is 
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termed CheAY (Marchant et. al., 2002; Parkhill et. al., 2000).  It is not obvious what 

role this additional RR-domain is playing in the function of the CheAY.  CheAY 

seems to phosphorylate its RR-domain, however, the preferred phosphorylation 

substrate is CheY (Jiménez-Pearson et.al.2005).  On the other hand CheY can 

phosphorylate CheAY at its RR-domain (Jiménez-Pearson et.al.2005).  It has been 

suggested that CheAY might remove phoshporyl groups from CheY, hence 

functions as a phosphate-sink (Lertsethtakarn et al., 2011).  Study of the genome of 

C. jejuni NCTC 11186 (Marchant et. al., 2002; Parkhill et. al., 2000) revealed the 

presence of orthologues of cheB and cheR genes which in turn suggests that receptor 

adaptation probably occurs in some forms of Campylobacters spp., although with 

some variations because the methylesterase CheB lacks the regulatory RR-domain, 

(Korolik and Ketley 2008).  The latter is the third modification in the chemotaxis 

system of C. jejuni.   

 The six C. jejuni chemotaxis signal transduction pathway genes (cheY, 

cheV, cheA, cheW, cheR and cheB) are located in three separate regions of the 

genome (Marchant et. al., 2002). The cheY is located adjacent to the protein 

glycosylation gene cluster (Parkhill et. al., 2000) and in a start of an operon position, 

where no other gene is likely to be involved in chemotaxis.  The second region, 

comprises the genes for cheV, cheA, and cheW which is located next to one another, 

and the genes flanking these three che genes in the operon seem not to be related to 

chemotaxis.  The third region of the C. jejuni chromosome contains the cheR and 

cheB genes, that are cistronic and are not cotranscribed with the flanking genes, 

ripB and pebC (Korolik and Ketley 2008). 
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1.9.2 Classification of Tlps in C. jejuni 11168  

Study of the genome of C. jejuni NCTC 11186 (Marchant et. al., 2002; 

Parkhill et. al., 2000) shows that the chemosensory pathway involves a number of 

MCP-like genes, termed Tlps (transducer-like proteins) that encode the receptors 

that form the complex with the products of a single cheA and cheW genes 

(Korolik and Ketley 2008).  The Tlps in C. jejuni 11168 can be grouped into 4 

groups based on their homology to known proteins in other organisms of similar 

function (Figure 1.6). 

Group A receptors 

 The group A receptors include Tlp1, Tlp2, Tlp3, Tlp4, Tlp7 and Tlp10.  

These receptor structures comprise three domains; periplasmic, cytoplasmic and 

transmembrane domains, similar to membrane-spanning chemoreceptor proteins 

(Falke et. al., 1997).  Tlp1 has been shown recently to recognize L-aspartate 

(Hartley-Tassell et. al., 2010).  The presence of both the sensory periplasmic ligand-

binding and the transmembrane domains suggests that group A receptors senses 

ligands that are external to the cell (Marchant et. al., 2002).  The classification of 

chemoreceptor Tlp7 is inconsistent.  It belongs to the group A receptors if encoded 

by one single gene (cjj81176-0975) as in case of the reference strains 81-176 and 

81116 (Tareen et al., 2010).  However in case of C. jejuni strains NCTC 11168 and 

B2, the sections for periplasmic binding and transmembrane localization are 

encoded on gene cj0952c, whereas the signalling domain is encoded by the adjacent 

gene cj0951c.  Thus, the membrane-associated partial receptor encoded by cj0952 

(termed Tlp7m) belongs like the cjj81176-0975-encoded receptor, consisting of the 
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membrane-associated and the cytoplasmatic domains (termed Tlp7mc), to group A, 

whereas the cytoplasmic part, encoded by cj0951c (Tlp7c), should be considered as 

group C chemoreceptor.  However, up to now it has not been shown that Tlp7m and 

Tlp7c sense together. It is assumable that Tlp7c could also interact and sense with 

other ligands than Tlp7m (Zautner et. al., 2012). 

Group B receptors 

Group B contains one receptor homologue which is Tlp9 (CetA).  Its 

predicted structure is of a cytoplasmic protein anchored to the membrane by a single 

amino-terminal transmembrane region.  The absence of a ligand-binding domain 

implies that it might interact with another receptor or proteins (Marchant et. al., 

2002).  Given the structure of the Tlp9 and the presence of flanking aer 1 and aer2, 

which encode homologues of cytoplasmic redox-sensing proteins, it has been 

suggested that Tlp9 might act as the cognate signal-transducer to Aer1 and Aer2.  

Aer2 and Tlp9 were found to be required for energy taxis and named CetB and CetA 

for campylobacter respectively (Hendrixon et. al., 2001).  The relationship between 

Aer1 and CetA is not yet known (Marchant et. al., 2002).  Therefore, 

Campylobacters are able to sense the energy levels through the Aer2/CetB and 

transduce the signal into the chemotaxis pathway via Tlp9/CetA.  As in the case of 

E. coli energy taxis receptor Aer, experimental data suggest that CetB is a signal 

sensing protein that conveys the signals to CetA.  CetA in turn transmits the energy 

taxis signals to core signal transduction proteins of the chemotactic system CheW/ 

CheV, CheA(Y) and, thus, to CheY (Hendrixon et. al., 2001; Elliott and Dirita 

2008). 
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Group C receptors 

 The genome of C. jejuni encodes for four chemoreceptors Tlp5, Tlp6 

and Tlp8, which represent the receptor group C (Marchant et. al., 2002).  In contrast 

to group A receptors, these molecules possess neither a periplasmic binding domain 

nor transmembrane regions and, therefore, are believed to reside in the cytosol.  

However, despite their homology to signalling domains of other chemoreceptors 

(the family C transducers in Halobacterium salinarum, Zhang et. al., 1996), nothing 

is known about their biological function.  However, their estimated cytosolic 

localisation may be a hint that they sense intracellular signals in C. jejuni (Zautner 

et. al., 2012). 
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Figure 1.6 Predicted domain organization in receptor and signal transduction 

proteins in C. jejuni. (a) The chemotaxis signal transducer proteins found in C. jejuni 

are arranged so that the shared domain structutes are highlighted.  (b) The 

chemoreceptor proteins are arranged in groups according to proposed structure-

functional relatedness in C. jejuni.  Tlp 7 is depicted assuming the fusin of ORFs 

Cj0951 and Cj0952 (Marchant et. al., 2002). 
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1.9.3 CheA, CheW, CheY and CheV 

Histidine kinase CheA  

Che A contains the known histidine kinase (HK) functional domains found 

in CheA kinases in other bacterial species, the P1phosphorylation domain, the 

catalytic kinase (Dutta et. al., 1999) and the receptor/ CheW interaction site which is 

important for ternary complex formation.  On the other hand, the P2-response 

regulator docking domain is not well conserved in C. jejuni as it has no catalytic 

function.  Unlike the E. coli paradigm, the CheA kinase domain of C .jejuni is fused 

to a C-terminal response regulator domain and is designated CheAY (Marchant et. 

al., 2002: Korolik and Ketley, 2008).  The presence of the characteristic CheA 

domain in the CheAY of C .jejuni indicates that it is likely to function similarly to 

characterized CheAs, resulting in the CheY phosphorylation (Marchant et. al., 2002: 

Korolik and Ketley, 2008). 

Response Regulator CheY  

 The amino acid sequence of the CheY protein contains a number of the 

conserved regions characteristic of CheYs.  Residues homologous to the E. coli 

phosphorylated Asp57 and those which form the active site of CheY (Stock et. al., 

1989), are present in C. jejuni CheY.  Thus it is likely that CheY functions in the 

same way as CheY response regulators in other bacterial species, by interacting with 

FliM following phosphorylation by CheA to reverse the flagellar rotation.  Analysis 

of the cheY mutants found that the fully motile bacterial cells were straight 

swimming with no change in direction (Marchant et. al., 2002).  This indicates that 

CheY is responsible for mediating changes in the direction of the flagellar rotation. 
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CheW and CheV  

CheW has no catalytic or regulatory function; it simply acts as a scaffolding 

protein that is necessary for the formation of the ternary complex (Armitage, 1999).  

The many conserved residues throughout the full length of the protein suggest that 

C. jejuni CheW probably acts as an essential structural component of the ternary 

complex as in E. coli.   

The C. jejuni genome encodes the protein CheV, which contains an 

N-terminal region homologous to CheW, fused to a C-terminal response regulator 

domain.  CheV was originally identified in the spore forming, soil bacterium 

B. subtilus (Fredrick and Helmann, 1994) and three CheV paralogues have also been 

located in H. pylori (Pittman et. al., 2001).  A CheV homologue has been 

additionally identified and annotated in the enteric bacteria S. enterica serovar 

Typhimurium (Frye et. al., 2006).  CheV and CheV1 of B. subtilus and H. pylori 

respectively were found to be essential for optimal chemotaxis (Rosario et. al., 

1994; Pittman et. al., 2001).  Furthermore, it has been demonstrated that CheV and 

CheW of the B. subtilus are partially redundant.  Thus it was proposed that CheA 

histidine kinase activity can be regulated via either CheW or CheV in B. subtilus 

(Rosario et. al., 1994).  It seems that the C-terminal response regulator domain is not 

necessary for the proposed coupling of CheA to the chemoreceptors via CheV in 

these species (Karatan et. al., 2001), suggesting that the domains of CheV have 

independent functions. 

The CheV proteins of B. subtilus and H. pylori share many similar and 

identical residues with C. jejuni CheV (Marchant et. al., 2002: Korolik and Ketley, 

2008).  The presence of the CheW domain within CheV, as well as the conserved 
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signalling regions of the C. jejuni Tlps, suggest that CheV may be involved in 

receptor signalling complex formation and possibly histidine kinase regulation 

(Marchant et. al., 2002; Korolik and Ketley, 2008).  

In B. subtilus, the C-terminal response regulator domain of CheV is 

phosphorylated via phosphotransfer from CheA, and phosphorylation of CheV is 

required for the return to prestimulus behaviour following an excitation response, 

suggesting that CheV is involved in the adaptation process (Karatan et. al., 2001).  

The N-terminal CheW-like domain was not required for efficient phosphorylation of 

the CheV response regulator domain, however this domain was found to stabilise 

phospho-CheV (Karatan et. al., 2001).  The CheV2 of H. pylori is capable of 

binding the small-molecule phosphodonor acetyl phosphate, suggesting it too may 

be phosphorylated in vivo (Pittman et. al., 2001).  Due to the absence of a response 

regulator domain in C. jejuni CheB, the response regulator domain from CheV may 

regulate the CheB methylesterase function, thus playing a role in adaptation of the 

C. jejuni chemotaxis system (Marchant et. al., 2002; Korolik and Ketley, 2008).  

CheW interacted with CheA and more significantly, was observed to interact with 

receptors, Tlp4 and Tlp8 (group C, Tlp that lack a periplasmic sensory domain) 

(Korolik and Ketley, 2008).  On the other hand, CheV interacted with Tlp4, Tlp6, 

and Tlp8.  Using a yeast two-hybrid system, Shelwell and Korolik in 2007 have 

shown that Tlp1 interacts with CheV and not with CheW.  Based on the intricacies 

of using a yeast-based system, this concludes that Tlp4 is the only receptor of group 

A which interacts with both CheV and CheW in the sensory receptor complex.  The 

presence of a highly conserved signaling domain (HCD) (Zuhlin, 2001), that is 

believed to interact with CheW, has suggested, that all of the receptors are involved 

in forming a signaling complex (Le Moual and Koshland, 1996).  There would be 
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variations in the relative levels of CheW and CheV in the sensory complexes, with 

some Tlps being more specific to either CheW or CheV (Korolik and Ketley, 2008).  

This may result from the competition for position among CheW and CheV, a 

condition which still may depend on the phosphorylation state of CheV, thereby 

introducing a different level of regulation into the system (Korolik and Ketley, 

2008). 

1.9.4 Adaptation: CheR and CheB 

The C. jejuni genome encodes orthologues of both CheR and CheB, which 

indicates that a mechanism of adaptation via reversible methylation is probable.  

Amino acid sequence analysis of the methylation sites for Tlp1, 2, 3, 4, and 9 has 

identified near-consensus methylation sites (LeMoual and Koshland, 1996).  On the 

other hand, these sequences were not found in the other receptors namely Tlp5, 6, 7, 

8, and 10 suggesting that there could be an alternative mechanism for adaptation 

present in C. jejuni (Marchant et. al., 2002; Korolik and Ketley 2008). 

The C. jejuni putative Che R shows a low overall similarity with other 

bacterial CheRs, but there are functionally important shared residues throughout the 

sequence.  For example the residues forming the S-adenosylmethionine (AdoMet) 

substrate and residues involved in forming hydrogen bonds with AdoMet are all 

identical or similar in C. jejuni (Djordjevic and Stock, 1997).  This suggests that the 

C. jejuni putative Che R functions as a methyltransferase (Marchant et. al., 2002). 

By comparing the C. jejuni CheB amino acid sequence with that of other 

CheBs, a prominent structural feature is obvious: that it lacks a response regulator 

domain and consists of the methylesterase domain only.  The residues of the 



 DINA FAHMY  
 

 

41 
 

catalytic triad are conserved, as are those implicated in stabilizing or correctly 

positioning the active site (West et. al., 1995), indicating that all the residues 

necessary for the methylesterase function are preserved.  In addition, the sequence 

homology analysis with other CheBs, has demonstrated that C. jejuni CheB displays 

sequence similarity over the entire length up to the C-terminal portion only. 

The absence of RR domain from the putative CheB methlyesterase, may 

indicate that both CheR and CheB are constitutively active in C. jejuni.  Regulation 

of the CheR/CheB adaptation system may involve the additional response regulator 

domain of the CheV.  CheV could either inhibit CheB directly (Rosario et. al., 1994) 

as part of the sensory complex or indirectly by inducing phosphorylation-dependent 

conformational changes in the ternary complex that in turn would regulate the CheB 

access to the methylation sites (Marchant et. al., 2002). 

 

1.10. Comparative Genomics  

 Genome data are valuable starting points for further research that might 

consider the interaction between the organism and its ecological niche and the 

surrounding environment (Eppinger. et. al., 2004).  Sequence data cannot be used to 

elucidate all the aspects of biology of a particular species; however, it provides 

�L�Q�V�L�J�K�W�� �L�Q�W�R�� �W�K�H�� �F�R�P�S�O�H�[�L�W�\�� �R�I�� �W�K�H�� �R�U�J�D�Q�L�V�P�¶�V�� �E�L�R�O�R�J�\�� �D�Q�G�� �D�O�O�R�Z�V�� �T�X�H�V�W�L�R�Q�V�� �W�R�� �E�H��

posed regarding the genome dynamics and diversity.  This approach has been 

adopted by Marchant et. al., 2002 to study the putative chemotaxis genes that are 

present in the C. jejuni NCTC 11186 genome sequence.  The initial findings of a 
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sequence analysis must be followed by experimental work to elucidate or confirm 

the physiological function of the identified gene products (Eppinger et. al., 2004). 

 

1.11. Historical technological review for receptor-ligand binding 

assays 

Receptor-ligand binding techniques were first introduced in the 1970s 

(historic reviews: Lefkowitz 2004; Snyder and Pasternak 2003).  It was the first tool 

enabling receptors to be demonstrated in tissues using biochemical means.  

Numerous assay formats are available that can be used to screen and quantify 

receptor-ligands, such as radiolabelling, colour development-based assays, 

fluorescence- based assays, chemoluminescence or bioluminescence. 

Most of the assay technologies require labelling of either the ligand or the 

receptor.  Radio-isotopic labels such as 3H, 125I and 32P can be used to label the 

ligand without affecting its affinity towards the receptor.  Because of the 

disadvantages of disposal of radioactive waste, relatively long read time 

(10,000 counts: 25 min for radioactivity vs <50ms for fluorescence Sportsmann 

et al., 2000), costs, health hazards, the requirement for special licences, etc., efforts 

have increased to develop based on either colourimentric, fluorescence or 

(chemo-/bio-) luminescence detection systems.  Receptor assays based on colour 

development make use of enzymes such as alkaline phosphatase (AP) and 

horseradish peroxidase (HRP).  In the case of the HRP, a coloured product is formed 

upon incubation of the enzyme with a suitable chromogenic substrate in the presence 

of hydrogen peroxidase.  Assay types based on colour development are not sensitive 
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and fast in comparison to assays that make use of fluorometric or chemiluminescent 

detection.   

Fluorescence is becoming increasingly popular as a detection principle due 

to dyes with enhanced brightness (fluorescence intensity = molar extinction 

coefficient x quantum yield), greater photostability and improved physical properties 

of the fluorphore (Hertberg and Pope, 2000).  The choice of the fluorophore with 

appropriate specific characteristics to label ligands is critical to assay development.  

The Alexa Fluor® dyes are dyes that cover a broad range of excitation and emission 

wavelengths that can be adapted to most of the available detection techniques.  

Moreover, these dyes are intensely fluorescent, photostable, insensitive to pH 

changes and soluble in water.  Detection methods based on fluorescence still have 

numerous disadvantages.  First, the fluorescent signals can be quenched by other 

compounds in the assay mixture, plastic materials or the biological matrix.  Second, 

fluorescence can be scattered by particles and finally auto florescence from proteins 

or other compounds in the matrix can give rise to high background signals.  The 

long lifetime lanthanides (e.g. europium; decay time >0.5ms) present a group of 

fluorescent dyes which can overcome the problems associated with short lifetime 

fluorophores (decay time < 0.5 ns).  Lanthanides are useful in a range of other assay 

formats e.g. Fluorescence resonance energy transfer (FRET), fluorescent 

polarization (FP) and flow cytometry. 

 An alternative detection technique for non-radioactive receptor binding 

assays is based on the generation of chemo luminescence or bioluminescence upon 

oxidation of luminol cataylzed by peroxidase or luciferin catalysed by luciferase, 

respectively.  In addition to enzymatically-derived signals, there are also 
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non-enzymatic systems that make use of for e.g. of acridinium esters like lucigenin.  

The luminescence signal can be detected through the use of a photomultiplier tube 

or a charge-coupled device (CCD) down to 10-18 to 10-21 mol. (Roda et. al., 2003).  

Luminescence, however like fluorescence, has its own disadvantage which is the 

possibility of inhibition or enhancement of the signal by matrix components.  

Moreover, in the case of bioluminescent assays, it is a prerequisite to make use of 

highly purified reagents. 

 

1.12. Receptor-ligand binding assay technologies 

Receptor-ligand binding assays may be classified according to the need for 

separation of bound from free ligand into the following types of assays: 

heterogeneous, homogenous and non-separating homogenous.   

- Heterogeneous assays requires separation of the free from the bound fraction 

of the ligand. 

- Homogenous assays requires no separation or washing steps before 

measurement and hence is further subdivided into: - Mix-and-measure or 

mix-and-read assays. 

A second criterion of receptor-ligand binding assay technologies classification is the 

detection method.  Total internal fluorescence (TIF) and surface plasmon resonance 

(SPR) �D�U�H�� �W�Z�R�� �D�V�V�D�\�V�� �W�K�D�W�� �G�H�W�H�U�P�L�Q�H�V�� �W�K�H�� �D�I�I�L�Q�L�W�\�� �E�R�X�Q�G�� �O�L�J�D�Q�G�¶�V�� �S�U�R�S�H�U�W�L�H�V�� �Y�L�D��

optical interface. 
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1.13. Radioactive receptor-ligand binding assay technologies 

1.13.1 Radioreceptor assay (RRA) 

RRA is a heterogeneous assay that uses radiolabeled ligands for binding a 

membrane-bound receptor.  Lefkowitz et. al., 2004 developed the first quantitative 

radioreceptor assay.  The assay is based on the competitive interaction between a 

labelled ligand and an analyte for the same receptor binding site, which is the same 

principle that was developed for the radioimmunoassay (Yalow and Berson, 1959).  

In RRA, after incubation of the labelled ligand and the analyte with the receptor of 

interest, it is necessary to separate the free fraction from the bound fraction by 

centrifugation, dialysis or filtration.  A major advantage of RRAs is sensitivity, 

specificity and ease of use.  Many high affinity receptor ligands are commercially 

available allowing an easy and quick set up of this assay.  The major drawback of 

these assays is, however the use of radioactivity, and the need to separate free from 

bound ligand, which make these assays labour intensive and slow.  Moreover, these 

assays requires dissociation of the ligand to proceed much slower than the time to 

perform the separation (e.g. filtration step).  To overcome the need to separate the 

free from the bound fraction, radioactive homogenous assays have been developed 

based on scintillation proximity. 
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Figure 1.7 Principles of heterogeneous receptor-ligand binding assay  

L.A.A de Jong et. al /J.Chromatogr. B829 (2005) 1-25. 

1.13.2 Scintillation proximity assay (SPA) 

  SPAs are radioactive assays (Hart and Greenwald; 1979) that have been 

developed based on Scintillation proximity, where the receptor is immobilized on a 

solid surface (bead) and the ligand is labelled with a radioactive isotope.  The bead 

contains a scinti�O�O�D�Q�W�����Z�K�L�F�K���H�P�L�W�V���O�L�J�K�W���D�V���D���U�H�V�X�O�W���R�I���H�Q�H�U�J�\���W�U�D�Q�V�I�H�U�������7�K�H����-particle 

and Auger electrons, emitted from the radioisotopes 3H and 125I, respectively, travel 

over a limited distance in an aqueous environment (<8 µm [3H], <12 µm [125I] 

(Udenfriend et. al., �������������� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �G�H�W�H�F�W�L�R�Q�� �R�I�� ��-particles and Auger electrons 

only if the radioactive ligand is in close proximity to the receptor, which is 

immobilized on the scintillant beads (Major, 1995; Cook 1996).  Although 125I is 

preferred for its higher specificity to the 3H, yet the 125I gamma emission path length 

is more than 15 cm, resulting in almost no energy absorption by the scintillant beads 

or assay buffer and thus no interference (Bosworth and Towers, 1989).  Flashplates 

or Scintiplates are based on the same principle, but the scintilliant is now coated on 

the inner surface or placed on the entire plastic surface of the wells of a microtiter to 
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which the receptor has been immobilized.  This mix-and-read format makes this 

scintillation proximity assay easy to automate, which enhances assay reliability 

(Major, 1995). The use of radioactivity, however, remains a disadvantage, making 

this technique also very expensive.  Another potential challenge is the need to 

immobilize the receptor on a solid surface, where it should remain stable and 

maintain its affinity. 

 

 

Figure 1.8 Scintillation proximity assay. 

L.A.A de Jong et. al /J.Chromatogr. B829 (2005) 1-25. 

 

1.14. Non-radioactive receptor ligand binding technologies 

-Heterogeneous non-radioactive receptor assay 

One of the first receptor assays that made use of fluorescence was described by 

McCabe et. al., 1990 for benzodiazepine receptor using a fluorescine-labeled ligand.  

The assay required the use of high amounts of labelled ligand and high amounts of 

receptor and had considerable background fluorescence. Takeuchi et. al., (1991) and 

Janssen et. al., (2001), tried to overcome the use of radioactivity and the presence of 
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background fluorescence by developing a heterogeneous receptor assay combined 

with reversed-phase high performance liquid chromatography (RP-HPLC) and a 

fluorescence detector.  The method that was used by Takeuchi 

(Takeuchi et. al., 1991) measured the free fraction with RP-HPLC directly after 

�F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���� �� �2�Q�H�� �G�U�D�Z�E�D�F�N�� �R�I�� �7�D�N�H�X�F�K�L�¶�V�� �P�H�W�K�R�G�� �Z�D�V�� �W�K�D�W�� �L�W�� �U�H�T�X�L�U�H�G�� �D�� �O�D�U�J�H��

amount of receptor material in order to reach a level of specific binding that allowed 

measurement of a significant �G�H�F�U�H�D�V�H���L�Q���W�K�H���I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O�������-�D�Q�V�V�H�Q�¶�V���P�H�W�K�R�G����

on the other hand required the use of a dissociation step of the bound fraction after 

filtration to recover the bound fluorescence (Janssen et. al., 2001) instead of the free 

fraction, which accounts �W�R���W�K�H���S�U�H�F�L�V�L�R�Q���R�I���W�K�L�V���D�V�V�D�\�������-�D�Q�V�V�H�Q�¶�V���D�V�V�D�\��has shown to 

be as sensitive and specific as its radioactive counterpart, and did not require large 

amounts of label or receptor.   

1.14.1 Fluorescence resonance energy transfer (FRET) 

Most of the mix-and-measure assays make use of the principle of 

fluorescence resonance energy transfer (FRET) (Th. Förster, 1948), which is based 

on energy transfer between donor and acceptor molecules that need to be in close 

proximity.  Upon excitation of the donor, energy is transferred via dipole-dipole 

interaction to the acceptor molecule, without the emission of a photon.  The donor 

molecule is the dye or chromophore that initially absorbs the energy and the 

acceptor is the chromophore to which the energy is subsequently transferred.  The 

acceptor emits light provided that the ligand is bound to the receptor-antibody 

complex (Stenroos et. al. 1988).  The constraints of this assay are numerous; first the 

distance between the acceptor (antibody directed against the receptor under study) 

and donor has to be smaller than 10 nm, secondly there has to be an overlapping 
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absorption emission spectrum of the acceptor and the donor for efficient energy 

transfer to occur.  The utility of this technique in a homogenous assay format is 

limited by the requirement of labelling of both the donor and the acceptor molecule. 

 

 

Figure 1.9 Fluorescence resonance energy transfer (FRET) 

L.A.A de Jong et. al /J.Chromatogr. B829 (2005) 1-25. 

 

Time-resolved fluorescence resonance energy transfer (TR-FRET) is a 

variant of FRET where problems with interferences from background fluorescence 

is solved by using donor molecules with a long excited state lifetime (e.g. lanthanide 

chelates) as mentioned in section 1.11.  The TR-FRET assays are sensitive and 

display reduced autofluorescence, but there is a limited choice of donor/acceptor 

pairs.  Additionally, due to steric hindrances, it is more complex to label donor 

and/or acceptor without interfering with binding itself.   

The luminescent variant of FRET where energy transfer occurs between a 

luminescent donor and a fluorescent acceptor is called bioluminescence resonance 
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energy transfer (BRET).  The enzymatic oxidation of a substrate results in the 

emission of energy from the donor, which means that no excitation light is needed in 

contrast to FRET.  Additionally the enzyme reaction does not produce a background 

signal and hence the BRET is more sensitive than the FRET assay (Pfleger et. al., 

2003).  BRET has been used in studying protein-protein interaction (de Jong et. al., 

2005).  Instrumentation for BRET assays is simpler and cheaper as it requires no 

light source (Milligan, 2004).  This makes BRET assay, an assay that is very 

valuable in high-throughput screening.  The only criterion one has to take into 

consideration, is the label choice and the method to use to label the ligand and/or 

receptor (with or without spacer) due to the large size of the fluorescent and 

bioluminescent probes and their effect on the binding properties. 

1.14.2 Fluorescence polarization (FP) 

  Fluorescence polarization (FP) or florescence anisotropy, both are 

synonymous terms for molecular interaction in solution (Jameson et. al., 2003; 

Burke et. al., 2003).  This technique measures the change in the rotational speed of a 

ligand during its excited lifetime upon binding to it receptor.  The polarized light 

excites the fluorescently labelled ligand and the emitted light polarization is 

determined.  When the ligand is bound to a protein, for example, a receptor, the 

emitted light is largely depolarized in the presence of small rapidly rotating ligand.  

The polarization of the excitation light, the lifetime of the excited state and the 

flurophore mobility, all contribute to the degree of polarization of the emitted 

fluorescence.  The FP techniques has numerous disadvantages, being limited to low 

molecular weight ligands (<5kDa) when using short excited lifetimes fluorophores 

and lack of precision at low nanomolar concentrations. 
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Figure 1.10 Fluorescence polarization 

L.A.A de Jong et. al /J.Chromatogr. B829 (2005) 1-25. 

 

1.14.3 Fluorometric microvolume assay technology (FMAT) 

 Fluorometric microvolume assay technology or micro volume fluorometry 

(MVF) makes use of a scanner which measures multiwell plates.  In this mix-and-

measure assay, the peptide or small molecule ligand is labelled with a fluorophore 

and the receptor should either be expressed on cells or immobilized on beads.  The 

FMAT scans a 1mm2 area at the bottom of the multi-well plate (either 96-, 384-

or 864-well with a clear bottom and black sidewalls) where the generated images 

indicate the size and amount of bound fluorescence.   

1.14.4 Amplified luminescence proximity homogenous assay (AlphaScreen�Œ) 

 Amplified Luminescence Proximity Homogenous Assay (Alph�D�6�F�U�H�H�Q�Œ) 

(Ullman et. al., 1996) is a different format of a homogenous bead-based assay.  It 
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makes use of singlet oxygen (1O2, half-life 4µs) production on donor beads and a 

chemiluminescent reaction on the acceptor beads.  This assay allows the probes to 

be able to interact over longer distances than the FRET and BRET, up to 200 nm, 

due to the fact that singlet oxygen travels farther in solution before it falls back to 

the ground state.  The beads used, however in the Alpha �6�F�U�H�H�Q�Œ are ~ 250 nm in 

diameter, which is much smaller than the beads used in SPA and FMAT, which are 

2-10µm and 6-20µm, respectively.  This is advantageous to avoid clogging in liquid 

handling devices (Meza, 2000; Rouleau et. al., 2003). 

 

 

Figure 1.11 Schematic representation of the AlphaScreen�Œ measuring principle. 

L.A.A de Jong et. al /J.Chromatogr. B829 (2005) 1-25. 

 

1.14.5. Flow cytometry 

 Flow cytometry (Bohn, 1980), sequentially sorts and counts single 

microscopic particles, either cells or beads suspended in a stream of fluid, based on 

optical signals, such as fluorescence.  The bead-based flow cytometric assays make 
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use of cell-sized polystyrene/latex or dextran microspheres with diameters in the 

µM range.  There are two approaches the Luminex approach where the beads could 

be filled with two fluorophores of varying concentrations and wavelengths and 

the approach devised by Waller et. al., (Waller et. al., 2003).  In the Luminex® 

approach, two lasers are used, to identify the bead and quantify the fluorescence 

associated with the immobilized interacting partner.  Flow cytometry requires that 

one of the interacting partners is immobilized on the bead and the other is provided 

with a fluorescent tag, in order to measure and quantify the receptor-ligand binding.  

Therefore the bead set is unique to the analyte that is being measured.  The volume 

that is illuminated by the laser is in the picoliter (pL)-range, which reduces the 

background noise, resulting from light scatter, fluorescence impurities or free probe.  

The sensitivity of flow cytometry is determined by the ratio of specific signal 

to background together with the number of binding sites per particle and the affinity 

of the fluorescent probe for these sites. 

1.14.6 Fluorescence correlation spectroscopy (FCS) 

 FCS measures the fluorescence signal intensity fluctuations as a result 

of differences in diffusion rate of either dye-labeled free ligand in solution or bound 

to a high-molecular weight receptor.  Diffraction limited laser beams and confocal 

optics in addition to pinholes in the image plane, are used to reduce irradiated 

volumes of the fluorescent molecules. 

1.14.7 Receptor-based biosensors (chip-based assays) 

 All biosensor technologies require the immobilization of receptors or 

ligands on a surface (de Jong et. al., 2005).  Receptors can be covalently attached by 
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chemical cross-linking or non-covalently deposited on the surfaces.  Covalent 

immobilization may lead to irreversible structural alterations and random orientation 

of proteins on the surface.  The receptor immobilization on a surface has often 

proven difficult because it leads to damage of the receptor and causes its lack of 

functionality.  This has often been proven to be the case, in particular for membrane 

proteins that consists of several subunits with transmembrane spanning domains 

(Schmid et. al., 1998).  For transmembrane to be successfully immobilized onto a 

solid support, the presence of their natural environment, the lipid bilayer, is often 

required.  Addition of thiolipids (e.g. PE-SH) that consist of a hydrophilic layer 

between membrane and the chip surface, retains the receptor functional integrity.  

Capturing a receptor on a surface via affinity tags normally requires that the receptor 

is genetically engineered and produced in recombinant form. 

 Microarrays, are an important chip-based approach that consists of grids 

that contain small amounts of receptor proteins in high density.  Microarrays allows 

simultaneous determination of ligand binding towards multiple receptors (Zhu and 

Snyder, 2001).  There are many detection principles for microarrays but 

fluorescence is the one most widely used.  Immobilization of integral membrane 

proteins onto a support is, however, a difficult task. 

1.14.8 Surface plasmon resonance (SPR) 

 SPR is a method that is used that allows to follow the molecular 

interactions without the need for labelling.  �6�5�3�¶�V�� �S�U�L�Q�F�L�S�O�H�� �L�V�� �E�D�V�H�G�� �R�Q�� �U�H�I�U�D�F�W�L�Y�H��

index measurement, and at which at a certain angle called resonance angle polarized 

light is reflected totally from the surface.  Reflection is additionally in direct 

proportion to the mass change or layer thickness.  However, if the polarized light 



 DINA FAHMY  
 

 

55 
 

strikes a solid surface e.g. the gold layer at different angles, at  a fixed wavelength, 

at different media, different refractive indices, photons are absorbed into surface 

plasmons (electron density waves) resulting in resonance and no light reflection.  

Immobilization of the receptor or the ligand, results in changes in refractive indices 

at one side of the surface, resonance angle is changed and reflection of light 

intensity is increased (de Jong et. al., 2005). 

 Nictonic acetyl choline receptor is an applied example of SPR. (de Jong 

et. al., 2005).  Receptor immobilization required the receptor to be reconstituted in 

thiolipid containing liposomes in tethered membranes (de Jong et. al., 2005).  The 

assay sensitivity may be increased by ligand immobilization on the sensor surface, 

this will lead to a high molecular-weight receptor (Kroger et. al., 1999).  There are 

various procedures to immobilize either the ligand or the receptor onto the sensor 

chip surface which could include covalent attachment or affinity capturing methods 

via biotin, antibodies and fusion tags.  Since surface plasmon resonance is dependent 

on mass changes, it is advantageous to immobilize the molecule with the lowest 

molecular weight to the surface and measure the binding of the higher molecular 

weight partner (de Jong et. al., 2005).  The difficulty of the attachment of the low 

molecular weight ligands to sensor surfaces necessitates the attachment of the high 

molecular weight to the surface and to work with a smaller signal (Wilson, 2002).  

This latter approach requires less amount of the receptor (Gestwicki et. al., 2001), 

but has the important limitation that denaturation of the immobilized receptor may 

occur upon repeated use (de Jong et. al., 2005).  SPR main advantage is the 

molecular weight monitoring in real time without labelling.  The major drawback of 

SPR is that one of the binding partners need be immobilized (de Jong et. al., 2005). 
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1.14.9 Total internal reflection fluorescence (TIRF) 

 This technique is based on the binding of fluorescently-labeled ligand to an 

immobilized receptor on a sensor surface.  TIRF detection system is based similarly 

on SPR, but in this case the signal is not dependent on the ligand mass but uses the 

fluorescence sensitivity (de Jong et. al., 2005).  Fluorescent molecules that are 

present near the surface are excited by plasmons resulting from polarized light that 

undergoes total internal reflection (Schmidt et. al., 1998; Axelrod et. al., 1984). 

 

1.15. Other techniques 

1.15.1 Quantitative affinity chromatography (QAC). 

 QAC is a tool that can be used online for determination of affinities of 

receptors when they are immobilized on chromatographic matrices (de Jong et. al., 

2005).  Receptors, in that case whether membrane receptors or liposome 

reconstituted receptors, are immobilized on various solid-phase matrices, for 

example, on immobilized artificial membrane (IAM) beads or by steric entrapment 

in pore structure gels (e.g. Superdex beads).  The IAM surfaces consist of either 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylglycerol (PG) or phosphatidic acid (PA).  Both PC and PE are 

zwitterions, whereas PS, PG and PA are negatively charged.  IAM beads (12µm 

particles; 30 nm pore diameter) have been used to determine binding constants 

towards e.g., the µ- and k-�R�S�L�R�L�G�� �U�H�F�H�S�W�R�U�� ���%�H�L�J�L�� �D�Q�G�� �:�D�L�Q�H�U���� �������������� �W�K�H�� ��-AR 

(Beigi et. al., 2004) and Psg transporter (Zhang et. al., 2000).   
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1.15.2 Affinity selection mass spectrophotometry 

 Affinity selection mass spectrophotometry is the procedure that results on 

combining mass spectrophotometry with SPR or QAC (de Jong et. al., 2005).   

1.15.3 Online liquid chromatography with biochemical detection 

 This is another technique used to detect the receptor affinity (RAD).  This 

heterogeneous set-up necessitates the separation of free form and bound form of the 

ligand.  The online reversed-phase liquid chromatography (RP-LC), coupled to 

biochemical detection (RAD) as described by Oosterkamp et. al., (1996), also 

termed the RAD system consists of open-tubular reaction coils, where the 

flouresecnt ligand is mixed with the receptor and a competing analyte (Oosterkamp 

et. al., 1996).  Separation of the free form from the bound form is based on mass 

difference between free and bound label and hydrophobicity of the free label (de 

Jong et. al., 2005).  RAD is limited in its application to soluble receptors, but not 

used for integral membrane receptors. 

1.15.4 Microfluidics  

 Miniaturization of assays has been a long thought of idea by scientists.  

The miniaturization reduces reagent consumption as well as the time the assays are 

completed (de Jong et. al., 2005).  Assays that were miniaturized in microtiter plate 

format increased the demand over both the liquid handling system (mixing and 

dispersing) and the evaporation control system significantly hence rendering this 

system less robust.  Micro scale total analysis systems (µTAS) is a novel analysis 

platform that integrates sample handling, mixing, separation and detection in a 

single microfluidics device.  In such microfluidics device only submicroliter reagent 
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volume are required.  The detection is based on fluorescence but coupled to mass 

spectrophotometry.  Chemiluminescence detection provides a highly sensitive 

detection system than fluorescence and there is no requirement of an external light 

source (Yakovleva et. al., 2003).  A microfluidic enzyme immunoassay was 

described by Yakovleva et. al., 2003 where the microchip was modified by 

attachment of protein A or G through a hydrophilic polymer, such as dextran.  

Detection method was by chemiluminescence using horseradish peroxidase (HRP).  

The full potential of microfluidics has not been fully realized, particularly in the 

quantitative analysis in receptor ligand interactions (de Jong et. al., 2005). 

1.15.5 Nuclear magnetic resonance (NMR) 

 NMR spectroscopy is used to detect the structure of chemically 

synthesised compound and biomolecules.  Among the various applications of NMR 

applications is the study of molecular interactions at the atomic level.  NMR is used 

to study ligand-receptor the interaction for example the competitive binding and 

allosteric effects that are otherwise difficult to study (Meyer B et. al., 2003).  NMR 

technology has limitations like any other technique being poor sensitivity and low 

throughput. 

 

1.16. The use of recombinant proteins 

 All receptor assays require the use of purified receptor protein as well as 

reproducible source of proteins.  One of the widely available resources is the animal 

tissue (de Jong et. al., 2005).  Drawbacks of the use of recombinant proteins is that 

non-human receptors may show different binding profiles than their human 
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counterparts.  It is extremely difficult to purify large amounts of the receptors from 

animal tissues.  Heterologous expression systems has been developed to express 

human receptors both the soluble as well as the membrane-bound ones (Tate and 

Grisshammer, 1996).  There is no universal host for high level of protein expression 

that will provide functional homogenous form of the receptors, which would testify 

to the individuality of the receptors (de Jong et. al., 2005).  Expression systems are 

divided into prokaryotic and eukaryotic host organisms, both have their advantages 

and disadvantages.  Membrane bound receptors are the most difficult to express than 

their counterparts, the soluble receptors.  The choice of an expression system 

therefore has to provide the best level of expression to membrane bound receptors.  

The membrane bound receptors are difficult to express due to the lack of knowledge 

concerning their insertion within the membrane as well as their folding with respect 

to the folding of the soluble receptors.  High level of expression has been reported 

�I�R�U�� �R�Q�O�\�� �D�� �I�H�Z�� �U�H�F�H�S�W�R�U�V�� �V�X�F�K�� �D�V�� �W�K�H�� ��-adrenergic receptor in 

Saccharomyces cerevisiae (115pmol/mg) and in CHO cells (200pmol/mg) 

(King et. al., 1990).  The expression level of these membrane-bound receptors is a 

function of the number of transmembrane regions and the requirement for post-

translational modifications that are essential for the functional activity of these 

receptors (de Jong et. al., 2005). 

 Prokaryotic hosts such as E. coli provide the high level of expression of 

proteins with respect to biomass, however, the production of functional human 

receptors is often limited by the ability of the bacteria to perform post-translational 

modifications, for example as glycosylation and proper protein folding (de 

Jong et. al., 2005).   
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 Eukaryotic hosts such as S. cerevisiae and Pichia pastoris provide an 

intermediate expression system between the mammalian cells and the E. coli 

(de Jong et. al., 2005).  Although this lower eukaryotic host is capable of protein 

glycosylation, while growing and multiplying to high cell densities on simple media, 

yet their glycosylation is the not the same as that of the higher eukaryotes, and hence 

this would affect the functionality of the expressed protein i.e. receptor 

(de Jong et. al., 2005). 

 Baculovirus-infected insect cells (e.g. Spodotera frugiperda Sf9) is a better 

eukaryotic host capable of expressing the majority of membrane-bound receptors in 

a functional form.  The drawback is the ligand-receptor binding properties maybe 

altered due to the low cholesterol concentration in the membrane and limited 

number of endogenous G proteins.  The latter becomes an extremely important 

factor at high expression levels.  Although the high level of expression is an 

advantage of these systems, yet it poses a problem with respect to the protein 

heterogeneity as a consequence of incomplete protein glycosylation and the presence 

of non-functional protein i.e. inactive receptor that would be incapable of ligand 

binding (de Jong et. al., 2005).  The latter can be judged from the discrepancy 

between the amount of protein that is apparent when run on SDS-PAGE with 

Coomassie staining and the actual amount of ligand binding 

(Tate and Grisshammer, 1995 and 1996).   

 Heterologous expression of receptors in mammalian cells provides the best 

approach if functional studies of receptors is required due to the close resemblance 

with the membrane environment receptors naturally occur in.  Mammalian cells 

provide the following advantageous characteristics: The ability to perform complex 
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post-translational modifications, their content of numerous amounts of endogenous 

protein G, and their comparable membrane lipid compositions.  However, as in 

insect cells, the drawback of the mammalian cell expression systems are their time-

consuming growth, their low yield and inability to scale up and finally their high 

cost and complex culture media composition (de Jong et. al., 2005). 

 Expression of proteins in these aforementioned heterologous hosts 

provides the possibility of engineering the receptor proteins, for example by the 

fusion of affinity tags to the protein, which can be used for detection, purification 

and oriented mobilization.  These tags are mostly fused to the C-terminus of the 

receptor protein, but depending on the specific application, these tags can also be 

fused to the N-terminus of the receptor protein or at both termini.  These affinity 

tags greatly enhance the purification of the proteins as well as functional and 

structural studies as well as development of receptor binding assays.  The fusion tags 

comprise the polyhistdine-metal ion, antibody-antigen and biotin-strepavidin 

recognition elements.  The latter provides a good basis for robust and efficient 

�L�P�P�R�E�L�O�L�]�D�W�L�R�Q�� �R�I�� �S�U�R�W�H�L�Q�V�� �R�Q�� �D�� �V�R�O�L�G�� �V�X�U�I�D�F�H�� �D�V�� �L�V�� �W�K�H�� �F�D�V�H�� �I�R�U�� ����-adrenergic 

receptor in SPR applications.  Nilsson et. al., reviews the commonly used affinity 

fusion systems (Nilsson et. al., 1997). 

 Enhanced green fluorescence protein (EGFP) by being fused to the 

N-terminus of the receptor, provided a reporter of receptor expression as shown by 

Sarramegna et. al., (Sarramegna et. al., 2002) for the human µ-opioid receptor 

(HuMOR) expressed in P. pastoris.  EGFP was used to quantify the HuMOR 

expression, while the saturation ligand binding experiments with the antagonist 

[3H]-diprenorphine quantified the level of the functional receptor protein.  While the 
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antagonist binding reached a level up to 1pmol/mg protein, EGFP fluorescence 

showed expression levels of 16 pmol/mg total protein.  In this carefully designed 

experiment, it was shown that only about 6% of the expressed receptor was 

functional (de Jong et. al., 2005). 

 In conclusion, in order to choose the most appropriate host for a given 

receptor protein, one has to consider the following parameters, the yield, 

functionality, post-translational modifications and the possibilities for scale up 

(Rai and Padh, 2001).  Pharmacologically, the insect and mammalian cells provide 

the most successful host organism in relation to the receptor activity.  However, for 

the structural studies by NMR and X-ray crystallography, where much larger 

amounts of the receptor is needed, it is important to have high levels of homogenous 

protein expression, which favours E. coli and yeast over insect and mammalian cells 

(de Jong et. al., 2005). 

 

1.17. The quantitative use of receptor assays in biological matrices 

 In addition to the role of the receptor binding assays in drug discovery and 

in the elucidation of the structure-activity relationships, they are also applicable to 

the quantitative determination of receptor binding ligands in complex biological 

samples (Ensing and Zeeuw, 1984; Smisterova et. al., 1994).  Quantification of the 

biological levels using receptor assays provides the estimation of the overall 

concentration of all the analytes that affect binding which in turn is better correlated 

to the pharmacological effect of a drug or drug metabolite than the concentration of 

the individual ligands that are measured with chromatographic or mass 

spectrophotometric methods or the concentration of all the analyte-related ligands 
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using immunoassays.  The application of quantitative bioanalysis to the 

ligand-binding receptors assays is based on classical radioreceptor formats requiring 

separation of the free from the bound ligand.   

 In development of quantitative bio analytical receptor assays for 

bioanalysis of drugs and their metabolites, certain parameters need to be considered: 

- The incubation medium should be closely related to the human physiological 

condition if meaningful quantification of the total biological activity is the 

goal.  Assessment of the effect of the incubation time, temperature, pH and 

ionic strength on the affinity of the ligand for its receptor and for receptor 

stability need to be assessed.  Especially the presence of sodium can be 

detrimental for the affinity of the binding of the agonist  

- The second aspect is the choice of a suitable receptor preparation.  Although 

the animal tissue can be obtained with relatively low costs, however due to 

other factors that have been discussed before, the trend towards the use of  

recombinant receptors is seen. 

- The ligand that is used in the binding assay, either radioactively or 

non-radioactively is a third factor that has to be considered. 

- Moreover, the ligand should be chemically stable and resistant to enzymatic 

degradation.   

A receptor assay can be performed directly in the matrix if the concentration of the 

drug is high enough and the biological matrix does not interfere with the 

determination.  Otherwise it is important to perform several sample pre-treatment 

steps to eliminate the matrix interferences and to enrich the analyte of interest.  The 
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latter is important especially if these methods will be performed in hospitals or 

clinical chemistry laboratories. 

1.18. Aim of the study 

The aim of this study is to identify the MCP homologues in C. fetus and to 

select the most prevalent MCP that is commonly represented within the various CFF 

and CFV strains for detailed characterization. 
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2.1. In-silico analysis 

The chemotaxis orthologues in the genome of C. fetus fetus 82-40 were 

identified using the Basic Local Alignment Search Tool for proteins version 2.2.20 

(blastx) of the National Centre for Biotechnology Information (NCBI).  Examination 

and comparison of the orthologous signal transduction genes in other members of 

family Campylobacteraceae:   C. jejuni 84-25, C. coli RM2228 (ATCC BAA-1061), 

C. lari RM2100 (ATCC BAA-1060), C. upsaliensis RM3195 (ATCC BAA-1059) as 

well as two representatives of the family Helicobacteraceae; H. pylori 26695 and 

Wolinella succinogenes DSM 1740 was similarly performed using (blastx) of the 

(NCBI).  Pairwise and multiple amino acid sequence alignments were generated 

using the ClustalW (http://align.genome.jp/) and BioEdit sequence alignment editor 

version 7.0.9.0 (2007) programs.  The topology of the putative methyl-accepting 

chemotaxis proteins in C. fetus fetus 82-40 was predicted using the TMHMM2 

(www.cbs.dtu,dk/services/TMHMM), (Krogh et. al., 2001).  Unrooted phylogenetic 

trees (Tamura et. al., 2007) (Neighbor joining) (Saitou and Nei, 1987) were drawn 

using the Mega 4 (Molecular Evolutionary Genetic Analysis) program. 

 

2.2. Microbial strains, growth conditions and plasmids 

The C. fetus strains used in this study are listed in Table 2.1.  American 

strains were kindly donated by Martin J. Blaser, NYU, USA; Australian strains by 

Ala Lew-Tabor Queensland department of Primary Industries and Fisheries, QLD, 

Australia and the UK strains by D.G. Newell, Veterinary Laboratories Agency, 

Surrey, UK.  The C. fetus strains were grown at 37�ö°C for 48 hours under 

microaerobic conditions (5 % O2, 10 % CO2, and 85 % N2) in a GasPak jar using 
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either BOC gases or a CampyPak Plus gas generator CN 0025 or CN 0035 

(CampyGen Oxoid) on Columbia agar (Oxoid) supplemented with 5% defibrinated 

horse blood (HBA) (LMVS) with skirrow antibiotic supplement (Trimethoprim 

(TMP) 5mg, Vancomycin 10mg, and polymixin B 1250 IU).  Media was 

supplemented with kanamycin 30-50 µg ml-1 (Roche) or chloramphenicol 20 µg ml-1 

(Lancaster) whenever was appropriate. 

The host E. coli strains and plasmids used in this study are listed in 

Table 2.2.  E. coli strains were routinely grown at 37 �Û�& in Luria-Bertani (LB) media 

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

kanamycin (50  µg ml-1) or chloramphenicol (10-20 µg ml-1) whenever was 

appropriate.  Media was supplemented with 0.5 mM IPTG (AppliChem) and 

80 µg ml-1 X-Gal (AppliChem) for blue/white selection. 
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Table 2.1 Campylobacter fetus strains used in this study 

 

1. Martin J. Blaser (New York School of Medicine, U.S.A), 2.Ala Lew Tabor (Queensland 
Department of Primary Industries & Fisheries, Yeeongpilly, Queensland, Australia), 3.Diane G. 
Newell (Veterinary Laboratories Agency, Weybridge, UK), 4.23 D is the same strain 84-32, N/A not 
available 

  

Strain 
no. 

Strain 
Designation 

Subsp.  Isolated from LPS 
Type 

Country  

  01 84-32 CFF Bovine fetus A USA1 

  02 82-40 CFF Human Blood A USA1 

  03 84-87 CFF Human Blood B USA1 
  04 84-90 CFF Bovine fetus B USA1 
  05 84-112 CFV Bovine genital secretion A USA1 
  06 85-388 CFF Reptile feces A/B USA1 

  07 23-D4 CFF Bovine fetus A USA1 
  08 BSL 1595 

 

CFV N/A N/A Australia2 
  09 EMAI  1258 

 

CFV N/A N/A Australia2 
  10 EMAI  2331 

 

CFV N/A N/A Australia2 

  11 EMAI  4048 

 

CFF N/A N/A Australia2 

  12 EMAI  5056 

 

CFF N/A N/A Australia2 
  13 Ab 4 CFV N/A N/A Australia2 

  14 Ab 9 CFV N/A N/A Australia2 

  15 Ab 10 CFV N/A N/A Australia2 
  16 Ab 11 CFV N/A N/A Australia2 
  17 BT 08/04 CFF Bovine N/A UK3 
  18 BT 23/02 CFV Bovine N/A UK3 

  19 BT 40/03 CFV Bovine N/A UK3 
  20 BT 47/00 CVI Bovine N/A UK3 
  21 BT 54/03 CFF Bovine N/A UK3 

  22 BT 102/00 CFV Bovine N/A UK3 

  23 BT 194/02 CVI Bovine N/A UK3 
  24 BT 268/06 CFF Ovine N/A UK3 

  25 BT 277/06 CFF Ovine N/A UK3 
  26 BT 376/03 CFV Bovine N/A UK3 
  27 BT 378/03 CFF Bovine N/A UK3 
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Table 2.2 Bacterial strains and plasmids used in this study 

Strain/Plasmid Description Reference/ 

Source 

Bacteria strains   

E. coli DH5 alpha F�± �-���� lac�=�û�0�������û��lacZYA-argF) U169 recA1 endA1 hsdR17 

(rK�±, mK+) phoA sup�(���������± thi-1 gyrA96 relA1 

(Hanahan, 

1983) 

E. coli alpha XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac Stratagene 

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

-) gal dcm (DE3) Novagen 

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

-���������'�(�������S�/�\�V�6���F�PR) Novagen 

E. coli Rosetta-gami (DE3) 

pLysS 

 

�û���D�U�D-�O�H�X�������������û�O�D�F�;�������û�S�K�R�$���3�Y�X�,�,���S�K�R�5���D�U�D�'���������D�K�S�&���J�D�O�(��

galK rpsL (DE3) F'[lac+ lacIq pro] gor522::Tn10 trxB 

pLysSRARE (CamR, StrR, TetR) 

Novagen 

Plasmids_Cloning vectors   

pGEM-T Easy ampR, (100 µg ml-1), blue/white screening Promega 

pET-19b ampR, (100 µg ml-1) His-Tag Novagen 

TOPO-Zero blunt  

(pCR®-Blunt II-TOPO) 

kmR, (50 µg ml-1) Invitrogen 

Cloning intermediates   

pGU0913_DH5 ampR, (100 µg ml-1)  CFF82-40_1041_SD in pGEM-T Easy  This study 

pGU0914_DH5 ampR, (100 µg ml-1)  CFF82-40_1041_SD in pET-19b This study 

pGU0914_BL21 ampR, (100 µg ml-1)  CFF82-40_1041_SD in pET-19b This study 

pGU1021_DH5 KmR, (50 µg ml-1)_ CFF82-40_1041_SD �û������������:BglII  in 

pGEM-T Easy 

This study 

pGU1022_DH5 ampR, (100 µg ml-1), KmR, (50 µg ml-1)_ CFF82-40_1041_SD 

�û������������:BglII:: Km cassette in pGEM-T Easy 

This study 

pGU1023_DH5 KmR, (50 µg ml-1)_ CFF82-40_1041:TOPO This study 

pGU1123_DH5 catR (20-50 µg ml-1)_ CFF82-40_1041:pC46 This study 

pGU1213_DH5 ampR, (100 µg ml-1)  CFF82-40_1041_SD + 360 in pGEM-T 

Easy 

This study 

pGU1214_DH5 KmR, (50 µg ml-1)_ CFF82-40_1041_SD + 360 �û������������:BglII  in 

pGEM-T Easy 

This study 

pGU1215_DH5 ampR, (100 µg ml-1), KmR, (50 50 µg ml-)_ CFF 82-40_1041_SD + 

360 �û������������:BglII:: Km cassette in pGEM-T Easy 

This study 
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2.3. General molecular procedures 

2.3.1 Preparation of whole cell lysate (crude DNA) 

A loopful of a fresh 48 hr growth from C. fetus strains (CFF, CFV, and CVI) 

isolates was suspended in 500 ���O�� �V�W�H�U�L�O�H�� �G�H�L�R�Q�L�V�H�G�� �Z�D�W�H�U���� �E�R�L�O�H�G�� �I�R�U�� ������ �P�L�Q���� �D�Q�G��

transferred onto ice for 5 min.  Cell debris was pelleted by centrifugation at 

14,000 rpm for 5 min at 4�ö°C.  The supernatant was transferred to a new tube and 

stored at -20�ö°C or used immediately as PCR template (Holmes and Quigley, 1981; 

Mohran et. al., 1998). 

2.3.2 Polymerase Chain Reaction Procedures  

 DNA sequences encoding chemotaxis proteins and individual domains were 

amplified by PCR using primers designed from the C. fetus fetus 82-40 genome 

sequence (NCBI Reference Sequence: NC_008599.1) (Fouts, D. and Nelson, K. 

unpublished) (Table 3.0).  The MacVector program version 7.0 (MacVector Inc.) 

was used to assist in primer design.  Primers were synthesized by Invitrogen.  The 

concentration of all original stock primers was (100 pmol ml- 1).  PCRs were usually 

conducted in 50µl reaction with 10mM dNTPs, 30 pmoles forward primer, 

30 pmoles reverse primer, an appropriate amount of template DNA and polymerase 

buffer and enzyme as per the �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V instructions, using BioRad Master 

Cycler (CATALOG CHECK).  Conditions for amplification were optimised for 

individual PCRs. 

2.3.3 Agarose gel electrophoresis of DNA  

DNA samples were mixed with 6µl gel loading dye and loaded onto a 1% 

Tris-acetate-EDTA (TAE) agarose gel and were electrophoresed for 60 mins 

at 100V.  DNA was visualized by UV illumination and documented using Bio-Rad 
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Quantity One 1D Analysis software.  PCR products were excised from the 1% TAE 

agarose gel and were purified using the PerfectPrep Gel Clean up kit as per the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �Z�L�W�K�R�X�W�� �P�R�G�L�I�L�F�D�W�L�R�Q.  The concentration of DNA was 

estimated by visual comparison on a 1% TAE agarose gel with 1kb DNA Ladder 

(New England Biolabs-NEB). 

2.3.4 Ligation of DNA  

Ligation reactions contained the DNA fragments to be ligated with 5µl of 2x 

Rapid Ligation Buffer or 1µl of 10x Ligation Buffer, 1µl of T4 DNA Ligase 

(3 Weiss units µl-1) (Promega) and deionized water to a final volume of 10 µl.  

Ligation reactions were incubated overnight at 4 �ÛC or at room temperature for 

1-3 hours, as recommended by the manufacturer (Promega). 

2.3.5 Transformation of E. coli competent cells 

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

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

described in the pGEM-T and pGEM-T Easy User Manual (Promega). 

2.3.6 Screening of putative recombinant plasmid clones 

 Putative clones were screened by PCR with gene specific primers using 5 µl 

of crude cell lysates from the single colonies as templates (prepared by suspending a 

single colony in 20 µl of sterile deionised water, boiling for 5 mins. centrifuging at 

maximum speed for 5 mins and collecting the supernatant) (Sambrook & Russell, 

2001). 
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2.3.7 Purification of plasmid DNA 

 Plasmid DNA was purified using the Fastplasmid Mini-prep Kit 

(Eppendorf), QIAprep mini prep kit (QIAGEN), Pure Link HiPure mega prep kit 

(Invitrogen), plasmid midi prep kit (QIAGEN).  Purifications were performed as per 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �Z�L�W�K�� �Q�R�� �P�R�G�L�I�L�F�D�W�L�R�Q�V���� ��The alkaline lysis method 

(Sambrook & Russell, 2001) was applied for plasmid DNA purification whenever 

was appropriate. 

2.3.8 Restriction endonuclease digestion of DNA 

 Restriction endonuclease digestions were performed using the appropriate 

amounts of DNA with appropriate restriction endonuclease[s] (NEB) and were 

�L�Q�F�X�E�D�W�H�G���X�Q�G�H�U���W�K�H���F�R�Q�G�L�W�L�R�Q�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�� 

2.3.9 DNA Sequencing 

DNA sequencing was conducted by the Australian Genome Research 

Facility (AGRF) using a 3730xl Capillary sequencer (Applied Biosystems).  The 

automated platforms use Big Dye Terminator (BDT) chemistry version 3.1 (Applied 

Biosystems) under standardised cycling PCR conditions.  Primers described in 

Tables 3 and 4 were used for sequencing reactions.  Sequencing reactions consisted 

of 600-1500ng of double stranded DNA with 9.6 pmoles of primer.  DNA sequence 

chromatograms were visualized and sequences analysed using BioEdit sequence 

alignment editor version 7.0.9.0 (2007). 
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2.4. Construction of recombinant plasmids 

2.4.1 Amplification of DNA sequences 

 DNA sequences encoding chemotaxis sensory domains CFF82-40-1041-SD, 

CFF82-40-0185, CFF82-40-0065 and CFF82-40-1645 were amplified by PCR using 

primers designed from the C. fetus fetus 82-40 genome sequence (NCBI Reference 

Sequence: NC_008599.1) (Fouts, D. and Nelson, K, unpublished).  Flanking 

restriction sites were incorporated into the forward and reverse primers to allow for 

site-directed cloning into protein expression vectors.  PCR was conducted as 

described in Section 2.3.2 using Phusion ® High-Fidelity DNA polymerase 

(Finnzymes,Thermo Scientific, Finland).  PCRs were conducted in a 50µl reaction 

with 10µl 5 x Phusion High Fidelity Buffer (7.5 mM MgCl2), 10mM dNTPs, 

30 pmoles forward primer, 30 pmoles reverse primer, 5µl of C. fetus fetus 82-40 

crude cell lysates as template DNA (as described in Section 2.3.1.).  PCR cycling 

conditions were as follows: initial denaturation was performed at 98 °C for 10 mins, 

followed by 30 cycles of denaturation at 98 °C for 1 min, annealing between 

45 °C- 60 °C for 1 min, and extension at 72 °C for 1-2 mins depending on the size of 

the expected PCR product (~ 1min kb-1), and final extension at 72 °C for 5 mins.  

Specific annealing temperatures and sizes of amplified PCR products are described 

in Table 2.4.  The resulting PCR products were analysed by agarose gel 

electrophoresis as described in Section 2.3.3. 
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Table 2.3 Primers used in this study 

Primer name and 
(source) if not specific 
to this study 

�6�H�T�X�H�Q�F�H�������¶�:���¶�� Product or 
annealing site 

Sequencing   

SP6 (Promega) ATTTAGGTGACACTATAGAATC pGEM-T Easy 

T7   (Promega) TAATACGACTCACTATAGGGCGA pGEM-T Easy 

T7  (Novagen) GCTAGTTATTGCTCAGCGGT pET-19b 

Cloning    

CFF82-40-1041-SD_F CATATG GCTAGGCAAACTAGCAGTAATATGA

CAAAA  

1041-SD in 

pGEM-T Easy 

CFF82-40-1041-SD_Rc GGATCCTCA AGTTTTTTGTAGACTGTATAAA

GG 

1041-SD in 

pGEM-T Easy 

PCR_Screening for the 

SD in CFF_CFV and 

CVI strains 

  

CFF82-40-1698 SD_F CATATG GATTCTAGAGATAACTCTATAAAAC

T 

1698 SD 

CFF82-40-1698 SD_RC GGATCCTCA TGTTTTTTTAGTATATTATTTAT  1698 SD 

CFF82-40-1305 SD_F CATATG TCAAAAGTAAATACGACTCAACTCT

TATCA 

1305 SD 

CFF82-40-1305 SD_RC GGATCCTCA ATTATCAGTCTTTTTGCTAAAAA

A 

1305 SD 

CFF82-40-0190 SD_F CATATG TCAGACTCAAAAGACAACTCAACAA

AACTT 

0190 SD 

CFF82-40-0190 SD_RC GGATCCTCA AGCATCTACTTTGCTTTGGAAGT

A 

0190 SD 

CFF82-40-0065 SD_F CATATG GATTTTATCGATAAATCTCTATCTAC

A 

0065 SD 

CFF82-40-0065 SD _RC GGATCCTCA ACCGGAGGCTTCGGCTTTTATA

AC 

0065 SD 

CFF82-40-1307 SD_F CATATG ATGATAATACGTTCAAACGGTAATT

CT  

1307 SD 

CFF82-40-1307 SD_ RC GGATCCTCA AGTGTCTGTCTTTTTTTTGAAAA

ATTC 

1307 SD 
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CFF82-40-0562 SD_F CATATG TTTAATAATTCCGCAACACAAACTAC

A 

0562 SD 

CFF82-40-0562 SD_RC GGATCCTCA TTTATTTCTAAGATCTGCGTCGA

T 

0562 SD 

CFF82-40-1645 SD_F CATATG ATTTCTAAAGTAAATGCATCGTTTAA

C 

1645 SD 

CFF82-40-1645 SD_ RC GGATCCTCAATTAACATCATTAGCAAAACTAT

C 

1645 SD 

CFF82-40-0185 SD_F CAT ATG AAA GTC AAT TTA TCT TTC AAA 
GAA ATT AAT  

0185 SD 

CFF82-40-0185 SD_ RC GGA TCC TCA  GCT TAT ATC ACT AGC AAA 

GTT ATT 

0185 SD 

CFF82-40-0139 SD_F CATATGCGCTCATTTGTGAAAGAAGTTCTCAC

A 

0139 SD 

CFF82-40-0139 SD_ RC GGA TCCTCATTGCTCGTTTATTTTGTTATATAT 0139 SD 

CFF82-40-1227 SD_F CATATGAAATCAAATGAGTCTATAGCTTTTAT

CAAA 

1227 SD 

CFF82-40-1227 SD_ RC GGATCCTCAGTTTTTCATATATTCGATAGTAT
G  

1227 SD 

SD_DNA_sequencing_ 

Strain_screening_in 

CFF_CFV and CVI 

strains 

  

CFF82-40-1041-SD_F-427 GAGTTTTTGTAGGAAATGTCGAAAAAATATCT  1041-SD-PCR- 

product 

CFF82-40-1041-SD_Rc-

465 

AGATATTTTTTCGACATTTCCTACAAAAACTCT  1041-SD-PCR-

product 

CFF82-40-1307-SD_F-240 ATAGGAAATGCCGAAGGCGCATATATA 1307-SD-PCR-

product 

CFF82-40-1307-SD_Rc-

265 

TATATATGCGCCTTCGGCATTTCCTAT 1307-SD-PCR-

product 

CFF82-40-0185-SD_F-193 GAGCTGTCTGGAGGCCCCGCAAACGCTGCTAAT 0185-SD-PCR-

product 

CFF82-40-0185-SD_Rc-

225 

ATTAGCAGCGTTTGCGGGGCCTCCAGACAGCTC 0185-SD-PCR-

product 

CFF82-40-0065-SD_F-215 AAGCAGATCGGCTCAGTAACGAAAGAAGAGCTAG

AT 

0065-SD-PCR-

product 
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CFF82-40-0065-SD_Rc-

252 

ATCTAGCTCTTCTTTCGTTACTGAGCCGATCTGCTT 0065-SD-PCR-

product 

Genomic localization of 

mutant 1041-

SD_KM_within of 

CFF82-40 

  

CFF8240_1040_F GAC TCC ACC AAA TGC TAT CGT TTT TAG TAA 
AGG 

CFF82-40 

CFF8240_1042_F TGC ATA GTT TTG AAA CTG CTC TTT TAG G CFF82-40 
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Table 2.4 Sizes and annealing temperatures used for the amplification of PCR 

products to create recombinant plasmid constructs 

Insert Size of PCR product Annealing temperature 

CFF82-40-0139 SD 0.717 kb  

 

55 °C 

 

CFF82-40-0190 SD 0.732 kb 

CFF82-40-1041 SD 0.900 kb 

CFF82-40-1307 SD 0.683 kb 

CFF82-40-0065 SD 0.473 kb  

 

50 °C 

 

CFF82-40-0185 SD 0.417 kb 

CFF82-40-0562 SD 0.426 kb 

CFF82-40-1227 SD 0.429 kb 

CFF82-40-1645 SD 0.426 kb 

CFF82-40-1305 SD *  0.751 kb 55 °C/50 °C 

CFF82-40-1698 SD *  0.756 kb 55 °C/50 °C 

* GP A receptors CFF82-40-1305 SD * and CFF82-40-1698 SD *were amplified at 55 °C from the 

Martin Blaser and Ala Lew strains, but were amplified from Diane Newell strains at 50 °C. 
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2.5. DNA dot blot hybridization  

2.5.1 Preparation of bacterial cells for hybridization experiment 

Two representative strains of each of Campylobacter fetus fetus (CFF), 

Campylobacter fetus venerealis (CFV) and Campylobacter fetus venerealis, biovar 

intermedius were grown on CAB media microaerobically at 37 �ÛC for 48 hrs.  All 

the C .fetus spp.were harvested in 3.5 mL 37°�ÛC prewarmed brucella broth and were 

incubated at 37°�ÛC for a further 48 hrs.  After incubation, the cells were centrifuged 

at 6000 x g at 4°�ÛC and washed once in 1X PBS, and finally suspended in 

1XPBS/125mM EDTA at an optical density of 0.5 at 600 nm (equivalent to 

approximately 108 cells/mL) . The bacterial cell suspensions were either 

immediately used or stored at 4°�ÛC until they were used.  Prior to application onto 

Nylon N+Hybond membrane (GE Healthcare Life Sciences), bacterial cell lysates 

were boiled for 5 minutes, centrifuged 6000 x g at 4°�ÛC to get a clear bacterial cell 

supernatant. 

2.5.2 Preparation of DNA for hybridization experiment  

DNA samples (CFF1041-SD, CFF0065-SD and CFF0185-SD) were 

amplified from C. fetus 82-40 crude genomic template by PCR (PCR cycling 

conditions described in section 2.15.2).  The PCR products were analysed by 

agarose gel electrophoresis as described in section 2.13.  All three PCR products 

were purified from the agarose gel as described in section 2.14, and the recovered 

DNA concentration was assessed both spectrophotemetrically and by agarose gel 

electrophoresis. 
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2.5.3 Probe labeling 

CFF1041-SD DNA PCR product was enzymatically labeled �D�W�� �W�K�H�� ���•�� �H�Q�G��

with terminal transferase incorporating a single digoxigenin (DIG)-labeled ddUTP 

�X�V�L�Q�J�� �D�� �'�,�*�� �R�O�L�J�R�Q�X�F�O�H�R�W�L�G�H�� ���•�� �H�Q�G�� �O�D�E�H�O�L�Q�J�� �N�L�W�� ���5�R�F�K�H�� �$�S�S�O�L�H�G�� �6�F�L�H�Q�F�H���� �%�X�U�J�H�V�V��

Hill, United Kingdom) according to the manufacturer's instructions.  The probes 

were stored on ice until they were required, and for longer storage they were stored 

�D�W�� �í�����ƒ�ÛC with an equal volume of DIG Easy Hyb (Roche Applied Science).  The 

yield of DIG-labeled DNA was determined as per protocol instructions of DIG High 

Prime DNA Labeling and detection starter Kit II (Cat. No. 11585614910) to ensure 

optimal and reproducible results.   

2.5.4 Hybridization experiment 

Duplicates of denatured bacterial cell suspensions and pure PCR products 

were spotted under vacuum, on a Nylon N+Hybond membrane (GE Healthcare Life 

Sciences) sandwitched between the assembled Hoefer PR 648 slot dot blot manifold 

(Hoefer, Inc).  The cells were further lysed in situ and the DNA denatured by 

soaking the in 0.5 M NaOH for 10 minutes.  The membrane was washed twice with 

water, placed on a Whatmann 3MM-paper pre-soaked in 10X SSC and then fixed by 

UV cross-linking (10 s at 70,000 _J/cm2) using an HL-200 Hybri Linker for 

1-2 minutes.  The membrane was rinsed twice with water and air-dried.  Membrane 

was prehybridized in 10 mL (for 11 cm x 8 cm membranes) prehybridization 

solution (Roche Applied Science) preheated to 20°�ÛC - 25°�ÛC below the melting 

temperature (Tm) of the DNA probe for between 15 minutes to 1 hours.  Membranes 

were hybridized overnight at the same probe-specific temperature with 1 µg of 

CFF1041-SD DNA DIG-labeled probe in 10 mL of fresh DIG Easy Hyb.  Denatured 
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Salmon Sperm DNA 100 ���J��mL was added to both prehybridization and 

hybridization DIG Easy Hyb, as a blocking agent, to reduce the background signal. 

2.5.5 High and low Stringency washes 

After hybridization the membrane was either exposed to high or low 

stringency wash cycles.  High stringency wash protocol was carried out at 65°�ÛC 

with constant agitation for 5-10 minutes.  High stringency wash protocol consisted 

of the following: 40 mL of 2X SSC, 40 mL of 2X SSC-0.5 % SDS, 40 mL of 

1X SSC-0.5 % SDS, 40 mL 1X SSC-1% SDS, 40 mL of 0.5 %SSC-1 %SDS, and 

finally 40 mL 2X SSC.  Low stringency wash consisted of two washes of 2X SSC at 

55°�ÛC, with constant agitation for 5-10 minutes.   

2.5.6 Immunological Detection  

The DIG-labeled probes were detected immunologically with the disodium 

3-{4-methoxyspiro[1,2-dioxetane-3,2-(5-chloro)tricyclo(3.3.1.13,7) decan]-4-yl}  

phenyl phosphate (CSPD) chemiluminescent substrate using a DIG luminescent 

detection kit (Roche Applied Science) and a DIG wash and block buffer set (Roche 

�$�S�S�O�L�H�G�� �6�F�L�H�Q�F�H���� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�V�¶�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �D�Q�G�� �X�V�L�Q�J 50 and 

100 mL of washing and blocking solutions for the 10 cm x 7.5 cm membranes, and 

50 mL of antibody solution.  The membrane was exposed to X-ray film for 1hour 

to overnight at 15-25°�ÛC.  Multiple exposures were taken to achieve the desired 

signal strength.   
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2.6. General cloning techniques 

2.6.1 Cloning DNA into the pGEM®-T Easy Vector 

A general procedure was followed for cloning into the pGEM®-T Easy 

vector (Vector Map appendix A) �D�V�� �S�H�U�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� The PCR 

product was ligated into pGEM®-T Easy and transformed into competent XL1-Blue 

�R�U�� �'�+���.��E. coli cells.  Transformations were plated onto media containing X-

gal/IPTG for blue/white screening and ampicillin.  Transformants were screened for 

recombinant plasmid by PCR using either the T7 and SP6 primers or the gene 

specific primers. 

2.6.2 Dephosphorylation of plasmid DNA 

To prevent plasmid re-�O�L�J�D�W�L�R�Q�����W�K�H�����¶���S�K�R�V�S�K�D�W�H�V���Z�H�U�H���U�H�P�R�Y�H�G���X�V�L�Q�J���H�L�W�K�H�U��

Shrimp Alkaline Phosphatase (Promega) or Antarctic Phosphatase (NEB). 1 U/µg 

DNA of enzyme was used in the reaction. Samples were incubated for 

10-15 minutes at 37 �ÛC.  Enzyme was heat-killed at 65 �Û�&�� �I�R�U�� ���� minutes.  

Dephosphorylated vector was then used for ligation. 

2.6.3 Ligation of DNA into a vector 

DNA ligation was performed at a maximum volume of 10 µL. The ligation 

reactions contained 10 x Ligation Buffer (Roche), 50 ng linearised plasmid DNA, 

20-75 ng insert DNA (depending on size of fragment), T4 DNA ligase 

(3 Weiss U/µL) (Roche).  For maximum ligation efficiency, the reaction was 

incubated overnight at 16 �Û�&�� 
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2.6.4 Preparation of E. coli competent cells 

The method used was a modification of the Inoue method (Inoue et. al.,  

1990), where a single, fresh E. coli colony was inoculated into 5 mL LB and 

incubated for 18 hours at 37 �Û�&���������� rpm.  This primary culture was added to 95 mL 

warm LB and shaken at 37 �Û�&���I�R�U�� �D�Q�R�W�K�H�U��������-3 hours until the OD600 was 0.4-0.6.  

The flask was then placed on ice for 10 minutes to cool. Culture was aliquoted into 

chilled 50 mL centrifuge tubes and spun at 3,000 g for 10 minutes at 4 �Û�&���� 

Supernatant was discarded and the pellets re-suspended in a total of 40 mL ice cold 

Tbf1 buffer  (30 mM potassium acetate, 100 mM potassium chloride, 

60 Mm calcium chloride and 15 % glycerol, pH was adjusted to 5.8 with 

0.2 M acetic acid and 0.2 µm filter sterilized).  The cells were incubated on ice for 

10 minutes and then centrifuged at 3,000 g for 10 minutes at 4 �Û�&���� The supernatant 

was discarded and pellets re-suspended and pooled in 4 mL ice cold Tbf2 buffer  

(10 mM MOPS, 75 mM Calcium chloride, 10 mM Potassium chloride, 

15 % glycerol. pH was adjusted to 6.5 with 1 M KOH and 0.2 µm fil ter sterilized).  

The cells were left on ice for further 15 minutes and then stored in small aliquots 

-80 �Û�&�� 

2.6.5 Transformation of E. coli competent cells 

Transformations were carried out as per the pGEM®-T Easy vector manual 

(Promega).  Plasmid DNA and 50 µL competent cells were aliquoted into a tube on 

ice and gently mixed. The reactions were incubated for 20 minutes on ice and then 

heat shocked for 45 seconds at 42 �Û�&�� �D�Q�G�� �L�Pmediately returned to ice for 2 min. 

950 µL of SOC medium at room temperature was added and incubated for 1.5 hours 

at 37 �ÛC on a shaker. 100 µL of the transformation culture was plated onto LB plates 
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containing ampicillin, IPTG and X-gal or appropriate antibiotic.  The plates were 

incubated overnight at 37 �Û�&���D�Q�G���V�W�R�U�H�G���D�W���� �Û�&��to facilitate blue/white screening. 
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2.7. Protein techniques 

2.7.1 Small scale protein expression 

The recombinant plasmid pGU0914 was transformed into the E. coli 

expression strain BL21 (DE3), to form BL21 (DE3) pGU0914 (Map Appendix D).  

50 ���/���R�I���D�Q���R�Y�H�U�Q�L�J�K�W���F�X�O�W�X�U�H���R�I��E. coli BL21 (DE3) pGU0914 was added to 950 ���/��

of LB containing ampicillin, and incubated at 37 �Û�&�� �Z�L�W�K�� �V�K�D�N�L�Q�J�� �D�W 200 rpm for 

2 hours.  IPTG was added to a final concentration of 1 mM, for an additional 2 hours 

to induce expression of the His-fusion protein.  100 ���/�� �R�I�� �W�K�H�� �F�H�O�O�� �V�X�V�S�H�Q�V�L�R�Q�� �Z�D�V��

spun down and resuspended in an equal volume of 1 X PBS.  SDS-PAGE sample 

buffer containing fresh 2-mercaptoethanol was added to samples to a final 

1X concentration and samples were boiled for 5 minutes to denature the proteins.  

20 ���/�� �R�I�� �W�K�H�� �V�X�V�S�H�Q�V�L�R�Q�� �Z�D�V�� �O�R�D�G�H�G�� �R�Q�W�R�� �D�� ���� % SDS-PAGE gel and 

electrophoresed for 90 min at 100 V.  The protein bands were visualised by 

Coomassie Brilliant Blue stain.  

2.7.2 Cellular localization of recombinant protein 

Analysis of soluble cytoplasmic fraction and the insoluble cytoplasmic 

fraction, including inclusion bodies is needed to determine if the recombinant 

protein is present in the soluble cytoplasmic fraction required for the further 

purification of the recombinant protein.  1 mL of an overnight culture of E. coli 

BL21 (DE3) pGU0914 was added to 19 mL of LB broth supplemented with 

ampicillin.  The culture was incubated at 37 �Û�&���I�R�U���W�Z�R���K�R�X�U�V���Z�L�W�K���V�K�D�N�L�Q�J���� 500 µL 

of the culture was set aside as an un-induced sample while the rest of the culture was 

induced with IPTG (1 mM final concentration).  The culture was incubated for an 

additional 2 hours and 500 µL was set aside as an induced sample.  The cell pellet 
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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 both addition of lysozyme (200 µg/mL) and by 

sonication.  The unlysed cells were removed by centrifugation at 4,000 g for 5 min.  

The lysed cells were then centrifuged at 100,000 g for 90 min at 4 �Û�&���� The cell 

pellet and supernatant were analysed by SDS-PAGE gel electrophoresis.  

2.7.3 Optimisation of Target protein expression 

The effect of varying the inducer (IPTG) concentration, induction 

temperature, and time on the total expression level of target protein 

His-CFF82-40-1041-SD protein (pGU0914 construct) was examined.  IPTG 

concentration range tested was from 0.25 mM �± 2.0 mM.  Various temperature 

degrees examined were 15 °C, 25 °C, 30 °C and 37°C.  The duration of induction 

studied was: 1hour, 4 hours, 8 hrs and 24 hours.  The small scale protein expression 

protocol afore mentioned in section 2.18.1 was then followed.  The level of 

His-CFF82-40-1041-SD protein expression was monitored by SDS-PAGE analysis. 

2.7.4 Large scale protein expression and solubilisation of inclusion bodies 

Inclusion bodies are cytoplasmic granules which can contain most or all of 

the protein of interest in an incorrectly folded conformation, first reported by 

Williams et. al., in 1982.  The major disadvantage of inclusion bodies is the 

extraction of the protein of interest generally requires the use of denaturating agents 

for example urea.  To ensure proper protein refolding, slow removal of the 

denaturant was carried out. 

In order to produce a large amount of the recombinant protein, starter culture 

was initiated, by inoculating 90 mL of LB containing ampicillin at 100 µg/mL with 
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10 mL of an overnight culture of BL21 (DE3) pGU0914.  The starter culture was 

incubated at 37 �Û�&�� �Z�L�W�K�� �D�H�U�D�W�L�R�Q in a 180�±200 rpm shaker at for 1-2 hrs till the 

OD600 of the culture reached 0.5-0.6.  The bacteria was then harvested by 

centrifugation at 6000 g for 15 minutes at 4 �Û�&.  The bacterial pellet was rehydrated 

in 100 mL fresh LB containing ampicillin at 100 µg/mL and stored at 4 �Û�& 

overnight.  The fresh starter culture of BL21 (DE3) pGU0914 was used to inoculate 

one litre of LB (1:10 dilution) without ampicillin which was incubated at 37 �Û�&���Z�L�W�K��

aeration.  Protein expression was induced using 1 mM IPTG when the OD600 of the 

culture reached 0.5 -0.6 which was incubated for an additional 4 hours at 37 �Û�&���Z�L�W�K��

aeration.  The culture was centrifuged at 6,000 g for 20 min.  The supernatant was 

removed and the cell pellet was resuspended in 15 mL urea equilibration / washing 

buffer (pH 7.0) and incubated for 1 hour at 25�Û C with vigorous shaking.  The cells 

were lysed by subsequent sonication.  DNase was added to reduce the viscosity of 

the solution caused by the release of DNA form the cells.  Protease inhibitors were 

added to protect the susceptible proteins in their semifolded states from proteolysis.  

The insoluble cell debris was removed by centrifugation at 10,000 g for 60 min. 

2.7.5 Recombinant protein purification under denaturing conditions 

The 15 mL clarified supernatant was added to 1 mL cobalt-based IMAC 

resin (TALON ® resin; Clonetech Laboratories, Inc.) and rotated overnight at 4 �Û�&��

using a rotational mixer to ensure maximum binding.  The cobalt-based resins are 

designed to purify recombinant polyhistidine-tagged proteins (Chaga et. al., 1994; 

Froelich et. al., 1996; Hochuli et. al., 1987 & 1988; Porath et. al., 1975; 

Stephens et. al., 1997) and allow purification of protein under native or denaturing 

conditions.   
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The slurry mix was then packed by gravity into a 10 mL Bio-Rad 

chromatography column. The column was equilibrated and washed with 2 x 25 mL 

urea equilibration / washing buffer (pH 7.0).  The bound His-tagged protein was 

eluted with urea elution buffer (pH 7.0).  All buffers were prepared fresh and 

sterilised using a 0.22 µM filter.  The purity of the sample was confirmed by 

SDS-PAGE analysis and Western Blot using anti-His antibodies (Bio-Rad).  The 

elution fractions with the highest recombinant protein BL21 (DE3) pGU0914 

concentrations were pooled together into a dialysis cellulose tubing (Sigma) 

12400 MWCO. 

 

2.8. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

Western blot analysis 

All  the reagents in SDS-PAGE and Western blot analysis are described in Table 2.5 

2.8.1 Preparation of protein samples  

 Samples to be analysed by SDS-PAGE and Western blot were combined in a 

1:1 ratio with 2 X SDS-PAGE sample buffers and were boiled for 10 mins, then 

place on ice and were briefly spun down at 14,000 rpm before loading onto the 

appropriate percentage SDS-PAGE gel.  20 µl of the sample was loaded into the 

lanes of the polyacrylamide gels. 

2.8.2 Preparation of polyacrylamide gels 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed as per Sambrook and Russell (2001) using the LaemmLi (1970) 

method of discontinuous buffer system and addition of 0.1% SDS to all components 
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of the system.  12% Tris-glycine SDS-polyacylamide resolving gels and 

5% stacking gels were prepared as described by Sambrook and Russell (2001) were 

used in all instances unless otherwise stated.   

2.8.3 Electrophoresis of protein samples 

 The Mini-Protean® Tetra Cell system (Bio-Rad) was used for 

�H�O�H�F�W�U�R�S�K�R�U�H�V�L�V�� �R�I�� �S�U�R�W�H�L�Q�V�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V��  The 

Precision Plus All Blue Standard Prestained molecular weight marker was used for 

protein size determination (Bio Rad). 

2.8.4 Staining of polyacrylamide gels 

 Polyacrylamide gels were stained O/N with Coomassie brilliant blue stain 

solution and were destained the following day with destain solution until the desired 

bands were observed. 

2.8.5 Western Blot Analysis  

Resolved protein samples were transferred to a 0.45 µM polyvinylidene 

fluoride (PVDF) membrane (Pall Corporation) by a Transblot semi-dry transfer cell 

(Bio-Rad) for 1 hour at 20 V.  Membranes were blocked for 1 hour at room 

temperature with blocking buffer.  Membranes were incubated in the v appropriately 

diluted with blocking buffer, for 1 hour at room temperature or O/N at 4 �Û�&.  

Membranes were washed for 3 x 5 mins in TBST.  Membranes were incubated in 

the secondary antibody for 1 hour at room temperature.  Membranes were washed 

for 3 x 10 mins in TBST. 
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2.9. Detection of Proteins 

The secondary antibodies used contained a HRP conjugate.  Detection of the 

bound HRP conjugate was performed by treating the membrane with Supersignal® 

West Pico Chemiluminescent substrate (Pierce) and visualised using CL X Posure® 

X-ray film (Pierce).  (KodakGBX fixative and replenisher) before a final wash in 

deionized water. 

2.9.1 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 the All Blue Protein Standard 

(Bio-Rad), BenchMark Prestained protein Marker (Bioline).  The anti His-tag mouse 

monoclonal antibody (Cell Signaling) bound to the ~37 kDa band in All Blue 

Protein Standard (Bio-Rad), which was used as a positive control to ensure that the 

Western blot procedure was successful. 

2.9.2 Estimation of protein concentration 

P�U�R�W�H�L�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �Z�D�V�� �H�V�W�L�P�D�W�H�G�� �X�V�L�Q�J�� �%�U�D�G�I�R�U�G�¶�V��Reagent (Bio-Rad), 

�S�U�H�S�D�U�H�G�� �D�V�� �G�H�V�F�U�L�E�H�G�� �E�\�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �D�Q�G�� �T�X�D�Q�W�L�I�L�H�G�� �E�\��

colorimetric determination using the computer aided program VICTOR 

(VICTOR WALLAC 2). 
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Table 2.5 Reagents used in SDS-PAGE and Western Blot analysis 

Reagent Composition 

Phospate buffered saline (PBS) 0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.14% (w/v) Na2HPO4, 

0.024% (w/v) KH2PO4, pH 7.4 in deionised water 

2x SDS-PAGE sample buffer 0.5M Tris-HCl, pH 6.8, 20% (v/v) glycerol, 4% SDS, 0.004% 

bromophenol blue, 5% ß-mercaptoethanol (Bio-Rad) in 

deionised water. 

10X SDS-PAGE running buffer 

(1L) 

30.3g Tris base, 144g glycine, 10 g SDS in deionised water 

Coomassie Blue staining solution 0.25% (w/v), Coomassie Brilliant Blue, 40% (v/v) methanol, 

10% acetic acid (v/v) in deionised water, filtered to remove 

particulate matter. 

Destain solution 40% methanol (v/v), 10% acetic acid (v/v) in deionised water 

10 x Towbin Buffer (1L) 30.3g Tris base, 144 g Glycine, pH 8.0, in deionised water 

1X Transfer Buffer 1x Towbin buffer, 10% (v/v) methanol in deionised water 

10x Tris Buffered Saline (TBS) 

(1L) 

24.2g Tris base, 80g NaCl, pH 7.6 in deionised water 

1x TBS-Tween-20 (TBST) 1x TBS, 0.1% Tween-20 

Blocking buffer 3% (w/v) Skim milk powder in TBST 

 

2.10. Recombinant protein refolding by step-down dialysis 

Refolding of the solubilised proteins is initiated by the removal of the 

denaturant.  The concentration of urea, the solubilizing agent is decreased by step-

wise dilution using 6M urea, 5M urea, 4 M urea, 3M urea, 2M urea, 1M urea and 

finally 1 X PBS pH 7.4.  All the previous dialyses were carried out �D�W�������Û�& either for 

3 hours or overnight at 4 �Û�&. 
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2.11. Modified ELISA-based amino acid plate assay 

Freshly prepared 1M and pH adjusted at 7.0, amino acid solution (200 µl) 

was used to coat 96 well flat-bottom polystyrene 0.34 cm2 plates (Sigma).  Each 

amino acid of the twenty amino acids tested was added in triplicates as shown in 

Figure 2.1 and incubated either overnight or for 48 hrs. at �����Û�& on a rocking platform 

to ensure the proper coating of the amino acids to the wells.  The positive control 

amino acids in rows F and G up to well G8 were sealed with Saran wrap while the 

amino acids, bovine serum albumin (BSA; protein negative control) and 

Tlp1-SD - His (positive control) were gently aspirated off the wells.  They were 

washed three times with 1X PBS-0.1% Tween-20 by gentle aspiration in order to 

avoid any carry over from one well to the next one.  50 µl of the recombinant 

refolded protein Tlp1 �± Sensory domain (Tlp1-SD - His) was carefully loaded into 

each well and incubated for 1hr to 2 hrs. at room temperature with gentle mixing on 

the rotary platform.  Tlp1-SD - His was 1:20 diluted in 1XPBS 0.1% Tween-20 and 

0.5 % skimmed milk as blocking agent in order to eliminate any non-specific 

binding and thus reduce background.  The dilution used in the assay was chosen 

based on the Tlp1- SD - His protein concentration measured spectrophotometrically 

after the step-down dialysis and amicon-filter concentration. 

The Tlp1-SD - His protein was discarded from the 96-well plate then the 

wells were washed three times with 1X PBS-0.1% Tween-20.  The plate was blotted 

on absorbent tissue paper after each wash.  Both anti-His antibody (Cell Signalling) 

at a ratio of 1:4000 primary antibody and secondary anti-goat-mouse HRP conjugate 

(BioRad) at a ratio of (1:2000) diluted in 1XPBS 0.05% Tween-20 and 

0.5 % skimmed milk were added to each of the 96-well plate (50 µl) and incubated 

for 1hr to 2 hrs. at room temperature with gentle mixing on rotary platform.  This is 
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followed by 3 times washing with 1X PBS-0.05% Tween-20 tapping the plate on 

absorbent tissue paper after each wash.  Detection of the HRP conjugate bound to 

the Tlp1 �± SD �± His was performed by exposure of the wells to a mix of solution A 

and solution B (50 µl) as per instructions of the Supersignal® West Pico 

Chemiluminescent substrate kit (Pierce) and development of the base of the 96-well 

plate to X-ray film. 

 

Coating amino acids are loaded in triplicates rows A to E, amino acid 

positive controls are loaded as singlet in rows F and G up to well G8.  Amino 

acids in rows F and G are designated as per IUPAC single letter amino acid 

abbreviations.  Bovine serum albumin negative control loaded as triplicates 

in G10, G11 and G12.  Tlp1-SD recombinant protein (Tested protein) loaded 

as triplicates in well H1, H2 and H3.  Dark filled wells are empty. 
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Table 2.6 Reagents used in modified ELISA -based amino acid plate assay 

Reagent Composition 

10X Phospate buffered saline (PBS) 8% (w/v) NaCl, 0.2% (w/v) KCl, 1.4% (w/v) 

Na2HPO4, 0.24% (w/v) KH2PO4, pH 7.4 in deionised 

water. 

1X Phospate buffered saline (PBS) 0.8% (w/v) NaCl, 0.02% (w/v) KCl, 

0.14% (w/v) Na2HPO4, 0.024% (w/v) KH2PO4, 

pH 7.4 in deionised water 

1X PBS-Tween-20 (1XPBS-T20) 1X PBS, 0.1% Tween-20 

Tlp1-SD-His, primary and secondary 

antibody diluent  

0.5% (w/v) skimmed milk powder  in 1x PBS, 

0.1% Tween-20 
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Table 2.7 Amino acids used in modified ELISA -based amino acid plate assay 

Amino acids Composition Solubility  

L-Arginine 1.742 g (w/v) dissolved in 10 ml water; 17% (w/v) Insoluble + HCL 

L-Asparagine 1.3 g (w/v) dissolved in 10 ml water; 13% (w/v) Insoluble + NaOH 

L-Alanine 0.9 g (w/v) dissolved in 10 ml water; 9% (w/v) Insoluble + NaOH 

L-Aspartic acid 1.73 g (w/v) dissolved in 10 ml water; 17.3% (w/v) Soluble 

L-Cysteine-HCL 1.8 g (w/v) dissolved in 10 ml water; 18% (w/v) Soluble 

L-Glutamic acid 1.7 g (w/v) dissolved in 10 ml water; 17% (w/v) Soluble 

L-Glutamine 1.5 g (w/v) dissolved in 10 ml water; 15% (w/v) Insoluble + HCL 

L-Glycine 0.75 g (w/v) dissolved in 10 ml water; 7.5% (w/v) Soluble 

L-Histidine 1.6 g (w/v) dissolved in 10 ml water; 16% (w/v) Insoluble + HCL 

L-Isoleucine  1.3 g (w/v) dissolved in 10 ml water; 13% (w/v) Insoluble + NaOH 

L-Leucine 1.3 g (w/v) dissolved in 10 ml water; 13% (w/v) Insoluble + NaOH 

L-Lysine 1.5 g (w/v) dissolved in 10 ml water ; 15% (w/v) Insoluble + NaOH 

L-Methionine 1.5 g (w/v) dissolved in 10 ml water ; 15% (w/v) Insoluble + NaOH 

L-Phenyl alanine 1.7 g (w/v) dissolved in 10 ml water; 17% (w/v) Insoluble + NaOH in 

excess 

L-Proline 1.2 g (w/v) dissolved in 10 ml water ; 12% (w/v) Soluble 

L-Serine 1.1 g (w/v) dissolved in 10 ml water; 11% (w/v) Soluble 

L-Tryptophan 2.04 g (w/v) dissolved in 10 ml water; 20.4% (w/v) Insoluble + NaOH 

L-Tyrosine  1.812 g (w/v) dissolved in 10 ml water; 18.12% (w/v) Insoluble + NaOH 

L-Threonine 1.2 g (w/v) dissolved in 10 ml water; 12% (w/v) Insoluble + NaOH 

L-Valine 1.2 g (w/v) dissolved in 10 ml water; 12% (w/v) Soluble 
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2.12. STD NMR spectroscopy 

The Saturation Transfer Difference NMR (STD) technique 

(Mayer & Meyer, 2001) is based on saturation transfer of magnetisation from a 

protein to a ligand that binds to the protein.  It is an excellent method for screening 

ligand-binding capability to a protein and provides information regarding 

site-specific interactions between the ligand and the protein.  In this procedure, 

aliphatic or aromatic protons of the protein are selectively irradiated in a region of 

the 1H spectrum where no ligands resonances are observed.  Magnetisation spreads 

throughout the protein by the spin diffusion process.  In cases where a ligand binds 

to the protein, the magnetisation is also transferred from the protein to the ligand.  

Only those ligands that bind to the protein will have magnetisation transferred to 

them by this process and subsequently appear in the resulting difference 1H NMR 

spectrum. 

2.12.1 Preparation of protein samples for NMR spectroscopy 

Purified His-Cj1344c protein was concentrated using an Amicon Ultra 5K 

centrifugal concentrator (Millipore), previously washed with deuterium oxide (D2O), 

0.1 M NaOH/D2O, then D2O to remove NaOH.  A series of five up to eight 5,000 g 

�F�H�Q�W�U�L�I�X�J�D�W�L�R�Q�� �V�W�H�S�V�� �D�W�� ���� �Û�&�� �Z�H�U�H�� �D�L�P�H�G�� �W�R�� �U�H�S�O�D�F�H�� �+2O with D2O.  Protein 

concentration was estimated by Bradford assay (Bradford, 1976). 

2.12.2 Sample preparation of NMR analysis 

Recombinant C. fetus Tlp 1 (2mg/ml, 100 µl) dissolved in D2O (99.999% D 

Cambridge Isotopes) and added to various ligands (200 µl ~600 mole equivalents) 

also dissolved in in D2O (99.999% D Cambridge Isotopes) to give a total volume of 
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300 µl in a 3 mm NMR tube for NMR analysis.  Control samples were prepared in 

an identical manner without C. fetus Tlp 1 added.  All NMR experiments were 

performed on a Bruker Avance 600 MHZ spectrometer, equipped with a 5-mm TXI 

probe with triple axis gradients at 283 K without sample spinning.  1H NMR spectra 

were acquired with 32 scans, a 2 s relaxation delay over a spectral width of 6000 Hz.  

Solvent suppression of the residual HDO peak was achieved by continuous 

low-power presaturation pulse during the relaxation delay. 

In the STD NMR experiments of the amino acids: (L-aspartic acid, 

L-glutamic acid, L-arginine, L-asparagine), and positive control (L-histidine) to the 

recombinant C. fetus Tlp 1 periplasmic sensory domanin peptide, the protein was 

saturated at -0.5 ppm in the aliphatic region of the spectrum and off-resonance at 33 

ppm with a cascade of 40 selective Gaussian-shaped pulses of 50 ms 

duration (50dB), which correlates to a strength of 190 Hz.  A 100 µs delay between 

each soft pulse was applied, resulting in a total saturation time of 2 s and 2K scans. 

Data were obtained with an interspersed acquisition of 

pseudo-two-dimensional on-resonance and off-resonance spectra in order to 

minimize the effects of temperature and magnet instability.  On-and off-resonance 

spectra were processed separately, and the final STD NMR spectrum was obtained 

by subtracting the individual on-and off-resonance spectra, resulting in less 

subtraction artefacts.  Relative STD effects were calculated according to the 

equation ASTD= (I0�íIsat)/I0 = ISTD/I0 by comparing the intensity of the signals in the 

STD NMR spectrum (ISTD) with signal intensities of a reference spectrum (I0).  The 

STD signal with the highest intensity was set to 100% and other STD signals were 

calculated accordingly.  A spin lock field of 10 ms was applied to remove unwanted 

background protein signals.  Increased spin lock fields resulted in artefacts and 
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reduced ligand signal intensities.  Control STD NMR experiments were performed 

using an identical experimental setup and the same ligand concentration but in the 

absence of the protein. 

 

2.13. Amino Acid Arrays 

Amino acid arrays were performed as described by Day et. al., 2009 

(Day et. al., 2009).  All amino acids were solubilized in water and spotted on to 

epoxy functionalised glass slides (SuperEpoxy2 ArrayIt) using a Piezorray 

(Perkin-Elmer) non-contact array printer in spots of 0.3-0.6 nL at a concentration of 

10 mg/mL.  The �V�O�L�G�H�V�� �Z�H�U�H�� �Q�H�X�W�U�D�O�L�V�H�G�� �D�V�� �S�H�U�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �D�Q�G��

�V�W�R�U�H�G���D�W�������ÛC under desiccating conditions.  The His-tagged fusion protein CFF82-

40-1041-SD (Tlp1-SD-His protein) was diluted to a concentration of 100 µg/ml with 

assay PBS (PBS with 2mM MgCl2 and 2mM CaCl2) in a final volume of 125µl then 

pre-complexed with antibodies in order to fluorescently label the protein.  Mouse 

anti-His primary antibody, Rabbit anti-mouse Alexafluor488 secondary antibody 

and goat anti-rabbit Alexafluor488 conjugate as tertiary antibody were added at a 

4:2:1 ratio and incubated for 20 minutes at room temperature.  Alexafluor488 

secondary antibody and tertiary antibodies are both labelled as described previously 

(Blixt  et. al.,  2004).  Each subarray was contained within a 65 µL adhesive frame 

(Abgene) to allow 3 simultaneous hybridisations.  Hybridisation of the labelled 

His-CFF1041-SD fusion protein with the amino acid array was performed at 25�Û�&��

for 30 minutes in the dark.  Cover slip was removed and the slide was washed in the 

following wash buffers; PBS with Tween-20 0.05% (v/v) (buffer 1) and PBS 

(buffer  2).  All the wash buffers were filtered (22 µm) and pre-warmed before use.  
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The final wash consisted of the slide being placed in a 50 mL tube and washed in 

45 mL of buffer 1 for 15 minutes and then washed in buffer 2 for 1 minute prior to 

being dipped into filtered (22 µm) and pre-warmed water 3 times.  The array slide 

was dried by centrifugation at 200 g for 2 minutes in a 50 mL conical centrifuge 

tube.  In the event of high background signals, an additional wash of 15 minutes in 

buffer 1 was performed.  The array was scanned by Proscan array scanner and the 

results analysed using Proscan software (Perkin-Elmer) at excitation/emission 

f 488nm/512nm.   

2.14. Surface plasmon resonance (SPR)  

Surface plasmon resonance (SPR) is an optical method for characterizing 

macromolecular interactions without the use of labels.  This technique uses the 

evanescent wave phenomenon to measure changes in refractive index very close to a 

sensor surface (McDonell, 2001).  The binding between an analyte in solution and 

its ligand immobilized onto a sensor surface, results in a change in the refractive 

index.  The response is measured in resonance units (RU) and is proportional to the 

molecular mass on the surface (Figure 2.2).  For an interactant of a given mass, 

therefore, the response is proportional to the number of molecules at the surface.  

The resulting change in refractive index is plotted as response or resonance units 

(RU) versus time as a sensogram. 
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Figure 2.2 Principle of Surface Plasmon Resonance 

�7�R�W�D�O���D�Q�J�O�H���R�I���S�R�O�D�U�L�]�H�G���O�L�J�K�W���:���W�R�W�D�O���L�Q�W�H�U�Q�D�O���U�H�I�O�H�F�W�L�R�Q�������5�H�V�X�O�W�V���L�Q���H�[�F�L�W�D�W�L�R�Q���R�I���W�K�H��

surface plasmons in the gold.  Creates an evanescent that dissipate into the sample 

matrix�:�L�Q�W�H�Q�V�L�W�\�� �R�I�� �W�K�H�� �U�H�I�O�H�F�W�H�G�� �O�L�J�K�W�� �G�H�S�O�H�W�H�V���� �F�U�L�W�L�F�D�O�� �D�Q�J�O�H�� �F�K�D�Q�J�H�V�� �Z�L�W�K�� �W�K�H��

�F�K�D�Q�J�H���R�I���W�K�H���V�D�P�S�O�H���P�D�W�U�L�[�����%�L�Q�G�L�Q�J�����:�F�K�D�Q�J�H���L�Q���D�Q�J�O�H���U�H�V�X�O�W�V���L�Q���U�H�V�R�Q�D�Q�F�H���V�L�J�Q�D�O��

directly proportional to the mass of the bound surface.  (Francis Markey, 

Biacore_journal, 99) 

 

2.15. Biacore system features 

�%�L�D�F�R�U�H�¶�V���R�S�W�L�F�D�O���E�L�R�V�H�Q�V�R�U�V���D�U�H���G�H�V�L�J�Q�H�G���D�U�R�X�Q�G���W�K�U�H�H���F�R�U�H���W�H�F�K�Q�R�O�R�J�L�H�V�� 

- An optical detector system that monitors the changes in SPR signal brought 

about by binding events in real time. 

- An exchangeable sensor chip upon which one of the interacting 

biomoleculues is immobilized or captured.  The resulting biospsecific 

surface is the site where biomolecular interactions occur. 
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- A microfluidic and liquid handling system that precisely controls the flow of 

the buffer and the sample over the sensor surface. 

These systems are contained within the processing unit that communicates with 

a computer equipped with control and data evaluation software. 

All t he binding studies were performed using BIAcore T-100 (GE Healthcare).  

Two chips were trialled to investigate the binding of the recombinant Tlp1-SD �± His 

urea-purified protein (ligands) to the amino acids (analytes), nitrilotriacetic acid 

(NTA) and carboxymethylated dextran matrix (CM5) sensor chips.  Research grade 

(CM5) and (NTA) sensor chips, �����î���+�%�6�í�(�3�����E�X�I�I�H�U (0.1 M HEPES, 1.5 M NaCl, 

30 mM EDTA and 0.5% v/v Surfactant P20. 1 × 1000 ml), 

N-ethyl-N�¶-(3-diethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide 

(NHS), ethanolamine, were purchased from GE Healthcare.  ProteOn amine 

coupling kit and 10 mM glycine�±HCl (pH 2.0) were also obtained from Bio-Rad.  

Sodium hydroxide (regeneration solution), Nickel sulphate (enhancement solution), 

Imidazole (capture solution) were all freshly prepared. 

 

2.16. Biacore assays 

There are three major steps in a Biacore assay.  These are: 

1. Immobilization:  The process by which the ligand is attached to the sensor 

chip surface. 
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2. Interaction analysis: The analyte is injected over the sensor chip surface 

and the interaction between the analyte and the immobilized ligand is 

monitored. 

3. Regeneration: The process of removing bound analyte from the sensor chip 

surface after analysis of a sample, in preparation for the next analysis cycle. 

 

2.17. Sensor chips 

All Biacore sensor chips are coated with a thin, uniform gold layer.  The gold 

is required for generation of the surface plasmon resonance (SPR) response.  The 

Series S Sensor chip CM5, which is the most versatile chip, has a 

carboxymethylated dextran matrix on top of the gold surface that allows covalent 

attachment of biomolecules (ligands) using well-characterized chemistry and 

provides a hydrophilic environment suitable for a wide variety of protein 

interactions.  The sensor chip NTA surface consists of a carboxymethylated (CM) 

dextran matrix pre-immobilized with nitriloacetic acid (NTA) for capture of 

histidine �±tagged molecules via Ni2+ NTA chelation.   

Both types of chips have their advantages and limitations.  Immobilization of 

any ligand onto the sensor chip surface has to be individually optimized for every 

system investigated.  Immobilization can either be direct method with covalent 

coupling or can be indirect method, through capture by a covalently coupled 

molecule.  The choice of either direct immobilization or indirect immobilization is 

all dependent on the application being investigated.  Advantages and drawbacks of 

both methods are tabulated in table 2.8. 
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Table 2.8 Advantages Direct & Indirect Immobilization  

Ind irect Immobilization  

Capture surface sensor chip NTA chip 

Direct Immobilization  

Capture sensor chip CM5 chip 

CM dextran matrix pre-immobilized with 

nitriloacetic acid (NTA) 

Dextran matrix covered with carboxyl groups 

(CM5) 

Captures His-tagged ligands via metal chelation. Captures ligands such as proteins, lipids, 

carbohydrates and nucleic acids (irreversible 

capture). 

Non-covalent reversible immobilization (ligand 

capture). 

Covalent irreversible immobilization  

Can bind only to protein that has the suitable 

binding site or tag for the covalently coupled 

molecule. 

Study of analytes ranging in size from small 

organic molecules, e.g. drug candidates, to 

large molecular assemblies or whole viruses 

Controlled steric orientation of ligand for 

optimal site exposure.  All molecules are 

homogenously immobilized i.e. molecules are 

immobilized in a known and consistent 

orientation on the surface. 

The site of immobilization on the ligand 

molecule-cannot be controlled and therefore 

the orientation of the immobilized ligand- 

cannot usually be determined (amine coupling 

chemistry). 

Proteins are seldom deactivated  

Proteins can be captured from crude sample 

 

Using appropriate buffers it is possible to 

selectively dissociate the non-covalently bound 

analyte (Regeneration process). 

 

Covalent immobilization generally results in 

stable attachment of the ligand to the surface 

under the buffer conditions normally used for 

interaction analysis and surface regeneration.   

Sensor chips are reusable since noncovalently 

bound material can be removed from the Sensor 

Chip surface with an injection of a suitable 

regeneration solution. 

Regeneration of the surface removes bound 

analyte at the end of each analysis cycle but 

leaves the ligand attached to the surface 
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2.18. Surface plasmon resonance (SPR) applications 

In order to measure the binding affinity of the Tlp1-SD-His protein with the 

putative amino acids L-aspartic acid, L-arginine, L-asparagine and L-glutamic acid, 

the ligand (Tlp1-SD-His protein) is immobilized onto a dextran-coated gold surface 

(sensor chip surface) whereas the amino acids (analytes) are injected in solution. 

 

2.19. Choice of sensor chip for the immobilization of recombinant 

CFF82-40-1041-SD (Tlp1-SD �± His) 

The challenging step when setting up SPR experiments was the 

immobilization of CFF82-40-1041-SD (Tlp1-SD �± His) purified protein (the ligand) 

to the sensor surface without disrupting its activity. 

 

2.20. Ligand immobilization on the sensor chip Ni- NTA chip 

CFF82-40-1041-SD (Tlp1-SD �± His; 35.6000 daltons, pI 6.4) expressed and 

purified as recombinant protein from Escherichia coli previously described in 

section 2.7. was reversibly immobilized onto the first flow cell of a research grade 

NTA-nitrilotriacetic acid sensor chip via the NiCl2 �±activated nitrilotriacetic acid 

(NTA) groups covalently coupled to the dextran matrix of sensor Chip NTA using 

an established technique of ligand capture, while the second flow cell was used as a 

control without any immobilized protein Figure 2.3.   
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Figure 2.3 Nickel ions form a chelation bond between the NTA immobilized on the 

sensor chip and the poly- histidine tags on the ligand.  (Biacore Sensor Surface 

Handbook, Page 26). 

 

2.21. Assessment of the NTA chip immobilized CFF82-40-1041-SD 

(Tlp1-SD �± His) and controls necessary for such assessment 

Based on data obtained from three assays namely, the ELISA plate assay, 

amino acids array and STD-NMR spectroscopy, four ligands; L-aspartate, 

L-arginine, L-glutamic acid and L-asparagine were found to bind to 

CFF82-40-1041-SD (Tlp1-SD �± His) recombinant protein.  Two analytes, 

L-aspartate, and L-arginine, were initially chosen to test and verify that 

CFF82-40-1041-SD (Tlp1-SD �± His) recombinant protein has maintained its activity 

after immobilization onto the NTA chip.  A control surface was generated, that had 

the same immobilization levels of the CFF82-40-1041-SD (Tlp1-SD �± His) 

immobilized protein in order to measure non-specific binding i.e. background level.  

The control flow cell is important because it corrects for the background noise due 
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to non-specific binding and it corrects as well for refractive indices artefacts, the 

latter occurs when the refractive index of the two flow cells are different during the 

course of the injection of the analyte being tested.  The negative controls that were 

run along the testing of L-aspartate and L-arginine binding to CFF82-40-1041-SD 

(Tlp1-SD �± His) were analyte negative control and ligand negative controls.  

Positive controls as well were run to establish whether this is a negative interaction, 

low affinity interaction or defective artefact resulting from defective ligand or 

analyte.  A typical analysis cycle using the NTA chip is demonstrated in Figure 2.4. 

 

Figure 2.4 Typical analysis cycle using the NTA chip 

(Biacore Sensor Surface Handbook, Page 26). 
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2.22. The challenge posed by the low molecular weight of the tested 

analytes interacting with the immobilized CFF82-40-1041-SD 

(Tlp1-SD �± His) NTA chip  

The drawback of using the NTA-nitrilotriacetic acid sensor chip, was that 

after testing the L-aspartate with the immobilized protein, the RU response dropped 

drastically which meant that the aspartate could have stripped the immobilized 

recombinant protein with it.  This would have caused the results to be not 

reproducible.  This led us to conclude that the NTA-nitrilotriacetic acid sensor chip 

could not be used for testing the interaction of CFF82-40-1041-SD (Tlp1-SD �± His) 

with the four ligands; L-arginine, L-aspartic acid, L-asparagine and L-glutamic acid.  

Hence the choice to revert to CM5 sensor chip for the determination of the affinity 

range of the ligands in question. 

 

2.23. Steps of immobilization of CFF82-40-1041-SD (Tlp1-SD �± His) 

onto the CM5 sensor chip 

i) Preconentration and immobilization pH scouting 

Typically the optimal pH for preconcentration will be 0.5-to 1- pH unit 

below the pI of CFF82-40-1041-SD (Tlp1-SD �± His; 35,6000 daltons, pI 6.4) the 

protein.  CFF82-40-1041-SD was concentrated to a high level (>100mg/ml) within 

the dextran matrix, thereby driving the coupling reaction using low-pH dilution 

buffers.  Most proteins exhibit limited stability in the low ionic strength, i.e. low-pH 

solutions used for preconcentration, therefore dilution of the ligand is done just prior 
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to immobilization.  CFF82-40-1041-SD (Tlp1-SD �± His) was diluted to a final 

concentration of 20-50 µg/ml (final volume of 100 µl) into pH 6.0, 5.5, 5.0, 4.5 and 

4.0 preconcentration buffers.  The optimum pH was found to be pH 4.0.  The 

CFF82-40-1041-SD (Tlp1-SD �± His; 35,600 daltons, pI 6.4) expressed and purified 

as recombinant protein from Escherichia coli as previously described in section 2.8 

was immobilized onto two flow cells of a research grade CM5 sensor chip using the 

standard amine-coupling chemistry (Johnsson et. al., 1991).   

ii) Amine coupling 

The dextran matrix on the sensor chip surface is first activated with a 

mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbiimide (EDC) and 

N-hydroxysuccinimide (NHS) to give reactive succinimide esters.  The 

CFF82-40-1041-SD (Tlp1-SD �± His) (ligand) is then passed over the surface and the 

esters react spontaneously with amino groups to link the ligand covalently to the 

dextran.  After the ligand injection, ethanolamine is passed over the sensor surface 

to deactivate the remaining active esters. 

ii i) Immobilization  levels 

The immobilization levels are determined by the following equation 

RU (analyted binding capacity) = Analyte M.Wt/Ligand M.Wt x immobilized ligand level 

This is if we consider that the stoichemtry binding to be of 1: 1 ratio 

Therefore theoretically to calculate the binding capacity for example of arginine to 

CFF82-40-1041-SD (Tlp1-SD �± His) 
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RU analyte = 174.2/ 35,600 x 5,000 (if we assume we need a 5000 immoblilization 

level)  

RU analyte = 25 

Since the molecular weight of the analytes being tested ranged from 133.11 g/mol 

up to 174.2 g/mol, hence the RU analyte ranged from 19 up to 25.  The equation is a 

guiding tool that determines the expected binding levels and not the absolute binding 

levels. 

The following conditions were used for the immobilization of 

CFF82-40-1041-SD (Tlp1-SD �± His) onto the CM5 (general purpose) sensor chip.  

The immobilization steps were carried out at a flow rate of 10 µl/min in HEPES 

buffer (�+�%�6�í�(�3+: 0.01 M Hepes [pH 7.4], 0.15 M NaCl, 3 mM 

ethylenediaminetetraacetic acid [EDTA], and 0.05% [v/v] surfactant P20) at 25 °C.  

The carboxymethylated dextran surface was activated with a 7-min injection of a 1:1 

ratio of 0.4 M 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride 

(EDC)/0.1 M N-hydroxysuccinimide (NHS) to create reactive succinimide esters.  

The CFF82-40-1041-SD was typically coupled to the chip surface in flow cell 1 

(reference) and flow cell 2 with a 7-min injection of protein solution diluted to 

25 ���J���P�O in 10 mM sodium acetate (pH 4.0).  Any remaining activated ester groups 

were blocked with a 7-min injection of 1 M ethanolamine (pH 8.5).  An average of 

�• 4000 RU of Tlp1-SD �± His protein was immobilized on each flow cell.   
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2.24. Interaction analysis 

The binding was plotted versus concentration of the analyte (Figure 2.5).  

Langmuir binding isotherm was applied to the data using non-linear curve fitting.  

The fitted curve is then used to determine the Kd and the maximum binding level.  

Points where binding was less than 5% of maximum were highly ignored and then if 

the data was not linear, then the experiment had to be repeated till the Kd and the 

Rmax were determined for each of the analytes being tested. 

 

Figure 2.5 The sensogram is a plot of response in resonance units (RU) versus time 

in seconds which is presented continuously in real time.  (Biacore Sensor Surface 

Handbook, Page 26). 

Upon analyte injection, if a binding interaction occurs, then an increase in mass 

occurs on the sensor chip surface and association is measured.  At the end of the 

analyte injection, as the complex decays, a decrease in mass occurs and dissociation 

is measured.  Association and dissociation are measured as changes in response. 

(Advanced Bioengeering methods Laboratory SPR Carlotta Guiducci). 
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Chapter 3 

Comparative in silico analysis of chemotaxis system of 
Campylobacter fetus 

The work described in this chapter contributed to the following first author publication: 

Fahmy, D. Christopher Day and Victoria Korolik (2011). 

Comparative in silico analysis of chemotaxis system of Campylobacter fetus. Archives of 

Microbioliology 2012 Feb; 194(2):57-63. 
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Abstract 

Chemoreceptor and chemotaxis signal transduction cascade genes of C. fetus 

subsp. fetus 82-40 show high level of similarity to that in C. jejuni and appears to 

include sixteen diverse transducer-like protein (tlp) genes that appear similar to nine 

of the twelve tlp genes in the C. jejuni NCTC 11168 with a percent identity ranging 

from 15 to 50%.  Sixteen putative C. fetus 82-40 belong to three classes: A, B and C 

as well as an aerotaxis gene, based on their predicted structure.  C. fetus subsp. fetus 

82-40 chemoreceptor and chemotaxis signal transduction pathway genes have close 

phylogenetic relationship of chemotaxis genes between Campylobacteraceae and 

Helicobacteraceae. 
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3.1. Introduction  

The bacteria belonging to species Campylobacter fetus are recognized as an 

important animal and human pathogens (Vandamme et. al, 1991).  C. fetus can be 

divided into two subspecies, C. fetus subsp. venerealis (CFV) and C. fetus 

subsp. fetus (CFF) and includes an intermediate of C. fetus subsp venerealis, 

designated biovar intermedius (CVI) (Veron and Chatelain, 1973).  CFV shows a 

strong tropism for the bovine genital tract causing bovine genital campylobacteriosis 

���%�*�&�������D���G�L�V�H�D�V�H���W�K�D�W���F�D�X�V�H�V���W�K�H���G�H�V�W�U�X�F�W�L�R�Q���R�I���W�K�H���F�D�W�W�O�H�¶�V���H�P�E�U�\�R���H�D�U�O�\���L�Q���J�H�V�W�D�W�L�R�Q��

(Garcia et. al., 1983).  Human infections with this subspecies are not common 

(Thompson and Blaser, 1995).  CFF on the other hand can cause infections in 

humans and animals including, cattle, goats, pigs, horses, fowl and reptiles and can 

cause abortion in sheep and cattle (Dennis 1975; Harvey and Greenwood 1985; 

Garcia et. al., 1983; Meinershagen et. al., 1965; Tu et. al., 2004; Watson et. al., 

1967). 

Although the mechanisms of campylobacter pathogenicity are poorly 

understood, motility and chemotaxis have been shown to be important for the 

initiation of the disease process for Campylobacter species (Hugdahl et. al., 1988; 

Ferrero and Lee 1988; Lee et. al., 1986; Szymanski et. al., 1995; Takata et. al., 

1992; Terry et. al., 2005).  

In silico analysis of the genome sequence of C. jejuni NCTC 11168 

(Marchant et. al., 2002), revealed that in C. jejuni, some of the key signal 

transduction chemotaxis proteins, such as CheW and CheY, are conserved, while 

others show differences to those found in E. coli.  CheB protein lacks a CheY-like 

receiver domain while CheA protein contains an additional C-terminal domain 

homologous to CheY.  C. jejuni also encodes a CheV protein, similar to CheV in 
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B. subtilis (Fredrick and Helmann 1994) and a putative analogue of CheZ like 

Helicobacter pylori (Terry et. al., 2006).   

Ten chemoreceptor genes of C. jejuni NCTC 11168 (designated 

transducer-like proteins Tlps) and two aerotaxis gene homologs were structurally 

categorized into three groups, A, B, and C (Marchant et. al.,. 2002).  To date there 

are seven Group A sensory receptors have been described for C. jejuni: Tlp1, Tlp2, 

Tlp3, Tlp4, Tlp7, Tlp10 and Tlp11.  It is interesting to note that although the DNA 

and amino acid sequences of the Group A Tlps are highly conserved, the presence of 

these receptors in C. jejuni strains is highly variable with only Tlp1 and Tlp10 

consistently present in all strains described to date (Korolik and Ketley, 2008).  Due 

to the typical three-domain structure of the Group A chemoreceptors (a variable 

periplasmic sensory domain and conserved transmembrane and cytoplasmic 

signaling domains), these receptors are considered to be responsible for sensing 

ligands external to the cell, similar to E. coli (Falke et. al., 1997).  It is yet to be 

established what role a particular subset of sensory receptors may play in 

colonization of animal hosts or in virulence of C. jejuni stains.  To date the only 

receptor-ligand interaction for the Tlp1 (CcaA) aspartate sensory receptor, has been 

demonstrated (Hartley-Tassell et. al., 2010).  This receptor was also shown to signal 

through the CheV, rather than CheW in the sensory receptor complex.  In addition, 

interactions were detected between the Tlps 4, 6 and 8 and CheV, via global 

two-hybrid analysis, however, in this instance, specific interactions were not further 

explored (Parrish et. al., 2007).  These data indicates that in C. jejuni, the sensory 

receptor complex, at least for periplasmic sensory receptors, uses CheV, and not 

CheW as scaffolding protein in signal transduction.  Chemoreceptor Group B 

contains one cytoplasmic receptor homologue (Tlp9 or CetA) and Group C contains 
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Tlps 5, 6, 8, that are considered to be receptor proteins able to detect physiological 

cytoplasmic signals (Marchant et. al., 2002). 

 

3.2. Chemosensory receptors of C. fetus. 

Comparison of the of the published sequences of C. jejuni NCTC 11168 

Groups A, B, C Tlps and aerotaxis receptor proteins with those encoded by the 

genomic sequence of C. fetus 82-40 (using the Clustal W, BioEdit sequence 

alignment editor and TMHMM2, based on Hidden Markov Model) revealed 

presence of putative orthologs of chemotaxis receptor genes in C. fetus 82-40 

genome.  Sixteen tlp-like genes in C. fetus 82-40 genome appeared orthologous to 

nine of the twelve tlp genes in the C. jejuni NCTC 11168 with a percent identity 

ranging from 15% up to 50% (similarity range 33% to 72% - protein-protein 

comparison; Table 3.1).  The full amino acid sequences of four C. fetus 82-40 

putative Tlp proteins, CFF82-40-1041, CFF82-40-0185, CFF82-40-1645 and 

CFF82-40-0065 showed 50%, 34%, 32% and 15% identity and 72%, 55%, 52% and 

33% similarity respectively with the protein sequence from the same gene, 

C. jejuni NCTC11168-1506c (tlp1; Table 3.1).  The highest percent identity 50% 

(similarity 72%), with C. jejuni NCTC11168-1506c tlp1 was present in 

CFF82-40-1041 (Table 3.1).  Similarly, four other C. fetus 82-40 putative 

chemoreceptor proteins; CFF82-40-1305, CFF82-40-0190, CFF82-40-1698 and 

CFF82-40-1307 showed highest level of similarity with a single C. jejuni Tlp 

protein, Tlp4 (NCTC11168-0262c), whereas genes CFF82-40-0511 and 

CFF82-40-0975 revealed similarity with C. jejuni Tlp6 (NCTC11168-Cj0448c; 

Table 3.1).  Although CFF82-40-1041 showed the highest percent similarity with 
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C. jejuni aspartate receptor Tlp1 (NCTC11168-1506c), and could be the putative 

C. fetus 82-40 tlp1 ortholog, similarity levels do not exclude the possibility that 

either one of the three C. fetus 82-40 tlp genes, CFF82-40-0185, CFF82-40-1645 

and CFF82-40-0065 could instead be the ortholog of C. jejuni NCTC11168-1506c 

(tlp1; Table 3.1).  Experimental evidence is necessary in order to verify the ligand 

binding specificity of each of these C. fetus 82-40 chemoreceptors.  These data, 

never the less, allow to speculate that C. fetus may be able to respond to a wider 

range of ligands than C. jejuni or indeed may have some redunduncy in receptor 

specificty, where two to four receptors may be able to sense the same ligand, 

perhaps providing signal amplification for detection of essential nutrients. 

It should be noted that the manual scoring of pair-wise alignments for both 

full coding sequences and sensory domain coding sequences of the C. fetus 82-40 

receptor genes with their respective orthologs in the tested Epsilon proteobacteria 

genomes indicated an interesting discrepancy with BLASTp analysis.  In the case of 

eleven of C. fetus 82-40 tlp genes, their sequences revealed identity with the same 

corresponding C. jejuni NCTC11168 Tlp sequence, irrespective of whether the 

complete amino acid sequence was used for analysis, or only the sequence of the 

periplasmic sensory domain.  However, five of the sixteen Tlp sequences 

(CFF82-40-0185, CFF82-40-1645, CFF82-40-1227, CFF82-40-0139 and 

CFF82-40-0065) aligned with a different protein of C. jejuni NCTC11168 when the 

sensory domain sequences only were compared (Table 3.2).  When the periplasmic 

sensory domains were aligned to proteins encoded by the C. jejuni NCTC11168 

genome, CFF82-40-1645, CFF82-40-1227 and CFF82-40-0065 no longer aligned 

with C. jejuni Tlps, instead aligning with an acid membrane protein, putative 

ATP/GTP binding protein and restriction modification enzyme respectively.  
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This finding underlines the importance of manual and reciprocal sequence alignment 

analysis for maximum accuracy.  It is particularly pertinent for genes with multiple 

domains, where some domains may be highly conserved due to their function, such 

as signalling domains of tlp genes and signalling proteins in general.  In this case, 

the high level of similarity among signalling domains of chemosensory proteins, had 

obscured the fact that their sensory domains, which determine receptor-ligand 

specificity, were each similar to a different receptor or another protein with lower 

overall gene similarity.  

Comparison of C. fetus 82-40 chemosensory receptors with the genomes of 

other Epsilon proteobacteria as well as with two representative genomes of the 

family Helicobacteraceae; H. pylori 26695 and W. succinogenes DSM 1740 

(Table 3.3) showed that percent identity of C. fetus 82-40 tlp genes with their 

orthologs in all the examined genomes is in the range of 12% to 72% (similarity 

range 32% to 86% - protein-protein comparison, Table 3.3).  Conversely, the 

periplasmic sensory domains of the Tlps show high degree of interspecies and 

intraspecies variablility, necesitating independent comparisons of all Group A tlp 

genes sensory domains as was performed for C. jejuni. 

 

3.3. Signal transduction pathway of C. fetus 

Interestingly, similar to that in C. jejuni NCTC11168 genome 

(Parkhill et. al., 2000), most of the tlp genes as well as two of the chemotaxis 

pathway genes; cheZ analogue and the RR cheY in C. fetus 82-40 genome were 

scattered in the genome and three chemotaxis genes cheA, cheW and cheV, as well 
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as cheR, cheB pair, are contiguous.  The comparative in silico analysis revealed that 

C. fetus 82-40 chemotaxis signal transduction pathway genes (cheA, cheW, cheY, 

cheV, cheB cheR and cheZ orthologs) had the expected high level of similarity with 

their corresponding orthologs in the C. jejuni NCTC11168 genome 

(Parkhill et. al. 2000), for example CFF82-40-0331 gene (cheA) showed 79% 

identity (91% similarity - protein-protein comparison) with Cj11168-0284c (cheA) 

(Table 3.1). 

C. fetus 82-40 signal transduction genes are also similar to their respective 

orthologs in genomes of Epsilon proteobacteria, C. jejuni 84-25 (JCVI-CMR, 2006), 

C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195 (Fouts et. al, 2005) and 

the related Epsilon proteobacteria H. pylori 26695 (Tomb et. al., 1997) and 

W. succinogenes DSM 1740 (Baar et. al., 2003).  All of the signal transduction 

genes orthologs were highly conserved in the examined genomes of C. jejuni 84-25, 

C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195 and W. succinogenes 

DSM 1740 (Table 3.1 and Table 3.3), indicating functional conservation of the 

chemotaxis signal transduction cascade in Epsilon proteobacteria.   

 

3.4. Phylogenetic relationships of chemosensory receptors of C. fetus 

with the Epsilon proteobacteria chemosenory receptors 

Close phylogenetic relationships exist between the sixteen C. fetus 82-40 tlp 

genes with their corresponding orthologs in the genomes of Campylobacteraceae, 

(C. jejuni NCTC11168, C. jejuni 84-25, C. coli RM2228, C. lari  RM2100, 

C. upsaliensis RM3195) and Helicobacteraceae (H. pylori 26696, 

W. succinogenes DSM 1740), where clusters with a bootstrap value greater than or 
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equal to 75% were defined as confirmed subgroups (Tripathi and Sowdhamini 

2008).  Unexpectedly, clustering patterns of the sixteen C. fetus 82-40 tlp genes 

were different.  Most C. fetus Tlps clustered with the other Campylobacteraceae in 

various relationships (Figure 3.1a and 3.1b for examples; Figures 3.5.1 to 3.5.4), 

however, some of the receptors clustered closer to W. succinogenes DSM 1740 

(Figure 3.1c for example; Figure 3.5.5).  Three of the C. fetus tlp genes, 

CFF82-40-1041, CFF82-40-1645 and CFF82-40-0322, clustered with their 

respective orthologs in both C. jejuni NCTC11168 and C. jejuni 8425, with 97%, 

86%  and 79% boostrap values respectively (Figure 3.1b and Figure 3.5.6).  

CFF82-40-0065 tlp gene fell into a cluster with C. upsaliensis RM3195 CUP-1515 

and C. coli RM2228 CCO-0518 (Figure 3.5.7a) and one of the sixteen C. fetus 82-40 

tlp genes, CFF82-40-0139, grouped with W. succinogenes DSM 1740 WS-1861, 

with C. coli RM2228 CCO-1600 and C. jejuni NCTC11168-1492c with bootstrap 

support of 93% (Figure 3.5.7b).  Receptor gene CFF82-40-1223, clustered with its 

corresponding ortholog in C. lari RM2100 CLA-0003 with 78% bootstrap support 

(Figure 3.5.8a) and CFF82-40-1227 clustered with two of its corresponding 

orthologs in both C. lari RM2100 CLA-0183 and W. succinogenes DSM 1740 

WS-0843 with 53% bootstrap support (Figure 3.5.8b).  It is also interesting to note 

that C. fetus tlp 82-40 gene CFF82-40-0511 clustered with W. succinogenes 

DSM 1740 WS-0128 and WS-0696 with 100% and 85% bootstrap support (Figure 

3.5.5 a).  

Phylogenetic analysis of the C. fetus 82-40 tlp and chemotaxis pathway 

protein sequences has consequently identified seven different phylogenetic 

 relationships for C. fetus 82-40 chemosensory genes.  Unfortunately, until the 

ligand specificty of each of the chemosensory receptors is identified, it is difficult to 
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explain why C. fetus  genome encodes such diverse range of sensory receptors. This 

underlines the fact that it is not possible to assign function to chemosensory receptor 

homolog or ortholog genes based on sequence similarities and that experimental 

data is required to determine the specificity of receptor-ligand interactions.  Recently 

identified C. jejuni aspartate receptor (Tlp1), with 0% similarity to the sensory 

domain amino acid sequnce to the well charachterised E. coli aspartate receptor 

(Hartley-Tassell, et. al., 2010) provides an excellent example of proteins with 

different animo acid composition forming a similar tertiary structure able to bind the 

same ligand.  The diversity of the C. fetus sensory receptor gene set appears to be an 

excellent example of the mozaic nature of bacterial genomes where different sensory 

genes were likely to have been collected over time from many related organisms to 

allow survival in various environmental niches and to move to different hosts to 

expand the host range.  The apparent diversity of C. fetus chemosensory genes could 

allow for the differnetial tissue tropism of this bacteria being able to colonise/infect 

the animal intesinal tract as well as the genital tract of cattle. 

The C. fetus chemotaxis signalling pathway genes cheA, cheY, cheV, cheW, 

cheR, cheB (and cheZ analogue) each forms a cluster with the corresponding 

chemotaxis pathway genes in representative of family Campylobacterace with a 

bootstrap support of 100%, 97%, 99%, 100%, 100%, 100% and 100% resepectively 

(Supplemental data Figures 3.5.9, 3.5.10 and 3.5.11).  This reflects the higher level 

of taxonomic relatedness of C. fetus 82-40 to the members of family 

Campylobacteraceae as opposed to the two representatives of family 

Helicobacteraceae.  The observed identity for these signal transduction pathway 

genes is attributed to conservation of chemotaxis genes among 



CHAPTER 3 
 

120 
 

Epsilonproteobacteria represented in our study by families Campylobacteraceae and 

Helicobacteraceae.   
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Table 3.1 Comparison of sequence identity and similarity of the chemoreceptor and 

chemotaxis pathway genes in C. fetus 82-40, C. jejuni NCTC 11168 and C. jejuni 84-25 

Chemotaxis 
genes 

C. fetus 82-40 
 
CFF82-40 

C. jejuni NCTC 11168 
 
Cj11168 

% 
I/S 

C. jejuni 84-25 
 
CJJ84-25 

% 
I/S 

Group_A 1041 1506c (tlp1) 50/72 1589 53/75 
1305 0262 (tlp4) 40/64 0173 38/62 
0190 0262 (tlp4) 41/65 0173 37/60 
0562 0952 (tlp7) 44/70 0982 44/71 
1698 0262 (tlp4) 40/65 0173 38/61 
0185 1506c (tlp1) 34/55 1589 32/52 
1645 1506c (tlp1) 32/52 1589 42/62 
1227 1564 (tlp3) 29/51 0173 29/51 

0139 1492c 18/37 0173 17/38 
0065 1506c (tlp1) 15/33 1589 14/32 
1307 0262 (tlp4) 40/65 0173 36/58 

Group_A/B 1223 0019c (tlp10) 22/50 0043 20/46 

Group_C 0975 0448c (tlp6) 28/56 0472 47/69 
0322 1110c (tlp8) 77/89 1138 78/89 

0511 0448c (tlp6) 36/62 0472 22/36 
Aer 1012 11891 44/64 1214 43/64 

cheW 0332 0283c 41/68 0307 69/84 
cheA 0331 0284c 79/91 0308 79/90 

cheY 1193 06432 41/68 0676 41/68 

cheB 0805 0924c 48/73 0946 72/48 
cheR 0803 0923c 43/66 0945 43/65 

cheV 0330 0285c 70/88 0309 87/69 
cheZ_H4 1051 07003 57/75 0732c 87/69 
1: cetB, 2: cbrR (Campylobacter bile resistance Regulator) protein, a two-component response 
regulator, 3:hypothetical protein, 4:H homolog, %I/S Identical / Similar amino acid
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Table 3.2 Five putative C. fetus tlp genes (full coding region and sensory domain (SD) 

with their corresponding orthologous C. jejuni NCTC 11168 genes 

Serial C. fetus 82-40 
 
CFF82-40 

C. jejuni NCTC 11168 
 
Cj11168 

%I/S 

1 0185 1506c (tlp1) 34/55 
SD 1506c (tlp1) SD 11/24 
SD 1564 (tlp3) 11/ 27 

2 1645 1506c (tlp1) 32/52 
SD 1506c (tlp1) SD 12/29 
SD 1363 a 24/49 

3 1227 1564 (tlp3) 29/51 
SD 1564 (tlp3) SD 11/25 
SD 0412b 24/46 

4 0139 1492c 18/37 
SD 1492c_no_SD N/A 

0144 17/37 
5 0065 1506c (tlp1) 15/33 

SD 1506c (tlp1) SD 17/29 
SD 1051cc 27/47 

a: acid membrane antigen A, b:putative ATP/GTP binding protein, c: restriction modification enzyme 

cjeI.  N/A: not applicable, %I/S Identical / Similar amino acids. 
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Table 3.3 Comparative analysis of sequence identity and similarity of chemoreceptor and chemotaxis pathway genes in C. fetus 82-40, 
C. coli RM2228, C .lari RM2100 and C.upsaliensis RM3195, H. pylori 26695 and W. succinogenes DSM 1740 
Chemotaxis 
genes 

C. fetus 82-40 
 
CFF82-40 

C. coli 
RM2228 
 
CCO 

%I/ S C. lari  
RM2100 
 
CLA  

%I/ S C .upsaliensis 
RM3195 
 
CUP 

%I/ S H. pylori 26695 
 
 
HP 

%I/ S W. succinogenes 
DSM 1740 
 
WS 

%I/ S 

Group _A 1041 0334 (tlpA) 52/77 0356 (tlpA) 38/58 1752 (tlpA) 45/67 0099 (tlpA) 31/56 0864 33/58 
1305 1678 (tlpA) 39/62 0135 (tlpA) 39/64 1790 (tlpA) 40/62 0082 (tlpC) 30/59 1333 43/69 
0190 1678 (tlpA) 38/60 0135 (tlpA) 41/66 1124 (tlpA) 40/62 0082 (tlpC) 29/57 1333 34/56 
0562 0943a 36/68 0908 (tlpB) 40/71 0527f 39/64 0103 (tlpB)h

 21/48 2114 30/62 
1698 1678 (tlpA) 37/58 0135 (tlpA) 41/67 1124 (tlpA) 39/61 0099 (tlpA) 30/55 1333 33/54 
0185 1678 (tlpA) 32/52 0356 (tlpA) 34/52 1790 (tlpA) 34/52 0099 (tlpA) 29/49 1333 37/58 
1645 1678 (tlpA) 36/54 0356 (tlpA) 35/54 1124 (tlpA) 34/53 0099 (tlpA) 28/50 1333 35/59 
1227 0334 (tlpA 29/48 0183 26/46 1790 (tlpA) 30/51 0099 (tlpA) 26/53 0843 37/64 

0139 1600 17/36 0135 (tlpA) 16/38 1790 (tlpA) 14/33 0082 (tlpC) 12/32 1861k 17/36 
0065 0518 40/68 0962 14/36 1515g 42/68 0099 (tlpA) 14/34 0859 43/68 
1307 1678 (tlpA 38/61 0135 (tlpA) 39/61 1790 (tlpA) 41/63 0099 (tlpA) 30/53 1333 38/61 

 1041_SD 0334 (tlpA) 32/57 0356 (tlpA) 16/34 1752 (tlpA) 34/59 0099 (tlpA) 14/37 0864 15/35 
 1305_SD 1678 (tlpA) 20/47 0135 (tlpA) 23/47 1790 (tlpA) 22/44 0082 (tlpC) 17/37 1333 17/36 
 0190_SD 1678 (tlpA) 26/55 0135 (tlpA) 24/52 1124 (tlpA) 21/43 0082 (tlpC) 13/36 1333 17/39 
 0562_SD 0943a 36/71 0908 (tlpB) 39/66 0527b 38/66 0103 (tlpBh) 7/29 2114 4/6 
 1698_SD 1678 (tlpA) 20/43 0135 (tlpA) 24/52 1124 (tlpA) 18/43 0099 (tlpA) 13/35 1333 17/36 
 0185_SD 1678 (tlpA) 11/27 0356 (tlpA) 16/31 1790 (tlpA) 12/21 0099 (tlpA) 12/27 1333 16/36 
 1645_SD 1678 (tlpA) 13/29 0356 (tlpA) 16/32 1124 (tlpA) 10/22 0099 (tlpA) 14/27 1333 14/31 
 1227_SD 0334 (tlpA) 16/30 0183 10/23 1790 (tlpA) 14/29 0099 (tlpA) 11/26 0843 13/36 
 0139_SD 1600 12/32 0135 (tlpA) 19/44 1790 (tlpA) 14/33 0082 (tlpC) 14/37 1861d 12/25 
 0065_SD 0518 38/65 0962 15/26 1515c 39/60 0099 (tlpA) 11/26 0859 46/71 
 1307preTMM 1678 (tlpA) 17/44 0135 (tlpA) 23/50 1790 (tlpA) 15/31 0099 (tlpA) 13/32 1333 25/57 
 1307postTMM  55/75  55/73  56/75  45/70  52/73 
Aer 1012 1259 46/67 1341 41/65 0045 42/67 0621j 19/44 0696 50/71 
cheW 0332 0361b 71/85 0319 70/81 0792 67/81 0391 53/79 2082 58/79 
cheA 0331 0362b 80/90 0318 79/89 0793 78/89 0392 79/89 2083 69/81 
cheY 1193 0723b 38/65 1020 39/66 0459 39/65 1067 11/19 0415 64/86 
cheB 0805 1025b 53/75 1051e 46/70 0824 49/73 0568 15/31 1213 52/70 
cheR 0803 1024b 36/63 1052f 42/70 0825 39/65 0664 14/30 1212 26/49 
cheV 0330 0363b 68/87 0317 70/87 0794 70/87 0393 47/69 2084 64/86 
cheZ_H 1051 0766c 59/74 1384c 50/62 0560c 56/73 0170 43/65 2123c 52/70 
a: probable membrane protein Cj0952, b: CCo is used as the annotation for chemotactic proteins, c: conserved hypothetical protein; d: MCP transducer/ sensor y box protein; e: putative CheB; f: putative 
CheR, f: carbamoyl-phosphate synthase, large subunit (carB); g: putative MCP, h: MCP-like protein Helicobacter pylori P12; i: Hemolysin secretion protein precursor; j: recombination and DNA strand 
exchange inhibitor protein or DNA mismatch repair protein (MutS); k: sensor kinase _ RHPS.  %I/S Identical / Similar amino acid. 
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Figure 3.1 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0190 

(a), CFF82-40-1041 (b)  and CFF82-40-1227 (c) with their respective orthologs in C. jejuni 

NCTC 11168, C. jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, 

H. pylori 26696 and W. succinogenes DSM 1740. 
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3.5. Supplementary data 

 

Figure 3.5.1 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0322 

(a) and CFF82-40-1645 (b)  with their respective orthologs in C. jejuni NCTC 11168, 

C. jejuni 84-25, C. coli RM2228, C. lari  RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 

 

Figure 3.5.2 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0562 

(a) and CFF82-40-0975(b) with their respective orthologs in C. jejuni NCTC 11168, C. 

jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 
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Figure 3.5.3 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0185 

(a) and CFF82-40-1698(b) with their respective orthologs in C. jejuni NCTC 11168, 

C. jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 

 

Figure 3.5.4 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-1305 

(a) and CFF82-40-1307(b) with their respective orthologs in C. jejuni NCTC 11168, C. 

jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 
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Figure 3.5.5 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0511 

(a) and CFF82-40-1012(b) with their respective orthologs in C. jejuni NCTC 11168, C. 

jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 

 

Figure 3.5.6 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0322 

(a) and CFF82-40-1645(b) with their respective orthologs in C. jejuni NCTC 11168, 

C. jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 
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Figure 3.5.7 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-0065 

(a) and CFF82-40-0139 (b)  with their respective orthologs in C. jejuni NCTC 11168, C. 

jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 

 

Figure 3.5.8 Dendogram based on alignment of C .fetus 82-40 Tlp protein CFF82-40-1223 

(a) and CFF82-40-1227(b) with their respective orthologs in C. jejuni NCTC 11168, 

C. jejuni 84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 

and W. succinogenes DSM 1740. 
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Figure 3.5.9 Dendogram based on alignment of C. fetus 82-40 CheA and  C. fetus 82-40 

CheW protein with its orthologues in C. jejuni NCTC 11168, C. jejuni 84-25, C. coli 

RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 and W. succinogenes 

DSM 1740 depiciting similar relatedness to both Campylobacteraceae and 

Helicobacteraceae cluster. 

 

Figure 3.5.10 Dendogram based on alignment of C. fetus 82-40 CheV and  C. fetus 82-40 

CheY protein with its orthologues in C. jejuni NCTC 11168, C. jejuni 84-25, C. coli 

RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 and W. succinogenes 

DSM 1740 depiciting similar relatedness to both Campylobacteraceae and 

Helicobacteraceae cluster. 
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Figure 3.5.11 Dendogram based on alignment of C. fetus 82-40 CheB, C. fetus 82-40 CheR 

and C. fetus 82-40 CheZ-h protein with its orthologues in C. jejuni NCTC 11168, C. jejuni 

84-25, C. coli RM2228, C. lari RM2100, C. upsaliensis RM3195, H. pylori 26696 and 

W. succinogenes DSM 1740 depiciting similar relatedness to both Campylobacteraceae and 

Helicobacteraceae cluster 
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Chapter 4 

The chemosensory receptor content of Campylobacter fetus 
strains 
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4.1. Introduction 

Chemoreceptor and chemotaxis signal transduction cascade genes of 

Camplobacter fetus of C. fetus subsp. fetus 82-40 showed high level of similarity to 

those in C. jejuni NCTC 11168.  Sixteen tlp-like genes in C. fetus 82-40 genome 

appeared orthlolgous to nine of the twelve tlp genes in the C. jejuni NCTC 11168 with 

a percent identity ranging from 15% to 50% (similarity range 33% to 72% 

protein-protein comparison).  Similarly, C. fetus chemoreceptor genes were grouped 

into three Groups A, B and C based on structural similarities as described by 

Marchant et. al., 2002.  Group A included eleven receptor genes, Group B one, and 

Group C comprised three tlp genes (Fahmy, D. et. al., 2012, Chapter 3).  In silico 

analysis of C. fetus Group A genes, revealed that four of these genes CFF82-40-1041, 

CFF82-40-0185, CFF82-40-1645 and CFF82-40-0065 were the putuative orthologues 

of C. jejuni aspartate receptor gene tlp1.  In the course of this chapter, we shall be 

referring to the C. fetus four putuative orthologues of C. jejuni tlp1as tlp1-a 

(CFF82-40-1041, 50/72 %,), tlp1-b (CFF82-40-0185, 34/55%), tlp1-c 

(CFF82-40-1645, 32/52 % and tlp1-d (CFF82-40-0065, 15/33%) in descending order 

of percent identity/similarity (Table 3.1, Fahmy, D. et. al., 2012, Chapter 3). 

The comparison of the available full and partial sequences of C. jejuni strains 

receptor sets showed that Group A Tlps were highly conserved 

(Korolik and Ketley, 2008).  Day et al., 2012 verified that the most conserved 

tlp genes were tlp1 and tlp7 in all the bacterial strains that were tested.  This high level 

of tlp1 conservation could be explained by the fact that, C. jejni Tlp1 is the sensory 

receptor for aspartate (Hartley-Tassell et. al., 2010), one of the few carbon sources 

utilised in C jejuni metabolism.  It is worth noting that although tlp 1 was ubiquitously 
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present within C. jejuni strains, it had the lowest level of expression in all the strains 

tested at different temperatures in vitro and in bacteria isolated from animal hosts 

(Day et. al., 2012). 

Campylobacter fetus subsp. fetus 82-40 and C. fetus subsp. venerealis 

NCTC 10354 are the only Campylobacter fetus strains that have been sequenced until 

the present date.  There has been no investigation of the variation of the 

chemoreceptors content among C. fetus strains.  This chapter aimed to investigate the 

C. fetus Group A chemorecptors content among a collection of twenty-six C. fetus 

strains of different subspecies (n= 26) and whether the subsets vary between C. fetus 

subsp. fetus (CFF), C. fetus subsp. venerealis (CFV) and C. fetus subsp venerealis 

biovar intermedius (CVI). 
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4.2 Results 

4.2.1 Amplification of sensory periplasmic domain (Sensory domain; SD) of 

C. fetus 82-40 putative Group A tlp genes by PCR 

In order to elucidate the receptor content of Group A tlp genes within the 

genome of Campylobacter fetus, a representative group of twenty six C. fetus strains 

(n = 26) of different subspecies (listed in Table 2.1, Chapter 2 Materials & Methods) 

isolated from various geographical locations was analyzed.  The presence of all eleven 

classified Group A tlp genes, (CFF82-40-0139, CFF82-40-0190, tlp1-a, 

CFF82-40-1307, CFF82-40-0065, tlp1-b, CFF82-40-0562, CFF82-40-1227, tlp1-c, 

CFF82-40-1305, and CFF82-40-1698), in each of the 26 C. fetus strains, was 

determined by PCR amplification using specifically designed primer pairs (listed in 

Table 2.3, Chapter 2 Materials & Methods) (Figure 4.1).  Group A tlp chemoreceptors 

sensory domain respective amino acid positions is listed in Table 4.1.  A 

representative diagram of CFF82-40-1041 (tlp1-a) amplification primers positions is 

shown in Figure 4.2. 
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Figure 4.1 Amplification of the sensory domain of CFF82-40-1645-SD (tlp1-c).  

Lanes 1 and 15: 1 kb DNA ladder, bands from top 10, 8, 6, 5, 4, 3, 2, 1.5, 1 and 0.5 

kb.   

Lanes 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13: are C. fetus tlp1-c PCR products 

amplified from strains 82-40, 23D, 23 D, BSL 1595, EMAI 1258, 

EMAI 2331,EMAI 4084, EMAI 5056, Ab # 4, Ab # 9, Ab # 10 and Ab # 11.   

Lane 14: is negative control. 
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Table 4.1 Group A Tlps and their respective sensory domain  

amino acid positions 

Serial Protein SD Amino acid 

positions 

1 CFF82-40-1041 61- 361 

2 CFF82-40-1698 34-285 

3 CFF82-40-1305 33-279 

4 CFF82-40-0190 33-284 

5 CFF82-40-0065 36-193 

6 CFF82-40-1307 1-170 

7 CFF82-40-0562 33-174 

8 CFF82-40-1645 30-171 

9 CFF82-40-0185 32-170 

10 CFF82-40-1227 38-175 

11 CFF82-40-0139 30-263 
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Tlp1-b, CFF82-40-0190, CFF82-40-1227, tlp1-c and CFF82-40-1698 

receptors were identified in all of the 26 tested strains (Table 4.1).  The sensory 

domains of tlp1-d and CFF82-40-1307 genes could not be detected in seven strains 

BT08/04, BT23/02, BT40/03, BT47/00, BT102/00, BT194/02 and BT378/03.  In 

addition, tlp1-d receptor was absent in four strains, BT54/03, BT268/06, BT277/06 

and BT376/03 whereas CFF82-40-1307 receptor was absent in other nine strains; 

85-388, BSL 1595, EMAI 1258, EMAI 2331, Ab4, Ab9, Ab10 Ab11 and 84-112.  

Three receptors tlp1-a, CFF82-40-0562, and CFF82-40-1305 appeared to be absent in 

C. fetus subsp. fetus strain 85-388, a strain of the reptilian origin. 
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Table 4.2 Screening results for the eleven C. fetus 82-40_tlp genes in Campylobacter fetus strain collection 

Sub 
spp. 

Strain 
Designation 

CFF82-
40-0065 

 

CFF82-
40-0185 

CFF82-
40-0139 

CFF82-
40-0190 

CFF82-
40-0562 

CFF82-
40-1041 

CFF82-
40-1227 

CFF82-
40-1305 

CFF82-
40-1307 

CFF82-
40-1645 

CFF82-
40-1698 

CFF EMAI 4048 

 

+ + + + + + + + + + + 

EMAI 5056 

 

+ + + + + + + + + + + 
BT08/04 - + + + + + + + - + + 
BT54/03 - + + + + + + + + + + 
BT378/03 - + - + + + + + - + + 

84-32 + + + + + + + + + + + 
84-90 + + + + + + + + + + + 
23-Da + + + + + + + + + + + 
82-40 + + + + + + + + + + + 
84-87 + + + + + + + + + + + 

BT268/06 - + + + + + + + + + + 
BT277/06 - + + + + + + + + + + 

85-388 + + + + - - + - - + + 
CFV BSL 1595 

 

+ + + + + + + + - + + 
EMAI 1258 

 

+ + + + + + + + - + + 

EMAI 2331 

 

+ + + + + + + + - + + 
Ab4 + + + + + + + + - + + 
Ab9 + + + + + + + + - + + 
Ab10 + + - + + + + + - + + 
Ab11 + + + + + + + + - + + 

BT23/02 - + + + + + + + - + + 
BT40/03 - + + + + + + + - + + 
BT102/00 - + + + + + + + - + + 
BT376/03 - + + + + + + + + + + 

84-112 + + + + + + + + - + + 
CVI  BT47/00 - + + + + + + + - + + 

BT194/02 - + + + + + + + - + + 

a: 23 D is the same strain 84-32
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4.2.2 Chemoreceptor content in the Campylobacter fetus strain collection by 

Dot-blot hybridization  

Minor variation of the sensory domain sequence from one C. fetus strain to 

another, could lead to the lack of annealing of gene specific primers during PCR 

amplification.  The presence of genes encoding putative Tlp A receptors in C. fetus 

strains was, therefore, further verified by dot-blot hybridization. 

The purified PCR product tlp1-a of 0.913 kb , amplified from CFF82-40 

genome, was used for generating a DNA probe using DIG DNA labeling and detection 

�N�L�W�����5�R�F�K�H�����I�R�O�O�R�Z�L�Q�J���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O�������6�H�O�H�F�W�H�G��representative strains of each 

of Campylobacter fetus subspecies were tested: CFF: CFF 82-40, CFF 84-32, 

CFF 85-388, CFV: BT40/03, Ab 4 and CVI : BT 47/00, BT194/02.  CFF strains were 

chosen based on the following selection criteria; CFF 82-40 was the sequenced 

Campylobacter fetus subsp. fetus type strain isolated from human blood, CFF 84-32 

strain was isolated from bovine fetus and CFF 85-388 is a reptilian in origin strain 

that was suspected to be a new species.  It needed to be considered that C. fetus tlp1-a 

could not be amplified from reptilian CFF 85-388 strain by PCR because of the poor 

annealing of the tlp1-a PCR primers to the receptor gene sequences.  This could be 

attributed to the genomic sequence divergence between mammalian strain and this 

reptilian strain (CFF 85-388) (Tu et. al., 2005).  CFV strains were chosen based on 

geographical origin of isolation BT40/03 isolated from United Kingdom and Ab 4 

isolated from Australia.  CVI : BT 47/00 and BT194/02 were both isolated from UK 

and are the only two C. fetus subsp venerealis biovar intermedius in our strain 

collection.  Campylobacter jejuni 11168 and Escherichia coli DH5 �. were used as 

positive and negative strains control respectively (Figure 4.3 and Figure 4.4).  

Both template and control strains were tested at 1.27 x 106 CFU (undiluted; neat), 
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0.2532 x 106 CFU (1:5 dilution), 0.0506 x 106 CFU (1:25 dilution) and 

0.02532 x 106 CFU (1:50 dilution).  Amplified PCR products of tlp1-a sensory domain 

(tlp1-a-SD), tlp1-b sensory domain (tlp1-b-SD) and tlp1-c sensory domain 

(tlp1-c-SD) were used as probe positive controls.  Standardization of the dot-blot 

hybridization is described in details in Section 2.5, Chapter 2, Materials & Methods. 

 

When non-stringent hybridization conditions were used, tlp1-a-SD probe was 

able to hybridize with each of the tested C. fetus strains at 1.27 x 106 CFU (undiluted, 

neat), 0.2532 x 106 CFU (1:5 dilution), 0.0506 x 106 CFU (1:25 dilution) and 

0.02532 x 106 CFU (1:50 dilution).  Tlp1-a-SD probe hybridized with the positive 

control strain C. jejuni NCTC 11168 at the following CFU: 1.27 x 106 CFU (undiluted, 

neat), 0.2532 x 106 CFU (1:5 dilution) and 0.0506 x 106 CFU (1:25 dilution) 

(Figure 4.3).  Under stringent hybridization conditions, however, the tlp1-a-SD probe 

showed visible hybridization reaction with each of the examined C. fetus strains at 

only 1.27 x 106 CFU (undiluted, neat), 0.2532 x 106 CFU (1:5 dilution) and 

0.0506 x 106 CFU (1:25 dilution) but showed no visible hybridization reaction with 

the control strain C. jejuni NCTC 11168 at any concentration (Figure 4.4).   
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Figure 4.3 CFF82-40-1041-SD PCR probe hybridization reactivity with C. fetus 
strains under non-stringent hybridization conditions.  Positive and negative control 
strains C. jejuni NCTC 11168 and E. coli �'�+�����.��   

Lanes 1 -�:���� : are C. fetus strains of different subspecies: CFF: 82-40, 82-32, 85-388, 
CFV: BT40/03, Ab # 4, and CVI: BT47/00, BT 194/02 respectively.  

Lanes 11 and 12: positive and negative controls Cj NCTC 11168 and E. coli DH5�. 
respectively.   

Lanes 8, 9 and 10: are CFF82-40-1041, CFF82-40-0185 and CFF82-40-1645 PCR 
products at the dilutions 1:1000, 1:2000, 1:4000 A, B and C respectively. 
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Figure 4.4 CFF82-40-1041-SD PCR probe hybridization reactivity with C. fetus 
strains under -stringent hybridization conditions.  Positive and negative control strains 
C. jejuni NCTC 11168 and E. coli �'�+�����.�� 

�/�D�Q�H�V�������:����: are C. fetus strains of different subspecies: CFF: 82-40, 82-32, 85-388, 
CFV: BT40/03, Ab # 4 and CVI: BT47/00, BT 194/02 respectively. 

Lanes 11 and 12: positive and negative controls Cj NCTC 11168 and E. coli DH5�. 
respectively.  

Lanes 8, 9 and 10: are CFF82-40-1041, CFF82-40-0185 and CFF82-40-1645 PCR 
products at the dilutions 1:1000, 1:2000, 1:4000 A, B and C respectively. 

 

The dot-blot hybridization results have confirmed the presence of tlp1-a-SD 

in all the tested strains CFF 82-40, CFF 84-32, CFF 85-388, CFV: BT40/03, Ab 4 and 

CVI : BT 47/00, BT194/02.  Of particular interest, the presence of tlp1-a-SD in the 

reptilian C. fetus strain CFF 85-388, which was detected only by Dot-blot 

hybridization and not by PCR, indicating some sequence divergence at least in the 

primer binding region of the gene.  We conclude that the tlp1-a-SD is present in all 

the 26 strains of various species. 
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4.2.3. Comparative analysis of sensory domain of Campylobacter fetus 

Group A tlp genes by DNA sequencing 

To determine the level of identity between the receptor genes in different 

C. fetus strains, the DNA encoding the sensory domain of tlp1-a and tlp1-b, present 

in all tested strains, was amplified from eight strains representing the three subspecies 

(three CFF, three CFV and two CVI; Table 4.2).  The sensory domain of tlp1-d gene, 

absent in UK C. fetus strains only, was chosen for amplification and sequencing from 

strains originating from other geographical locations (Australia and USA) (Table 4.2).  

The sensory domain of CFF82-40-1307 tlp gene, which was absent from 62% (16/26) 

of the tested strains; three of which were CFF, eleven were CFV and two were CVI 

strains, was selected for amplification and sequencing from two CFF, and one CFV 

strains (Table 4.3).  The tlp1-a and tlp1-b sensory domain sequences showed 

98.8% �± 100% identity on the nucleotide level when aligned with their respective 

homologue sequences in the genome of CFF82-40 type strain , indicating a high level 

of conservation for this putative receptor gene (Table 4.4).  Interestingly, the level of 

identity for tlp1-d and CFF82-40-1307 which were present in the least number of 

tested strains was even higher with the lowest value being 99.8%. 
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Table 4.3 Strains selected for sequencing 4 GP A sensory domains of 

tlp1-a, tlp1-b, tlp1-d-and CFF82-40-1307. 

Sub 

spp. 

Strain 

Designation 

tlp1-a-SD tlp1-b-SD tlp1-d-SD CFF82-40-1307-SD 

CFF BT08/04 + + _ _ 

84-32 + + + + 

82-40 + + + + 

CFV BSL 1595 + + + _ 

Ab9 + + + _ 

BT376/03 + + _ + 

CVI BT47/00 + + _ _ 

BT194/02 + + _ _ 
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Table 4.4 Tlp SD sequencing results 

 Tlps SD 

Strains tlp1-a-SD 

% nt/AA  

tlp1-b-SD  

% nt/AA  

tlp1-d-SD 

% nt/AA  

CFF 82-40-1307-SD 

% nt/AA  

CFF 82-40 100/100 100/100 100/100 100/100 

CFF 84-32 99.8/99.7 100/100 100/100 100/100 

CFF BT 08/04 99.2/97.7 99.3/97.8 Absent Absent 

CFV BT376/03 99.7/99 100/100 Absent 99.8/99.4 

CFV BSL 1595 98.8/96.6 99.5/98.6 99.8/100 Absent 

CFV Ab 9 98.8/97 99.3/97.8 99.8/diff protein 

after aa 92 

Absent 

CVI BT 47/00 99.2/97.7 99.3/97.8 Absent Absent 
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4.3. Discussion 

This chapter describes the analysis of the chemosensory receptor content of 

Camplobacter fetus.  Considering that chemosensory receptor modulation has been 

documented for C. jejuni strains (Korolik and Ketley, 2008; Day et. al., 2012), we 

speculated that Group A receptor genes in C. fetus strains could exhibit a similar 

phenomenon.  It has been previously postulated that receptor subset variation in 

Camplobacter could be dependent on strain source or relative pathogenicity, similar 

to that of some uropathogenic strains of E. coli, that lack the functional receptors Trg 

(ribose and galactose), and Tap (dipeptides) usually present within strains isolated 

from faecal material (Lane et. al., 2006).  The assessment of the C. fetus Group A 

receptor content among a collection of twenty-six C. fetus strains of different 

subspecies and of different geographical origins by PCR, revealed that five of the 

eleven receptors were present in all twenty six strains (tlp1-b, CFF82-40-0190, 

CFF82-40-1227, tlp1-c and CFF82-40-1698; putative homologues of C. jejuni tlp 1, 

tlp 4, tlp 3, tlp 1 and tlp 4 respectively).  It is interesting to note that dot blot 

hybridization was required to detect the presence of tlp1-a in CFF 85-388 as the 

corresponding DNA could not be amplified by PCR.  This was likely due to the 

variation of sensory domain seqences between bacterial strains, leading to poor 

annealing during PCR because of DNA sequence mismatches.  

Analysis of fully and partially sequenced strains of C. jejuni indicated that 

Tlp1 was the only receptor universally represented in all sequenced strains 

(Day et.  al., 2012).  Similarly, tlp1-a (putative tlp 1 homologue of C. jejuni) has been 

shown to be present in all the tested strains by both PCR and dot blot hybiridization.  

Two of the eleven Group A receptors, namely, CFF82-40-0562 (putative tlp 7 

homologue of C. jejuni) and CFF82-40-1305 (putative tlp 4 homologue of C. jejuni) 
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receptors were present in 25 of 26 strains tested, reflecting limited vatiation among 

the strains.  Our finding is comparable with the finding that Tlp7, a previously reported 

pseudogene in C. jejuni NCTC11168 (Marchant et. al., 2002), assigned as a functional 

gene in both C. jejuni 81116 and C. jejuni 81-176, was present in 94 % of the C. jejuni 

tested strains ( n= 33, 31/33) (Day et. al., 2012).   

The sensory domain of both tlp1-d and CFF82-40-1307 tlp genes could not be 

detected in seven strains BT08/04, BT23/02, BT40/03, BT47/00, BT102/00, 

BT194/02 and BT378/03.  In addition, tlp1-d (putative tlp 1 homologue of C. jejuni 

with least homology 15/33 % I/S) receptor was absent in four strains, BT54/03, 

BT268/06, BT277/06 and BT376/03 whereas CFF82-40-1307 (putative tlp 4 

homologue of C. jejuni) receptor was absent in eight other strains; 85-388, BSL 1595, 

EMAI 1258, EMAI 2331, Ab4, Ab9, Ab10 and Ab11.  The variation in receptor 

content has been previously reported in C. jejuni, for most of Group A receptors 

(Day et. al., 2012).  For example, tlp3 was absent in C. jejuni 81-176, 331 (chicken 

isolate), and in Australian C. jejuni infected human isolates GCH11 

(Day et. al., 2012).  Additionally both tlp2 and tlp 4 receptor genes were variably 

present within the examined C. jejuni strains (Day et. al., 2012).  Variation in receptor 

content, only for two members of Group A receptors, is similarly shown in 

C. fetus 82-40. 

There appeared to be a consistent absence of chemoreceptor tlp1-d in the UK 

strains which was present in all the Australian and US isolates.  In addition to tlp1-d, 

the presence of three other homologues of  tlp1 gene receptor in C. fetus genome 

(tlp1-a, tlp1-b and tlp1-c), one could speculate that one of these tlp1 gene receptors 

can alternate or complement each other in binding more than one ligand thus rendering 

the tlp1-d receptor gene redundant.  Further investigation is essential to determine 
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both the ligands that this Tlp1 receptor(s) bind to and its functional characteristics in 

order to verify the importance of this receptor complex for the C. fetus survival in 

various geographical locations where it has been detected.  To determine the level of 

identity between the receptor genes in different strains, the DNA encoding sensory 

domains of tlp1-a and tlp1-b, which are present in all strains tested, was amplified 

from eight strains (3 CFF, 3 CFV and 2 CVI).  The sequences showed 98.8 �± 100% 

identity on the nucleotide level, indicating high level of conservation for this putative 

receptor.  Interestingly, the level of identity for tlp1-d and CFF82-40-1307 which were 

present in the least number of tested strains was even higher with the lowest value of 

99.8%.  In contrast to reported variation of Group A Tlps in C. jejuni 

(Day et al., 2012), the receptor content in the C. fetus strains, of various subspecies, 

appears to show little variation and absence of some receptors appears to be related to 

geographical isolation source as shown in the strain collections from UK. 

Three receptor sequences CFF82-40-0562 (putative tlp 7 homologue of 

C. jejuni), CFF82-40-1305 and CFF82-40-1307 (putative tlp 4 homologues of 

C. jejuni) appeared to be absent in C. fetus subsp. fetus strain of the reptilian origin.  

This is consistent with the extensive genetic divergence between the C. fetus subsp. 

fetus strains of the reptilian origin and those of the mammalian origin (Tu et al., 2005).  

Multilocus sequence typing (MLST), a nucleotide sequence-based approach for 

bacterial typing, in which variations in �ý500-bp fragments of housekeeping genes 

(generally seven) are indexed has been applied to characterize reptilian C. fetus 

isolates and closely related strains causing human disease (Dingle et. al., 2010).  

A total of seven new STs were identified amongst the reptile strains, suggesting that 

the reptile group was more variable than the human derived C. fetus isolates 

(Dingle et. al., 2010).  In addition, phylogenetic analysis of the total 30 STs alleles 
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found in this study (Chapter 3), revealed that each of the classical and the reptile 

C. fetus strains clustered as two distinct clusters, whereas the C. fetus subspecies 

venerealis strains formed a sub-group within the classical C. fetus group 

(Dingle et. al., 2010). 

Our results sugggest, that Group A receptors in C. fetus isolates of different 

sources (mammalian, ovine and bovine), showed a low level of genetic diveristy 

which is in accordance with the previous documentation that C. fetus strains were 

genetically homogenous and had a high level of clonality by MLST 

(van Bergen et. al., 2005).  The high clonality of C. fetus had been attributed to 

numerous factors namely, the evolution of the mammalian C. fetus isolates from a 

recent ancestor, or the small population size examined in that study, or high-fidelity 

error-intolerant repair; or the genetic diversity of C. fetus that might be limited by a 

lack of the natural competence found in other Campylobacter species 

(van Bergen et. al., 2005). 

 

.
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Chapter 5 

Expression and characterisation of the sensory domain 
of the aspartate chemosensory receptor of 

Campylobacter fetus  
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5.1. Introduction  

 Bioninformatic analysis of the sequence of the tlp1 of 

campylobacter jejuni 11168 showed that this gene encodes a protein with a tertiary 

structure consisting of a periplamsic domain, two transmembrane domains and a 

highly conserved cytoplasmic domain (Marchant et. al., 2002).  Comparative analysis 

(Marchler-Bauer and Bryant, 2004) of the cytoplasmic domain indicates that it is 

similar (32% identity/ 50% similarity) to that of the conserved cytoplasmic domain of 

the Tar (aspartate) receptor of E. coli, which contains the methyl-accepting protein 

signal domain and conserved sites for proposed methylation and interaction with 

CheA and CheW.  Comparative analysis of the sensory domain amino acid sequence 

of tlp1 of C. fetus 82-40 and C. jejuni NCTC 11168 revealed the presence of four 

C. fetus 82-40 tlp genes, CFF82-40-1041, CFF82-40-0185, CFF82-40-1645 and 

CFF82-40-0065 showing 50%, 34%, 32% and 15% identity and 72%, 55%, 52% 

and 33% similarity respectively with the same gene, C. jejuni NCTC11168-1506c 

(tlp1) (Chapter 3, Table 3.1).  The highest percent identity 55% (similarity 72%), with 

C. jejuni NCTC11168-1506c tlp1 was shown by CFF82-40-1041.  C. fetus 82-40 

chemosensory receptors were also compared with the genomes of other 

Epsilonproteobacteria, C. jejuni 84-25, C. coli RM2228, C. lari RM2100, 

C. upsaliensis RM3195 as well as with two representative genomes of the family 

Helicobacteraceae; H. pylori 26695 and W. succinogenes DSM 1740.  Comparisons 

of percent identity of C. fetus 82-40 tlp genes with their orthologs in all the examined 

genomes were found to be in the range of 12% to 53% (similarity range 32% to 75%) 

(Chapter 3, Table 3.3). 
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The full amino acid sequences of four C. fetus 82-40 putative Tlp proteins, 

CFF82-40-1041, CFF82-40-0185, CFF82-40-1645 and CFF82-40-0065 showed 50, 

34, 32 and 15% similarity respectively, with the same gene, C. jejuni NCTC 

11168-1506c (tlp1; Table 3.1 Chapter 3).  Although CFF82-40-1041 showed the 

highest percent similarity (similarity 72%; amino acid) with C. jejuni aspartate 

receptor Tlp1 (NCTC11168-1506c) and could be the putative Tlp1 of C. fetus 82-40, 

amino acid similarity levels do not exclude the possibility that one of the other three 

C. fetus 82-40 tlp genes, CFF82-40-0185, CFF82-40-1645 and CFF82-40-0065 could 

instead be the ortholog of C. jejuni NCTC 11168-1506c (Fahmy, et. al., 2011).  

Experimental evidence is necessary in order to verify the ligand binding specificity of 

each of these C. fetus 82-40 chemoreceptors. 

This chapter describes the expression and purification of the periplasmic 

sensory domain of Tlp1 of C. fetus strain 82-40.  The strain was kindly donated by 

Professor M. J. Blaser (New York School of Medicine, U.S.A.).  The ligand-binding 

specificities were biochemically investigated through the use of plate based ELISA 

amino acid binding assay, amino acid and small molecule arrays and confirmed by 

both Saturation-Transfer Difference Nuclear Magnetic Resonance Spectroscopy 

(STD-NMR) and Surface Plasmon Resonance (SPR).  

  



 
 DINA FAHMY  

 

157 
 

5.2. Results 

5.2.1 Amplification of the sensory domain of tlp1 

In order to isolate the C. fetus fetus 82-40 tlp1 sensory domain (tlp1-SD), the 

DNA fragment encoding the amino acids 61-361 was amplified using primers 

incorporating start and stop codons (Table 2.3 Chapter 2; Materials & Methods).  The 

PCR generated fragment was visualized by DNA gel electrophoresis as a DNA 

fragment of 0.915 kb (Figure 5.1).  The product was excised from the gel as described 

in Chapter 2; Materials & Methods for subsequent cloning into pGEM-T Easy as a 

cloning intermediate (Promega).   
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5.2.2 Cloning of the tlp1-SD into pGEM-T Easy 

In order to generate a cloning intermediate for subsequent manipulation, a 

DNA fragment encoding tlp1-SD was ligated into the cloning vector pGEM-T Easy 

and transformed into E. coli �'�+���.���� ���&�R�O�R�Q�L�H�V���F�R�Q�W�D�L�Q�L�Q�J���W�K�H���U�H�F�R�P�E�L�Q�D�Q�W���S�O�D�V�P�L�G�V��

were selected by growing on LB agar supplemented with ampicillin and IPTG/X-gal.  

Ten randomly selected colonies were screened for the presence of the recombinant 

plasmid by PCR.  Amplification of the DNA fragment in the putative recombinant 

plasmids was performed using tlp1-SD primers (CFF82-40-1041-SD_F and 

CFF82-40-1041-SD_Rc; listed in Table 2.3, Chapter 2, Materials & Methods) and 

confirmed the presence of the 0.915 kb fragment of recombinant plasmid (results not 

shown).  Alkaline lysis, as described in Chapter 2, Materials & Methods, was 

performed and the isolated plasmid DNA was restricted with the enzymes NdeI and 

BamHI which released the insert from the pGEM-T Easy backbone, as shown in 

Figure 5.2.  Sequencing and DNA sequence analysis of the recombinant plasmid DNA 

verified that the cloned insert was the correct nucleotide sequence without deletion or 

substitution.  This recombinant construct was renamed pGU0913 (Map in 

Appendix B). 
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�/�D�Q�H���������1�G�H�����,���G�L�J�H�V�W�H�G���S�*�8�������� 
�/�D�Q�H�������1�G�H�,���%�D�P�+�,���U�H�V�W�U�L�F�W�L�R�Q���S�D�W�W�H�U�Q���R�I���S�*�8�������������V�K�R�Z�L�Q�J���W�K�H���S�*�(�0���7���(�D�V�\���E�D�F�N�E�R�Q�H��
�����.�E�����D�Q�G���W�O�S�����6�'���L�Q�V�H�U�W�����������������N�E���� 
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5.2.3 Cloning of the tlp1-SD into the expression vector pET-19b 

In order to generate a recombinant plasmid for protein expression, the tlp1-SD 

DNA fragment cleaved by restriction enzymes NdeI and BamHI from the cloning 

intermediate, pGU0913, was ligated into the expression vector pET-19b, which 

incorporates a polyhistidine tag to the target DNA sequence.  The expression vector 

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

multiple cloning site, downstream from the polyhistidine tag sequence.  The tlp1-SD 

DNA fragment was ligated into pET-19b and the ligated plasmids were transformed 

into E. coli strain �'�+���.���K�R�V�W���F�H�O�O�V�������3�X�W�D�W�L�Y�H���U�H�F�R�P�E�L�Q�D�Q�W���S�O�D�V�P�L�G�V���Z�H�U�H���V�F�U�H�H�Q�H�G���E�\��

PCR, using using tlp1-SD primers (CFF82-40-1041-SD_F and 

CFF82-40-1041-SD_Rc; listed in Chapter 2, Material & Methods, Table 2.3) 

(Data not shown).  Plasmid purification was performed on eight colonies which 

contained the 0.915 kb insert as determined by PCR.  Restriction enzyme cleavage of 

these recombinant plasmids, using the enzymes NdeI and BamHI, yielded the 

pET-19b backbone and the 0.915 kb tlp1-SD DNA fragment as shown in Figure 5.3.  

Sequencing of the selected plasmids was performed and sequence analysis of the 

insert DNA indicated that the His-tag sequence was in frame with the open reading 

frame sequence of the tlp1-SD.  This plasmid was named pGU0914 and was used for 

the expression of the Tlp1-SD peptide (Map in Appendix D). 
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5.2.4 Protein expression and purification 

In order to purify the fusion Tlp1-SD �± His protein, the recombinant plasmid 

pGU0914 was transformed into the E. coli strain BL21 (DE3).  Cultures containing 

E. coli strain BL21 (DE3) pGU0914 were induced with 1mM IPTG, and enabled 

Tlp1-SD to be over-expressed as an N-terminal polyhistidine recombinant fusion 

protein recombinant fusion protein.  The induction time of E. coli strain BL21 (DE3) 

pGU0914 was four hours at 37 ° C.  Small scale protein expression was performed to 

ensure that significant amount of Tlp1-SD �± His protein was produced, at the expected 

size of 35.6 kDa when resolved by SDS-PAGE, as shown in Figure 5.4.A.  Western 

blot analysis using anti-His antibody confirmed that the protein contained a 

polyhistidine tag (Figure 5.4.B).  An IPTG induction gradient from 0.25mM to 2mM, 

showed that maximum expression was achieved at 1mM IPTG.  Purification using 

nickel affinity resin required that Tlp1-SD �± His protein to be soluble.  To verify the 

localisation of the Tlp1-SD protein in the cell, the soluble cytoplasmic and insoluble 

cytoplasmic fractions were analysed for the presence of the recombinant protein.  

Samples of each fraction were resolved on an SDS-PAGE gel and stained, and results 

showed that the Tlp1-SD protein was partitioned in both the soluble cytoplasmic 

fraction (supernatant) and the cytoplasmic fraction (the pellet), therefore cannot be 

used for subsequent purification protocols.  It has previously been noted that high 

level expression of recombinant proteins in host cells such as E. coli often leads to 

accumulation of proteins as insoluble aggregates in vivo as inclusion bodies.  Several 

optimisation conditions were implemented in order to enhance the solubility of the 

expressed Tlp1-SD protein expression, such as reduction of induction temperature (30 

° C, 15° C); decreasing IPTG concentration and reducing induction time however, all 

trials did not render the Tlp1-SD protein soluble (data not shown).  In addition, 
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different host cells were used such as BL21 (DE3) pLys S and Rosetta gami 2.  BL21 

(DE3) pLys S is deficient in both lon (Phillips et. al., 1984) and Omp T proteases, the 

former mutation decreases the degradation of recombinant proteins; whereas the latter 

improves the recovery of intact recombinant proteins.  The pLys is a plasmid that 

encodes T7 lysozyme; in order to reduce the basal expression in T7-driven expression 

systems (pET-19b systems) by inhibiting basal levels of T7 RNA polymerase, 

preventing the onset of any protein expression prior to IPTG induction, in order to 

ultimately decrease the concentration of expressed protein per bacterial biomass and 

minimize non-productive aggregation of protein Tlp1-SD.  Rosetta gami 2 host strains 

which enhance the expression of eukaryotic proteins that contain codons rarely used 

in E. coli, were used.  The genome of C. jejuni is AT-rich, with a mol % G + C of 30.4.  

This high AT content was hypothesized to result in unique codon usage (Gray and 

Konkel, 1999).  Similarly C. fetus genome is AT-rich, with a mol % G + C of 33.31, 

therefore speculation is that it would demonstrate codon bias.  Variation of host cells 

did not prove effective to enhance the solubility of the Tlp1-SD protein.  The variation 

of conditions of Tlp1-SD-His protein expression, e.g. temperature, the induction time 

and IPTG concentration as well as the use of different types of host cells proved to be 

unsuccessful to solubilize Tlp1-SD-His protein. 
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Figure 5.4.A Small scale protein expression of Tlp1-SD-His fusion protein.  
Coomassie blue stained 12% SDS PAGE gel.   

Lane 1: Precision plus protein marker, weights from bottom 20KDa, 25kDa, 50kDa 
and75KDa.   

Lane 2: E. coli strain BL21 (DE3) pGU0914 uninduced sample. 

 Lanes 3, 4, 5 and 6: E. coli strain BL21 (DE3) pGU0914 induced samples, showing 
over-expressed protein at 35.6kDa. 

 

 

Figure 5.4.B Western blot showing solubility tests 

Lane 1: Precision plus protein marker, showing weight from top 75 KDa.   

Lane 2 E. coli strain BL21 (DE3) pGU0914 uninduced sample.   

Lanes 3, 4, 5 and 6: Primary antibody; anti-His monoclonal anti-body, secondary 
antibody Goat anti-mouse HRP conjugate. 
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5.2.5 Purification of Tlp1-SD �± His protein under denaturing conditions 

High level expression of recombinant proteins in host cells such as E. coli 

often leads to accumulation of proteins as insoluble aggregates in vivo as inclusion 

bodies.  Inclusion bodies are dense aggregates of misfolded polypeptides devoid of 

bioactivity that need elaborate solubilisation/refolding protocols to achieve a native 

conformation.  In order to solubilize Tlp1-SD �± His protein expressed in E. coli strain 

BL21 (DE3), the pelleted protein was extracted with high concentration of protein 

denaturant urea.  For that, pellet obtained from 4 litres culture (approximately 

5g/ 1litre culture) was suspended in 40 ml of equilibration/wash buffer pH 7.0 

modified off denaturing buffers in TALON metal affinity resins user manual (as 

described in Chapter 2 Materials & Methods).  Even in the presence of strong protein 

denaturant 8M urea in the equilibration/wash buffer, it has been necessary to sonicate 

the cell lysate to completely disperse and solubilize the Tlp1-SD �± His protein.  The 

recombinant protein Tlp1-SD �± His protein was purified from the supernatant by 

affinity chromatography using cobalt IMAC resin that binds the polyhistidine tagged 

Tlp1-SD with enhanced selectivity over nickel-based resins, eliminating binding of 

any background nonspecific host proteins.  The pooled unbound fractions comprising 

a mix of Tlp1-SD �± His protein and host cell proteins were affinity purified over cobalt 

IMAC resin a second time to maximize the yield of the purified recombinant protein 

for downstream applications (Figure 5.5.A).  In order to refold the solubilized 

Tlp1 SD �± His protein and obtain the protein in its bioactive form, the urea 

concentration had to be gradually reduced by step-down dialysis.  The pooled elution 

fractions were step-down dialysed against urea (6M Urea down to 1M Urea) and 

finally dialysed against PBS twice to remove any residual urea.  This produced highly 

enriched Tlp1 SD �± His protein to a level that allowed downstream analysis with 
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minimum background as judged by SDS-PAGE (Figure 5.5.B.).  The concentration 

of the protein was estimated using the automated spectrophotometry software Victor 3 

and comparing the protein sample against known protein standards, determined the 

purified Tlp1 SD �± His protein had a concentration of 7mg/ml.   
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Figure 5.5.A SDS-PAGE gel showing purified Tlp1-SD-His fusion protein.  

Cooamassie blue stained 12% SDS PAGE gel. 

Lane 1: Precision plus protein marker (Bio-Rad) weights from bottom 20KDa, 
25kDa, 50kDa and75KDa. 

Lane 2, 3, 4 and 5: Eltuion fractions EF 1 to EF 4 are highly enriched Tlp1-SD-His 
fusion protein of size 35.6 kDa {concentration of 7mg/ml}. 

 

 

Figure 5.5.B Western blot showing purified Tlp1-SD-His fusion protein. 

Lane 1: Precision plus protein marker concentration was not enough to appear in 
Western Blot. 

Lane 2, 3, 4 and 5: Primary antibody; anti-His monoclonal anti-body, secondary 
antibody Goat anti-mouse HRP conjugate. 
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5.2.6 Assessment of bioactive Tlp1-SD �± His protein and preliminary 

identification of its binding ligands using a modified ELISA based amino acid 

plate assay 

After refolding of the Tlp1-SD �± His, some recombinant protein was found to 

precipitate when the protein was left at 4ºC for more than 48hrs.  However, large 

amount of protein remained in solution and was postulated that the soluble portion 

was the protein in its native state.  This was verified by denaturing soluble 

recombinant protein by boiling.  Recombinant protein was found to fall out of solution 

rapidly suggesting that the denatured, improperly folded protein was insoluble.  

In order to assess the bioactivity of the recombinant Tlp1-SD �± His after 

refolding of the purified protein, a modified ELISA based amino acid plate assay was 

initially used.  The affinity of the Tlp1-SD �± His protein was assessed against twenty 

amino acids, as per the details of the assay which is described in Section 2.11, 

Chapter 2, Materials and Methods.  The assay has revealed that Tlp1-SD �± His protein 

was able to bind to four amino acids namely; L-arginine, L-aspartic acid sodium salt, 

L-asparagine and L-glutamic acid further suggesting that the protein is active and 

correctly refolded.  Binding was also noted to L-histidine which is likely to have been 

due to binding by the primary anti-His antibody, rather than Tlp1.  

In order to determine the minimum and maximum concentration of each amino 

acid that bound the Tlp1-SD �± His protein, three assays with three concentration 

ranges for each of the 4 amino acids were tested; first concentration range was of 1 µM 

up to 500 µM, second concentration range was of 1mM up to 200 mM and the final 

concentration range was 0.5 M up to 2 M.  All three ranges were in increments of 

multiples of 5.  Qualitative assessment of the strength of the binding signal, revealed 

that Tlp1-SD �± His protein�¶�V�� �P�L�Q�L�P�X�P�� �D�Q�G�� �P�D�[�L�P�X�P�� �E�L�Q�G�L�Q�J�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �I�R�U��
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L-aspartic acid, L-asparagine and L-glutamic acid were in the range of 1.25M up to 

2.0 M.  Tlp1-SD �± His protein�¶�V�� �P�L�Q�L�P�X�P�� �D�Q�G�� �P�D�[�L�P�X�P�� �E�L�Q�G�L�Q�J�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V����

however, for L-Arginine was in the range of 0.25M up to 2.0 M.  To investigate the 

ligand specificity of Campylobacter fetus fetus CFF_Tlp1, ligand Tlp1-SD �± His 

fusion protein interactions were tested using both saturation transfer difference 

nuclear magnetic resonance (STD-NMR), amino acid arrays and Surface Plasmon 

Resonance (SPR).   

5.2.7 Identification of amino acid binding to C. fetus Tlp1 by STD NMR 

spectroscopy 

 The STD NMR spectroscopy in Section 2.12, Chapter 2, Materials & Methods 

and in this chapter Results section 5.2.7. were kindly performed and provided by 

Dr. Jennifer Wilson. 

1H STD-NMR analysis was used to investigate the epitope binding preferences 

of the amino acids: L-aspartic acid, L- arginine, L-asparagine, L-glutamic acid and 

L-histidine to the recombinant C. fetus Tlp periplasmic sensory domain peptide.  

Binding was observed with L-aspartic acid, L-arginine, but not with L-asparagine or 

L-histidine.  For L-aspartic acid, the beta protons of the amino acid showed a strong 

STD effect suggesting that this region of the amino acid was in the closest contact 

with the protein.  For L-arginine, all along the amino acid side chain, a strong STD 

effect was observed suggesting that the entire length of the amino acid is in contact 

with the protein surface. 
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5.2.8 Amino acid arrays 

Hybridization of the amino acid array (as described in Section 2.13, Chapter 2, 

Materials & Methods) with Tlp1-SD �± His fusion protein revealed an association 

between the following amino acids: L-aspartic acid (both types L-aspartic acid and 

sodium salt aspartic acid), L-arginine, L-asparagine and L-glutamic acid.  These amino 

acids were the same four amino acids that showed positive signals of binding in the 

ELISA plate assay.  Tlp1-SD �± His fusion protein antibody complex showed binding 

to seven additional amino acids present on the array that were not binding at the 

ELISA plate-based assay, including L-alanine, L-isoleucine, L-methionine, and 

L-valine.  The latter showed positive association with the Tlp1-SD �± His fusion 

protein in all four repeats with each of these printed amino acids (Table 5.2). 

L-phenyl alanine, L-lysine and L-threonine also showed positive interaction with the 

Tlp1-SD �± His fusion protein in two of four and one of four repeats of the printed 

amino acids respectively (Table 5.2).   
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Table 5.2 Comparison of C. fetus Tlp1 sensory domain (SD) binding to ligands by 

Amino acid arrays, ELISA plate assay and SPR. 

Name 
Repeat 

1 
Repeat 

2 
Repeat 

3 
Repeat 

4 
Bindi

ng 

ELISA 
Plate 
assay 
+/- 

alanine Yes Yes Yes Yes 4/4 - 
arginine Yes Yes Yes Yes 4/4  + 
aspartic acid Yes Yes No No 2/4  + 
asparagine Yes Yes No Yes 3/4  + 
aspartic acid 
sod Yes Yes No Yes 3/4  + 
cysteine No No No No 0/4 - 
Glutamic acid Yes Yes Yes Yes 4/4  + 
Glycine No No No No 0/4 - 
Histidine Yes Yes Yes Yes 4/4  + 
Isoleucine Yes Yes Yes Yes 4/4 - 
Leucine No No No No 0/4 - 
Lysine Yes Yes No No 2/4 - 
Methionine No No No No 4/4 - 
Phenylalanine Yes No No No 1/4 - 
Proline No No No No 0/4 - 
Serine No No No No 0/4 - 
Threonine Yes No No No 1/4 - 
Tryptophan No No No No 0/4 - 
Tyrosine No No No No 0/4 - 
Valine Yes Yes Yes Yes 4/4 - 

 

Table 5.2 shows that the results of ligand binding of C. fetus Tlp1 sensory domain (SD) by 

amino acid arrays confirms its binding to the four ligands L-arginine, L-aspartic acid 

(L-aspartic acid sodium salt), L-asparagine, L-glutamic acid and L-histidine that were 

previously shown as the positive ligands binding to the recombinant protein by the ELISA-

plate assay.  The confirmation repeats range from 2/4 to 4/4 for the aforementioned ligands.  

New ligands e. g. L-alanine, L-isoleucine L-methionine and L-valine were shown by the amino 

acids array to bind to the C. fetus Tlp1 sensory domain (SD) with a range of repeats 4/4.  This 

could be due to the topographical binding manner of these amino acids to the array, presenting 

different free functional groups that interact with the recombinant protein.  L-histidine is a 

positive control that binds the C. fetus �7�O�S�����V�H�Q�V�R�U�\���G�R�P�D�L�Q�����6�'�����W�K�U�R�X�J�K���L�W�¶�V���K�L�V���W�D�J�� 
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5.2.9 Surface plasmon resonance (SPR) biosensing in studying the binding 

between Tlp1-SD �± His protein and its ligands  

The interaction between Tlp1-SD �± His and its four ligands; L-arginine, 

L-aspartic acid, L-asparagine and L-glutamic acid was initially determined by the 

modified ELISA-based amino acid plate assay and confirmed by both STD NMR 

spectroscopy and amino acid arrays.  In order to determine binding affinity between 

the Tlp1-SD �± His protein and its four ligands, an alternative technique was required, 

namely real time surface plasmon resonance.  Real-time surface plasmon resonance 

detection (SPR) systems are generally used for determining the binding affinities and 

equilibrium measurements i.e. dissociation rate constant Kd as described in 

Section 2.14, Chapter 2, Materials & Methods.  In the affinity analysis sensogram 

plot, the response unit (RU) is dependent upon the analyte concentration. 

The binding affinity of purified Tlp1-SD �± His protein for L-arginine and 

L-aspartic acid is shown in Figure 5.8 and Figure 5.9.  In order to mimic native 

conditions and to allow the receptor molecule to adopt a homogenous orientation, 

NTA-nitrilotriacetic acid sensor chips were initially used to capture the His-tag fused 

to the purified Tlp1-SD at a density of ~5000 response unit as described in 

Section 2.20, Chapter 2 Materials & Methods.  The advantages and disadvantages of 

the application of indirect immobilization using NTA- nitrilotriacetic acid sensor chip 

are outlined in Table 2.8, Chapter 2 Materials & Methods.  Different concentrations 

ranging from 25 µM to 500 µM of each of the four ligands were injected over the 

captured Tlp1-SD protein.   
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Figure 5.6 Sensogram of CFF82-40-1041-SD Tlp1-SD �± His protein with the 

L-aspartic acid.  The pattern of the graph showed the gradual saturation of the 

immobilized CFF82-40-1041-SD (Tlp1-SD �± His) protein with the L-aspartate 

 

 

 

Figure 5.7 Sensogram of CFF82-40-1041-SD Tlp1-SD �± His protein with the 

L-arginine.  The pattern of the graph showed a spike due to rapid saturation of the 

immobilized CFF82-40-1041-SD (Tlp1-SD �± His) protein with the L-arginine. 
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The interaction with L-aspartate gave a very low RU and after the stripping of 

the protein off the NTA chip, the following interaction with the other analytes gave 

an even lower RU and it has been proposed that the L-aspartic acid could have stripped 

away the protein off the sensor chip when interacting with it.  Therefore, we have 

decided to choose the second option which is the covalent immobilization of the 

recombinant CFF82-40-1041-SD (Tlp1-SD �± His) onto the CM5 sensor chip. 

Immobilization steps onto the CM5 sensor chips were performed as per the 

instructions manual of the Biacore T-100 outlined in Chapter 2 Materials & Methods, 

Section 2.23.  Specific conditions of pH scouting and recombinant protein 

CFF82-40-1041-SD (Tlp1-SD �± His) immobilization onto CM5 sensor chip are 

explained in detail in Chapter 2 Materials and Methods Section 2.23.  

CFF82-40-1041-SD (Tlp1-SD �± His; was diluted to a final concentration of 

20-50 µg/ml (final volume of 100 µl) into pH 6.0, 5.5, 5.0, 4.5 and 4.0 

preconcentration buffers.  The CFF82-40-1041-SD (Tlp1-SD �± His; 35.6000 daltons, 

pI 6.4) expressed and purified as recombinant protein from Escherichia coli as 

previously described was immobilized onto two flow cells of research grade CM5 

sensor chip using the standard amine-coupling chemistry (Johnsson et. al., 1991).  It 

was found that pH 4.0 was optimum for this immobilisation. 

The approximate level of binding of the four amino acids L-arginine, and 

L-asparagine was found to be in the ranges shown in Table 5.3.  Accurate Kd for these 

ligands was not possible to determine using the Biacore system due to the rapid shift 

from on/off; concentrations were determined to be between those ranges listed below. 
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Table 5.3 The approximate Kd range in µM for the binding of Tlp1-SD �± His protein 

with L-arginine and L-asparagine binding  

Amino acids Kd range µM 

L-Arginine 42 -45  

L-Asparagine 62-65  

 

The average Kd value, the standard deviation and SEM for both L-aspartic acid 

and L-glutamic acid were calculated and are 8.2 and 25.7 respectively.  L-arginine and 

L-asparagine Kd could not be calculated as the binding sites of the recombinant 

protein were ligand saturated early on the injection that was demonstrated as a spike 

in the sensogram and not as the typical response versus time sensogram shown with 

the other two analytes (L-aspartic acid and L-glutamic acid) (Figures 5.8 and 5.9).  

L-Histidine was used as an analyte and it did not interact with the immobilized protein. 

 

Table 5.4 Chi square statistical analysis of the four readings of Kd value of 

binding of CFF82-40-1041-SD (Tlp1-SD �± His) with L-glutamic acid with their 

corresponding average values of Kd obtained, their standard deviations, and the 

acceptable Chi- square test range. 
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Table 5.5 Chi square statistical analysis of the four readings of Kd value of binding 

of CFF82-40-1041-SD (Tlp1-SD �± His) with L-aspartic acid with their 

corresponding average values of Kd obtained, their standard deviations and the 

acceptable Chi- square test range. 
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5.3. Discussion 

In this chapter, we have shown that Campylobacter fetus CFF1041 sensory 

domain (Tlp1-SD-His) recombinant protein is capable of detecting multiple amino 

acids using a range of confirmatory methodologies such as ELISA-based amino acid 

plate assay, STD-NMR spectroscopy and SPR. 

Amino acid arrays revealed association of the Tlp1-SD �± His fusion protein 

with the same four amino acids namely L-aspartic acid (both types L-aspartic acid and 

sodium salt aspartic acid), L-arginine, L-asparagine and L-glutamic acid that initially 

showed positive signals of binding in the ELISA-based amino acid plate assay as well 

as binding to an additional seven ligands.  Interestingly these additional ligands 

showed negative results in the ELISA plate assay.  This could be attributed to 

differences in side chain availability when amino acids are bound to the array epoxy 

slides as opposed to when they are bound to the polystyrene ELISA plates.  

Adsorption of the amino acids to the polystyrene ELISA plates is a randomized 

attachment by hydrophobic/ionic interaction whereas in case of the arrays, amino 

acids bind to the epoxy activated slides most likely through their free amine groups 

and to a much lesser extent through free hydroxyl groups or other side chains. 

STD-NMR spectroscopy (courtesy of J. Wilson, private communication), on 

the other hand confirmed the binding of the Tlp1-SD �± His fusion protein with two of 

the four amino acids, L-aspartic acid and L-arginine, however, it could not be used to 

detect which of the two ligands had higher affinity to the recombinant Tlp1-SD.  This 

was likely due to guanidine group of L-arginine which is positively charged in 

solution, binding to the carboxylate group of L-aspartic acid, which is negatively 

charged in solution, and hence rendering the study of competitive binding of these 
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two ligands to the recombinant Tlp1-SD-His - His fusion protein not possible.  In 

addition, the L-asparagine showed no interaction with Tlp1-SD-His fusion protein by 

STD-NMR spectroscopy which could be due to a high binding affinity of this amino 

acid to the putative C. fetus Tlp1 because STD methods requires a fast ON and OFF 

rate in order to be detected.  This observation has been further verified by SPR 

interaction traces of L-asparagine with Tlp1-SD-His �±His, as it takes an hour to 

completely dissociate the average Rmax of a value greater than 100.   

The binding affinity of purified Tlp1-SD �± His protein (Kd) for L-arginine, 

L-aspartic acid, L-asparagine and L-glutamic acid was determined by real-time 

surface plasmon resonance detection (SPR) systems using Biacore-T100.  The 

accurate Kd value could be determined for amino acids L-aspartic acid, and 

L-glutamic acid, and not for L-arginine and L-asparagine.  The Kd value for L-aspartic 

acid was 8.2 and that for L-glutamic acid was 25.7.  The relatively low Kd of the 

Tlp1-SD �± His protein for the L-aspartate, suggests that the recombinant protein has 

a higher sensitivity to L-aspartate than to the other three amino acids.  The mode of 

interaction for both L-arginine as well as L-asparagine with Tlp1-SD �± His protein 

depicted as a fast spiking curve reaching maximum response, indicating fast saturation 

of the recombinant protein with each ligand.  On the other hand, the mode of 

interaction for both L-aspartic acid and L-glutamic acid with Tlp1-SD fusion protein, 

showed a gradual increase in response till a plateau is reached, at which all the binding 

sites of the Tlp1-SD were saturated with each of the ligands being tested. 

Similar observations have been made for C. jejuni, where it had been 

established that Tlp1 chemoreceptor (CcaA) is an aspartate receptor 

(Hartley-Tassell et. al., 2010) and Tlp3 in C. jejuni 11168-O to be a multiple ligand 

binding protein (CcmL) (Rahman et. al., 2014), capable of interacting with 
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chemoattractants isoleucine, purine, malic acid and fumaric acd and chemorepellents 

lysine, glucosamine, succinic acid, arginine and thiamine.  It is worth mentioning that 

a protein ligand interaction of the C. jejuni Tlp1-peri and L-aspartate (Cj1506c), but no 

other amino acids was determined by the use of amino acid and small molecule arrays 

and further confirmed by STD-NMR spectroscopy (Korolik, 2010).  Based on the 

previous findings in C. jejuni, and the differences in modes of interaction depicted for 

the following amino acids L-aspartic acid, L-glutamic acid, L-arginine, L-asparagine, 

with C. fetus Tlp1-SD fusion protein, we can speculate that both L-aspartic acid and 

L-glutamic acid could be chemoattractants whereas both L-arginine, and L-asparagine 

could be chemorepellents.  In order to verify this, isogenic mutants of CFF-Tlp1-SD 

should be created as well as complement recombinant construct of CFF-Tlp1-SD in 

CFF82-40, and both strains along with the CFF82-40 type strain used in chemotaxis 

assays to test the aforementioned four ligands. 

It is interesting to note that the aspartate receptor has been one of the early and 

best characterized methyl accepting proteins in Escherichia coli.  The aspartate 

receptor which is the product of the tar gene was found to bind to aspartate or 

glutamate directly (Clarke and Koshland, 1979).  Although the sequence similarity of 

the putative receptor Tlp1 SD in C. fetus and the tar receptor in E. coli is low, yet both 

receptors bind to two similar amino acids namely aspartate and glutamate.  In addition 

in E. coli, it had been shown that even though chemoreceptors are sensitive to a 

particular ligand, they can also detect a large number of structurally related amino 

acids and their analogues (Mesibov and Adler, 1972). 
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These previous reports in both Escherichia coli and in C. jejuni, supports our 

finding that Campylobacter fetus Tlp1-SD �± His protein binds similarly to multiple 

ligands with aspartate being the highest affinity ligand. 
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6.0. Discussion 

Campylobacter spp. are the most common cause of bacterial gastrointestinal illness in 

humans.  The public health burden of Campylobacter spp. other than C. jejuni and C. coli such as 

C. fetus remains to be determined.  C. fetus is an uncommonly reported species that typically 

affects immunocompromised, pregnant, or elderly persons and causes severe infections, including 

bacteremia and meningitis (Thompson and Blaser, 2000).  The role of motility during infection 

has been examined in several bacterial pathogens, however, the importance of chemotaxis in this 

process has not been extensively studied (Josenhans and Suerbaum, 2002).  It is deducible that 

motility and chemotaxis would be predicted to work hand-in-hand to enable bacteria to swim 

towards preferred colonization sites.  The requirement of motility and chemotaxis ranges from 

being crucial to being dispensable for infection, in the case of enteric pathogens 

(Butler and Camilli, 2005).  For example, Shigella species are non-motile, however are extremely 

infectious with an infectious dose as low as 10 cells, a case that clearly demonstrates that the 

absence of motility in this organism is not an impediment to infection.  On the other hand, some 

non-invasive pathogens such as Helicobacter pylori require both chemotaxis and motility for 

infection (McGee et. al., 2005; Ottemann and Lowenthal, 2002).  Studies with nonchemotactic 

mutants of H. pylori have demonstrated that chemotaxis promotes growth of this bacteria in the 

mucus layer that lines the stomach (Blaser, 1997; Terry et. al., 2005).  It has been recently 

suggested that chemotaxis in H. pylori plays additional roles in processes other than colonization 

(McGee et. al., 2005) as it was found that mutants lacking one of the chemoreceptors TlpB, though 

were able to colonize gerbils to the wild-type levels however they caused less inflammation 

(Will iams et. al., 2007). 
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In C. jejuni, the significance of chemotaxis and motility in colonization and pathogenicity 

has initially been shown with non-motile mutants defective in chemotaxis, that were unable to 

colonize and cause disease in the gastrointestinal tract of mice (Morooka et. al., 1985; 

Takata  et. al., 1992; Chang and Miller, 2006).  Furthermore, strains with mutations in 

flagellar-related and chemotaxis genes, failed to colonize the chicken caeaca 

(Nachamkin et. al., 1993), lost its ability to colonize rabbits (Pavlovski et. al., 1991) as well as 

ferrets (Yao et. al., 1997).   Although the mechanisms whereby the C. fetus causes systemic 

infection have not yet been defined, chemotaxis and motility have been identified as important 

virulence factors associated with invasive bacteria.  This warrants the investigation of the role of 

chemotaxis in colonization and subsequent pathogenicity in C. fetus.  

The aim of this study is to investigate the chemotaxis signal transduction pathway of 

C. fetus.  The in silico investigation of chemotaxis signal transduction cascade genes of C. fetus 

subsp. fetus 82-40 showed high level of similarity to that in C. jejuni and appeared to include 

sixteen diverse transducer-like protein (tlp) genes that appear similar to nine of the twelve tlp genes 

in the C. jejuni NCTC 11168 with a percent identity ranging from 15% to 50%.  Sixteen putative 

C. fetus 82-40 were classified into three classes: A, B and C as well as an aerotaxis gene, based on 

their predicted structure (Fahmy, et. al., 2012).  The higher number of putative chemoreceptor 

repertoire in C. fetus with respect to their of orthologues in C. jejuni could be attributed to the 

different ecological niche that it occupies and thus one could speculate that its chemoreceptors 

could possess a different signal sensing specificity (Miller et. al., 2009).  Similarly, variations in 

the number of putative chemoreceptor genes in sequenced bacterial genomes have been previously 

reported.  The model organism for chemotaxis, E. coli that inhabits the mammalian digestive tract, 

possesses four chemoreceptors and a fifth Aer that monitors changes in the intracellular energy 
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levels (Bespalov et. al., 1996; Bibikov et. al., 2000).  Vibrio cholerae genome, on the other hand, 

encodes at least 45 MCP-like proteins (called MLPs) (Heidelberg et. al., 2000), whereas genomes 

of different Psuedomonas strains encode a variable range of putative chemoreceptor genes.  For 

example the genome of Pseudomonas aeruginosa PAO1 (Stover et. al., 2000) encodes 26 

MCP-like proteins, Pseudomonas putida KT2440 (Nelson et. al., 2002) has 27 and 

Psuedomonas syringae DC3000 (Buell et. al., 2003) has 49 (Parales et. al., 2004). 

Comparison of C. fetus 82-40 chemosensory receptors with the genomes of other 

Epsilonproteobacteria as well as with two representative genomes of the family 

Helicobacteraceae; H. pylori 26695 and W. succinogenes DSM 1740 (Table 3.3, Chapter 3) 

showed that percent identity of C. fetus 82-40 tlp genes with their orthologues in all the examined 

genomes was in the range of 12% to 72% (similarity range 32% to 86% - protein-protein 

comparison, Table 3.3, Chapter 3; Fahmy, et. al., 2012).  The comparative in silico analysis 

revealed that C. fetus 82-40 chemotaxis signal transduction pathway genes (cheA, cheW, cheY, 

cheV, cheB cheR and cheZ orthologs) were highly conserved (Table 3.1, Chapter 3; 

Fahmy, et. al., 2012).  The conserved set of chemotaxis signaling proteins (CheAWYBRZ 

proteins) possessed by E. coli is a streamlined version resulting from the evolutionary loss of 

chemotaxis proteins still present in the chemotaxis systems of other organsims (Miller et. al., 

2009).  Che C, Che D (Rosario, et. al., 1995) and Che V (Rosario, et al., 1994) are three chemotaxis 

proteins that are unique to Bacillus subtilis (Garrity and Ordal, 1997) not found in E. coli, but are 

also present in V. cholera (Heidelberg et. al., 2000) as well as in most of the bacteria studied up to 

now (Miller et. al., 2009).  However our in silico analysis, demonstrated the absence of Che C and 

Che D in C. fetus 82-40 similar to C. jejuni 11168. 
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Analysis of Group A chemosensory receptor content in C. fetus was conducted in a 

collection of twenty-six C. fetus strains of different subspecies and of different geographical 

origins by PCR, revealed that five of the eleven receptors were present in all twenty six strains 

(tlp1-b [tlp1-b is CFF82-40-0185], CFF82-40-0190, CFF82-40-1227, tlp1-c [tlp1-c is 

CFF82-40-1645] and CFF82-40-1698; putative homologues of C. jejuni tlp 1, tlp 4, tlp 3, tlp 1 and 

tlp 4 respectively).  In addition, tlp1-a [tlp1-a is CFF82-40-1041], was found by both dot-blot 

hybridization and by PCR, to be universally present in all the twenty six C. fetus strains tested.  

Similar results have been previously reported in C. jejuni, where the aspartate receptor tlp1 was 

found to be conserved in all C. jejuni strains examined (Day et. al., 2012).  This could be attributed 

to the fact that Tlp1 is the sensory receptor for aspartate in C. jejuni (Hartley-Tassell et. al., 2009), 

where the aspartate is one of the few carbon sources utilized in C. jejuni (Guccione et. al., 2008; 

Leon-Kempis Mdel et. al., 2006).  Interestingly, the isolated antiphagocytic antigen comprising 

the microcapsule surface component from C. fetus subsp. intestinalis, had a high content of aspartic 

acid, threonine, glycine and alanine (Winter et. al., 1978).  This ascertains the relevance of 

L-aspartate to C. fetus spp. 

It has been previously suggested that receptor subset variation may be dependent on the 

strain source or the relative pathogenicity, since variance in the chemoreceptor subset has been 

shown for some uropathogenic strains of E. coli, which all lack the functional receptors Trg (ribose 

and galactose) and Tap (dipeptides) usually present within strains isolated from faecal material 

(Lane, et. al., 2006).  Our results showed that there appeared to be a consistent absence of 

chemoreceptor tlp1-d (tlp1-d (CFF82-40-0065) in the UK strains which was present in all the 

Australian and US isolates.  Our data sugggests, that Group A receptors in C. fetus isolates of 

different sources (mammalian, ovine and bovine), reveal a low level of genetic diversity and are 
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genetically homogenous compared to the other Campylobacter species.  This is in accordance with 

the previous report that documented that C. fetus strains were genetically homogenous and had a 

high level of clonality by MLST (van Bergen et. al., 2005).   

In our study, we have shown by in silico analysis of C. fetus 82-40 genome that there are 

four putative Tlp1 proteins, namely CFF82-40-1041 (tlp1-a), CFF82-40-0185 (tlp1-b), 

CFF82-40-1645 (tlp1-c) and CFF8240-0065 (tlp1-d) homologous to the same gene in C. jejuni 

NCTC11168-1506c (tlp1; Table 3.1, Chapter 3).  The higest percent similarity was demonstrated 

by CFF82-40-1041 (tlp1-a) with the C. jejuni aspartate receptor Tlp1 (NCTC11168-1506c) (72%), 

as well as with its homologous receptors in the examined genomes of Campylobacteraceae and 

Helicobacteraceae (similarity percent range from 56% to 77%).  Furthermore the 

CFF82-40-1041 (tlp1-a) universal representation in our C. fetus strain collection, suggested that it 

could be the putative C. fetus 82-40 tlp1 orthologue.  All the aforementioned observations 

concluded our selection of CFF82-40-1041 (tlp1-a) for further characterization and for the 

determination of the ligand(s) that binds to this chemoreceptor. 

In this study, we report that Campylobacter fetus CFF82-40-1041 (tlp1-a) sensory domain 

(Tlp1-SD-His) recombinant protein is capable of binding multiple amino acids namely: L-aspartic 

acid (both types L-aspartic acid and sodium salt aspartic acid), L-arginine, L-asparagine and 

L-glutamic acid.  This finding has been verified using a range of confirmatory methodologies such 

as ELISA-based amino acid plate assay, STD-NMR spectroscopy, amino acid arrays and SPR.  

Both amino acid arrays and ELISA-based amino acid plate assay confirmed the association of the 

Tlp1-SD�±His fusion protein with the same four amino acids.  STD-NMR spectroscopy verified 

the binding of Tlp1-SD recombinant protein for L-aspartate and L-arginine, only, however it could 

not be used to detect which of these two ligands had the higher binding affinity to Tlp1-SD-His.  
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This was attributed to the conformation that the guanidine group of L-arginine which is positively 

charged acquires in solution causing it to bind to the carboxylate group of L-aspartic acid, which 

is negatively charged in solution.  Hence rendering the study of competitive binding of these two 

ligands to the recombinant Tlp1-SD-His not possible.  It is interesting to note that the L-asparagine 

showed no interaction with Tlp1-SD-His fusion protein by STD-NMR spectroscopy which could 

be due to a high binding affinity of this amino acid to the putative C. fetus Tlp1 because STD 

methods requires a fast ON and OFF rate in order to be detected.  This observation has been further 

verified by SPR interaction traces of L-asparagine with Tlp1-SD-His �±His, as it takes an hour to 

completely dissociate the average Rmax of value greater than 100.  

Surface Plasmon Resonance (SPR) platform was used to investigate the binding affinity of 

purified Tlp1-SD�±His protein (Kd) for L-arginine, L-aspartic acid, L-asparagine and 

L-glutamic acid.  SPR analysis found the highest affinity interactions (Kd in µM) of Tlp1-SD�±His 

protein was with L-aspartic acid (Kd = 8.2), followed by L-glutamic acid (Kd = 25.7), then by 

L-arginine and L-asparagine (approximate Kd value was in the range of 42-45 µM and 

62-65 µM respectively).  The relatively low Kd of the Tlp1-SD�±His protein for the L-aspartate 

suggests that the recombinant protein has a higher sensitivity to L-aspartate than to the other three 

amino acids.  SPR sensogram for both L-aspartic acid and L-glutamic acid with Tlp1-SD fusion 

protein, showed a gradual increase in response till a plateau is reached, at which all the binding 

sites of the Tlp1-SD were saturated with each of the ligands being tested.  Conversely the SPR 

sensogram for both L-arginine as well as L-asparagine with Tlp1-SD�±His protein depicted a fast 

spiking curve reaching maximum response, indicating a fast saturation of the recombinant protein 

with each ligand. 
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Similar observations have been made in C. jejuni, where it had been established that Tlp1 

chemoreceptor (Cj1506c) is an aspartate receptor (Hartley-Tassell et. al., 2010) and Tlp3 in 

C. jejuni 11168-O to be a multiple ligand binding protein (CcmL) (Rahman et. al., 2014), capable 

of interacting with chemoattractants isoleucine, purine, malic acid and fumaric acd and 

chemorepellents lysine, glucosamine, succinic acid, arginine and thiamine.  It is worth mentioning 

that a protein ligand interaction of the C. jejuni Tlp1-peri and L-aspartate (Cj1506c), but no other 

amino acids was determined by the use of amino acid and small molecule arrays and further 

confirmed by STD-NMR spectroscopy (Korolik, 2010).  Additionally for H. pylori isolates, 

positive chemtaxis was determined for sugars and amino acids phenyl alanine, aspartic acid, 

glutamic acid, isoleucine and negative chemotxis for leucine and tyrosine (Abdollahi and 

Tadjrobehkar, 2012). 

Based on the previous findings in C. jejuni, and the differences in modes of interaction 

depicted for the following amino acids L-aspartic acid and L-glutamic acid as opposed to the mode 

of interaction depicted for both L-arginine and L-asparagine, with C. fetus Tlp1-SD fusion protein, 

we can speculate that both L-aspartic acid and L-glutamic acid could be chemoattractants whereas 

both L-arginine, and L-asparagine could be chemorepellents.  In order to verify this, isogenic 

mutants of CFF-Tlp1-SD should be created as well as complement recombinant construct of 

CFF-Tlp1-SD in CFF82-40, and both strains along with the CFF82-40 type strain used in 

chemotaxis assays to test their chemotaxis against the aforementioned four ligands. 

It is interesting to note that the aspartate receptor has been one of the early and best 

characterized methyl accepting proteins in Escherichia coli.  The aspartate receptor which is the 

product of the tar gene was found to bind to aspartate or glutamate directly (Clarke and Koshland, 

1979).  Although the sequence similarity of the putative receptor Tlp1-SD in C. fetus and the tar 
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receptor in E. coli is low, yet both receptors bind to two similar amino acids namely aspartate and 

glutamate.  In addition in E. coli, it had been shown that even though chemoreceptors are sensitive 

to a particular ligand, they can also detect a large number of structurally related amino acids and 

their analogues (Mesibov and Adler, 1972). 

These previous reports in both E. coli and in C. jejuni, supports our finding that C. fetus 

Tlp1-SD�±His protein similarly binds to multiple ligands with aspartate being the highest affinity 

ligand. 

 

6.1. Conclusion and further studies 

In this study we have demonstrated that C. fetus Tlp1-SD�±His protein binds multiple 

ligands with its highest binding affinity being to L-aspartate.  We speculate that C. fetus 

Tlp1-SD�± His could be a multiple-detecting receptor that is capable of detecting multiple ligands.  

We propose based on our SPR results, that both L-aspartic acid and L-glutamic acid could be 

chemoattractants whereas both L-arginine, and L-asparagine could be chemorepellents.   

In order to verify this, isogenic mutant construct of CFF-Tlp1-SD should be created as well 

as complement recombinant construct of Tlp1, and both used to transform CFF82-40 strains.  Both 

the mutant CFF82-40 strain for the CFF1041-SD gene and the complement strain could be used in 

adherence assays and colonization experiments to verify the involvement of the putative CFF-Tlp1 

homologue in pathogenicity and initial colonization.  Additionally the motility of CFF82-40 strain, 

Tlp1-SD mutant and complement strain, should all be tested in chemotaxis assays in order to verify 

their chemotaxis to the aforementioned ligands and to determine if both L-aspartate and L-glutamic 

acid are chemoattractants, whereas both L-arginine and L-asparagine are chemorepellents. 
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Appendix A 

pGEM T Easy Vector 
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Appendix B 

pGU0913 (CFF82-40-1041_SD in pGEM T Easy Vector) 
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Appendix C 

pET-19b Vector 
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Appendix D 

pGU0914 (CFF82-40-1041_SD in pET-19b) 
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Appendix E 

s2566871
Typewritten Text

s2566871
Typewritten Text
In order to comply with copyright this paper has not been published here.
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