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Abstract
Chemotaxis and motility have been identified as important colonisation factors for
both Campylobacter jejuni and Helicobacter pylori. Chemotaxis is the directed movement in
response to extracellular chemical gradients, which allows motile bacteria to find optimum
environmental conditions for their proliferation. Environmental stimuli are detected by a set
of membrane-associated chemoreceptors also known as methyl-accepting chemotaxis
proteins (MCP) or transducer-like proteins (Tlp). The signal molecules either interact directly
or indirectly with the ligand binding domain (LBD) of chemoreceptors, which then transmit
the information to cytoplasmic components that control flagellar rotation.
In the present study, a comprehensive structural analysis of the LBD from three
chemoreceptors (Tlp1 and Tlp3 from C. jejuni and TlpC from H. pylori) was carried out.
Analysis of the crystal structure of Tlp1, Tlp3 and TlpC LBDs revealed that they belong to the
double Cache superfamily of chemoreceptors, which is the most abundant domain among
extracellular sensors in prokaryotes. dCache domains are comprised of a membrane-distal
and membrane-proximal subdomain, each of which harbour a putative ligand-binding pocket.
Tlp1-LBD was co-crystallised with aspartate; however, analysis of the high-resolution
structure did not show any electron density corresponding to this amino acid bound to Tlp1.
In agreement with the crystallographic analysis, no binding between Tlp1-LBD and aspartate
was detected by isothermal titration calorimetry. Although previous studies reported Tlp1 as
an aspartate receptor of C. jejuni, the structural and biophysical experiments performed in
this study demonstrated that Tlp1 does not sense aspartate directly and suggests that
chemoeffector recognition is likely to occur indirectly through interaction with an as-yetunidentified binding protein.
Tlp3 has been suggested as a chemoreceptor for multiple ligands that can directly sense
a broad range of signal molecules that include both attractants and repellents. In order to
understand the structural basis for ligand recognition by Tlp3, the crystal structures of Tlp3LBD and its complex with an attractant (isoleucine) were studied in this dissertation. Detailed
structural analysis revealed that Tlp3-LBD binds isoleucine through its membrane-distal
subdomain. Interestingly, five of the residues interacting with the main chain of the ligand
were found to be highly conserved in other dCache amino acid receptors. Mutagenesis
experiments showed that these conserved residues are essential for isoleucine binding. These
findings evince that the mechanism for amino acid sensing is highly conserved in dCache
VI

chemoreceptors. Moreover, via a high-throughput screening of metabolic substrates, Tlp3LBD was found to recognise other amino acids such as leucine, valine and α-amino-N-valeric
acid, all of which bind to the membrane-distal subdomain of Tlp3-LBD in an almost identical
mode to isoleucine binding. The outcomes of this research strongly suggest that direct ligand
sensing by Tlp3 is specific and limited to branched-chain aliphatic amino acids and that this
dCache LBD does not directly bind multiple and diverse ligands, as previously reported.
Finally, H. pylori TlpC-LBD structure and chemoeffector specificity were determined.
TlpC-LBD crystal structure revealed a small molecule ligand bound at the putative binding
pocket of the membrane-proximal subdomain, which was identified as lactate by mass
spectrometry. Isothermal titration calorimetry and site-directed mutagenesis confirmed
direct binding of lactate to TlpC-LBD and identified the amino acid residues required for ligand
binding at the membrane-proximal subdomain. Additionally, it was determined that H. pylori
is attracted to lactate which can be utilised as a carbon or energy source. TlpC is the first
example of a chemoreceptor with dCache LBD that directly senses its chemoeffector through
the membrane-proximal subdomain and suggests that dCache domain proteins can utilise
both subdomains for ligand recognition.
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Chapter 1: Literature review

1

1.2. Helicobacter pylori
H. pylori is a spiral-shaped, Gram-negative, flagellated, and microaerophilic bacterium
that colonises the human stomach. This pathogen was discovered by Barry Marshall and
Robin Warren in 1984, who first isolated the Gram-negative bacterium from gastric biopsies
1 and in 2005 won the Nobel Prize in Medicine for their discovery. Currently, H. pylori is known

as the predominant microorganism of the human stomach, and it is estimated to colonise
more than 50% of the world’s population

2-4.

The prevalence of H. pylori infection varies

between regions and countries, with the highest prevalences observed in Africa (79.1%), Latin
America and the Caribbean (63.4%), and Asia (54.7%) 4,5. In contrast, North America (37.1%)
and Oceania (24.4%) exhibit the lowest prevalence of H. pylori infection 4,5.
Colonisation of the gastric mucosa by H. pylori is acquired in early childhood, and it has
been proposed that transmission occurs via human-to-human, oral-oral, faecal-oral, and
gastro-oral routes 3,4,6. However, the exact mechanisms involved in H. pylori transmission to
hosts remain unclear. Several risk factors have been associated with H. pylori infection,
including living in areas with poor sanitation, living in rural or overcrowded areas, lower
educational level, and low socioeconomic status

3,4,7,8.

Once colonisation of the host has

occurred, H. pylori persists in the human stomach throughout life 9, where it may cause a
range of different diseases. Most of H. pylori carriers never present clinical symptoms

10;

however, local inflammation of the gastric mucosa (gastritis) is observed in all asymptomatic
patients. The most common clinical manifestations of this infection include gastric and
duodenal ulcer disease, gastric adenocarcinoma, and primary gastric mucosal-associated
lymphoid tissue (MALT) lymphoma

11-13.

Since 1994, H. pylori has been acknowledged as a

type I carcinogen 14, and it is now considered the most common etiologic agent of infectionrelated cancers, being the causative agent in up to 89% of gastric cancer cases and
approximately 6.2% of all cancers worldwide 15. H. pylori has also been associated to a lesser
degree with other diseases, including atrophic gastritis, dyspepsia, iron deficiency anaemia,
and idiopathic thrombocytopenia purpura 16,17.
1.2.1. H. pylori virulence factors
Several colonisation and virulence factors have been identified in H pylori. Some play
important roles in stomach colonisation and the establishment of infection, while others are

2

strongly associated with increased risk of disease development. These include motility,
urease, adhesins, lipopolysaccharide (LPS), and toxins.
1.2.1.1. Motility
As a first step in stomach colonisation, H. pylori must find its way from the gastric
lumen through the mucus gel to finally reach the gastric epithelial surface, its colonisation
site. To reach its natural niche, H. pylori passes through the mucus barrier using its flagellar
motility and sensing chemical gradients. H. pylori cells are highly motile owing to a unipolar
bundle of two to six flagella 18,19. Each flagellum is about 3-5 μm in length and consists of three
main structures: a basal body within the bacterial wall that contains proteins involved in
flagellar rotation, a torsion hook, and a flagellar filament.
The importance of motility in stomach colonisation by H. pylori has been demonstrated
using different non-motile mutants. For example, studies using aflagellated mutants showed
that these strains were unable to colonise stomachs in animal models

20-22.

Similar results

were obtained with non-motile mutants expressing wild-type flagella but lacking the motor
protein MotB 23, which is essential for flagellar rotation. These results support the importance
of functional flagella and the motility conferred on the organism for establishing persistent
infection. In agreement with flagellar motility being an essential colonisation factor for H.
pylori, failures in the well-regulated process of flagellar biogenesis have major repercussions
on motility, and consequently on colonisation and infection of the gastric mucosa 23,24.
To find its way towards the mucous layer and gastric epithelium, H. pylori uses its
chemotaxis signalling system, by which the bacterium senses different host attractants or
repellents and moves toward or away from them, respectively. H. pylori senses amino acids,
mucin, urea, bicarbonate, cholesterol, lactate, low pH, zinc, and nickel

25-29.

These external

molecules are detected by methyl-accepting chemotaxis proteins (MCPs), which transduce
the signal to cytoplasmic components that alter flagellar rotation. By sensing environmental
cues, H. pylori can direct its swimming and find its preferred place for colonisation. Nonchemotactic mutants, for example, show strong defects in colonisation ability and are
outcompeted in coinfection by wild-type strains 30-33. Furthermore, only a minor proportion
of non-chemotactic mutants were found in contact with the gastric cell surface

33,34.

Thus,

chemotaxis plays a role in establishing colonisation of the deeper layers of the mucus and
gastric epithelium by directing the bacterium to swim towards its natural niche.

3

1.2.1.2. Urease
Although H. pylori is not an acidophile, it is able to survive the acidic conditions of the
gastric lumen by producing the urease enzyme

35.

Urease is considered one of the most

important virulence factor in H. pylori. This enzyme hydrolyses urea to produce ammonia and
carbamate, the latter of which is spontaneously converted to ammonia and carbonic acid. As
a result, the periplasmic and cytoplasmic environment of H. pylori is buffered, maintaining
the pH close to neutral, which allows the bacterium to escape gastric acidity 36,37.
The biosynthesis of urease is under the control of the seven-gene cluster ureABIEFGH
38. The ureA and ureB genes encode the two structural subunits of the urease enzyme 38, while

ureE, ureF, ureG, and ureH encode the chaperone proteins that assemble the catalytic site of
the enzyme and incorporate nickel into the active sites 39,40. Urease consists of a dodecameric
complex of UreA and UreB subunits with twelve active sites 41, which must incorporate nickel
ions for enzyme activation 41,42.
Concentrations of about 1–5 mM urea have been detected in the gastric juice 43. Urea
from the external environment is imported into the bacterial cytoplasm by a membrane
protein encoded by the ureI gene 44. UreI is a proton-gated channel regulated by changes in
external pH. When the external pH is below 6.5, the UreI channel opens, allowing the rapid
transport of urea into the H. pylori cytoplasm and maximal production of ammonia and
carbamate from urease

44,45.

In contrast, at neutral pH, UreI is inactive, preventing lethal

alkalinisation of the cytoplasm by excessive production of ammonia by H. pylori urease 44,45.
At neutral pH, H. pylori does not require urease for optimal growth; however, this
enzyme is key to its survival under acidic conditions 46,47. Several studies using urease and ureI
mutants have shown that both functional proteins are essential for H. pylori survival in gastric
mucosa

35,48,49.

In summary, H. pylori uses the urease system to maintain periplasmic and

cytoplasmic pH near neutrality and overcome gastric acidity.
1.2.1.3. Adhesins
A very important step in establishing persistent infection is the adherence of H. pylori
to the gastric epithelium. This close interaction with gastric cells protects the bacterium from
host clearance mechanisms, such as gastric peristalsis, bulk liquid flow, and continuous
shedding and replenishment of the mucus layer. Binding of the pathogen to the host tissues
is mediated by a group of outer membrane proteins known as adhesins.
4

For instance, initial binding of H. pylori to the gastric epithelium is mediated by the
blood group antigen-binding adhesin BabA, which adheres to human fucosylated Lewis b
blood group antigen in the gastric epithelium 50,51. BabA binding facilitates the attachment of
the H. pylori type IV secretion system (T4SS) apparatus to host cells, and thus the delivery of
other virulence factors 52. The H. pylori adhesin SabA binds to sialyl-Lewis A antigen 51,53, which
is expressed by gastric tissues in response to chronic inflammation and contributes to the
chronicity of H. pylori infection 53,54.
The H. pylori adherence-associated lipoproteins A and B (AlpA and AlpB) are involved in
bacterial adherence 55; however, their receptors are unknown. In vivo studies on alpA and
alpB isogenic mutants have revealed that these strains have reduced adherence capability
compared to that of their wild-type counterparts

56.

Another outer membrane protein

involved in H. pylori adherence to human gastric cells is the outer inflammatory protein (OipA)
57.

As with AlpA and AlpB, host-specific OipA receptors have not been identified. However,

the interaction between OipA and host tissues has been shown to increase production of
interleukin-8 (IL-8) 58, which leads to infiltration of neutrophils into gastric mucosa 58. OipA
expression has been associated with carcinogenesis

59,

as shown in studies using oipA

mutants, in which a significant decrease in tumorigenesis was observed in an infection model
of Mongolian gerbils 60. Thus, adhesion of H. pylori to the gastric epithelium is a necessary
step in host colonisation and enables the pathogen to remain at the infectious site and to
secrete toxins into the cells that eventually cause tissue damage and the progression to
gastric ulceration.
1.2.1.4. Lipopolysaccharide (LPS)
The LPS of H. pylori shares a common architecture with that of other Gram-negative
bacteria 61; however, several differences in the LPS of this pathogen have been identified 62,63.
Typical LPS architecture comprises three main structures: lipid A, the core polysaccharide,
and the O-antigen. Lipid A attaches the LPS to the outer membrane and is the toxic
component of the LPS. In H. pylori, lipid A is under-phosphorylated and under-acylated 62,64.
For example, compared to lipid A in other Gram-negative bacteria such as Escherichia coli,
lipid A in H. pylori has one less phosphate group, and of the six fatty acid chains present in E.
coli lipid A, H. pylori lipid A has only four 62,64. Furthermore, the fatty acid chains are longer
than those found in E. coli lipid A 62. Altogether, these differences make H. pylori lipid A less

5

toxic than E. coli lipid A

65,66.

The lower endotoxic and immunological activities of H. pylori

lipid A allow the pathogen to produce a chronic infection of the host tissue 62,66.
Differences in H. pylori LPS have also been identified at the level of the O-antigen 63,66,
which consists of repeating sugar units. In most H. pylori strains, the O-antigen repeats mimic
the ABO Lewis blood group antigens Lewis x (Lex) and Lewis y (Ley) 63,67,68, while Lea, Leb, Lec,
sialyl-Lex, and H-1 determinants are found to a lesser degree 69. Expression of Lewis antigens
by H. pylori has been implicated in immune response evasion 70. Bacterial molecular mimicry
of the ABO Lewis antigens allows H. pylori to escape from the host humoral response by
preventing the production of antibodies against these antigens shared by the host and
bacterium 71,72. However, studies in animal models and humans have shown that the H. pylori
O-antigen also contributes to gastric autoimmunity, which causes gastric tissue injury and
gastric atrophy in chronic infections

73-75.

Finally, O-antigen seems to facilitate bacterial

colonisation and adhesion, as shown in strains expressing Lex O-antigen, which binds the host
galactoside-binding lectin, galectin-3 76, and thus mediates adherence to the human antral
gastric mucosa 77.
1.2.1.5. Toxins
Several virulence factors associated with gastrointestinal diseases have been identified
In H. pylori. These include the secretory toxins, namely, vacuolating cytotoxin A (VacA) and
cytotoxin-associated gene A (CagA)

78.

VacA is an intracellular-acting exotoxin that binds

multiple host receptors, including receptor-like tyrosine phosphatases (RPTP-α and RPTP-β)
79,80,

sphingomyelin 81, epidermal growth factor receptor 82, fibronectin, heparin sulphate 83,

low-density lipoprotein receptor-related protein-1 84, and glycosylphosphatidylinositol (GPI)anchored proteins 85. After binding to the host cell, VacA triggers its internalisation into the
cell through endocytosis

86,

and it is then localised into late endosomes and lysosomes

87.

Inside the host cells, this exotoxin induces formation of large cellular vacuoles 88. Vacuolation
affects the proteolytic activity of the endocytic pathway, including antigen processing, leading
to failure of the immune response 89. It also compromises protein transport from the transGolgi network to the late endosome, causing release of acid hydrolases and subsequent
cellular damage

90,91.

VacA also acts as a pore-forming toxin, leading to the release of

molecules contained inside gastric cells that are essential for H. pylori survival in vivo,
including Fe3+, Ni2+, sugars, and several amino acids 92,93. In this way, VacA facilitates nutrient
acquisition and therefore H. pylori colonisation and growth in the gastric epithelium 92,94.
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Another very important H. pylori exotoxin is CagA. The gene encoding CagA is part of
the 40 kb locus known as the Cag pathogenicity island (Cag PAI) 95. The Cag PAI encodes all
genes required for the structure and assembly of the T4SS apparatus 96. The H. pylori T4SS
apparatus translocates CagA into human gastric epithelial cells 97. Once inside the host cells,
CagA localises in the cell membrane underneath the point of bacterial attachment 98. CagA is
then phosphorylated and interacts with multiple host proteins, including tyrosine
phosphatase SHP-2 99,100, E-cadherin 101, and Par1b/MAPK2 100,102. CagA interaction with host
proteins leads to leakiness of tight junctions

98

and cell elongation, which are typical of H.

pylori-infected cells 78. Several studies have demonstrated that CagA and VacA cause direct
cellular damage that results in gastric ulceration and subsequent development of gastric
cancer 60,78,103.

1.3. Campylobacter jejuni
C. jejuni is a Gram-negative, microaerophilic, spirally curved, slender bacterium that is
highly motile by means of bi-polar unsheathed flagella

104.

C. jejuni is frequently found

colonising the gastrointestinal tract of wild and domesticated animals, resulting in a
commensal relationship between the bacterium and the host

105-107.

Although it is a

commensal organism in the intestinal tracts of these animals, C. jejuni infection in humans
produces bacterial gastroenteritis known as campylobacteriosis. Human infection commonly
occurs from consumption or handling of undercooked, contaminated poultry 108,109. However,
other significant sources of C. jejuni infection include consumption of unpasteurised milk and
untreated water 110.
C. jejuni was first isolated from the blood and faeces of an individual with acute enteritis
by Butzler and Skirrow in the earlier 70’s 111,112, and it is now known as the leading cause of
bacterial gastroenteritis worldwide 113-115. The annual incidence of campylobacteriosis cases
varies among different countries, with an increasing trend in several developed countries 115.
For example, in United States of America, Canada, and Australia, the latest reported annual
incidence rates were 14, 35, and 110 cases per 100,000 population, respectively 114,116,117. In
developing countries in Africa, Latin America, Asia, and the Middle East, C. jejuni infections
are endemic, mostly affecting young children 115,118.
The clinical manifestation of campylobacteriosis ranges from asymptomatic to acute
gastroenteritis characterised by bloody diarrhoea, high fever, acute abdominal pain, nausea,
7

and general malaise 108,119. C. jejuni infection is self-limiting, resolving within a week without
any complications. However, pregnant women, the elderly, and patients with acquired
immune deficiency syndrome (AIDS) are considered at higher risk, as campylobacteriosis can
be chronic and more invasive in such individuals

108.

Additionally, C. jejuni causes severe

sequelae, such as reactive arthritis, peripheral neuropathies, and Miller-Fisher and GuillainBarrè syndromes in some patients 120,121.
1.3.1. C. jejuni virulence factors
C. jejuni expresses several virulence factors that enable it to successfully colonise the
host intestine and overcome host immune response. Some of these virulence factors include
motility, the cell capsule, lipooligosaccharide, adhesins, and toxins.
1.3.1.1. Motility
To establish colonisation and infection, C. jejuni must first avoid being cleared from the
intestine by the motion of peristalsis, and it must penetrate the mucus barrier

110.

To

accomplish this, C. jejuni uses motility conferred by its polar flagella 110. In fact, the motility
of C. jejuni has been observed to increase in highly viscous solutions 122, which might facilitate
its swimming through the thick mucus lining the intestinal tract epithelium 122.
Studies using aflagellate mutants have shown that a fully motile and intact flagellum is
required for intestinal colonisation of animals and humans

123-125.

In addition, non-motile

mutants are unable to adhere to and subsequently invade intestinal cells 126,127. These results
showed that motility is not only required for colonisation of the host but is also essential for
invasion of host tissue 123,126.
C. jejuni motile behaviour is controlled by chemotaxis. The C. jejuni genome contains
fifteen different MCPs, or chemoreceptors, of which ten might be involved in the sensing of
environmental signals. C. jejuni responds chemotactically to several compounds, such as
amino acids, carbohydrates, organic acids, and constituents of bile and mucus, which are
frequently found in the host intestine

128-130.

The importance of chemotaxis in C. jejuni

pathogenesis was demonstrated in experiments using non-chemotactic mutants that failed
to colonise the gastrointestinal tract of mice and chickens 131,132 and that were also shown to
lose invasiveness in vitro 132,133.
In addition to providing motility, C. jejuni flagella also function as a type III secretion
system (T3SS) for the export of proteins that control bacteria-host interactions

134-137.

The
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proteins secreted through the flagella are known as Campylobacter invasion antigens (CiaAH) and flagellar co-expressed determinants (FedA-D) 134,138,139. cia- and fed- C. jejuni mutants
exhibit diminished ability to invade and colonise the intestines of chickens 134,135,139,140.
1.3.1.2. Cell Capsule
C. jejuni expresses a polysaccharide capsule (CPS) that has been shown to contribute to
its pathogenesis

110,141.

The CPS is the major serodeterminant of the Penner serotyping

method of C. jejuni strains, which includes more than 60 serotypes 142,143. The CPS is encoded
by a genetic locus comprising over 30 genes involved in biosynthesis, polymerisation, and
translocation of the CPS

142.

The CPS locus is one of the more variable loci among C. jejuni

strains, and its variability is reflected in the diversity of polysaccharide capsular structures
observed in C. jejuni

142.

Moreover, the gene expression of this region is phase-variable,

resulting in the production of modified CPSs 142.
In addition to the variations in polysaccharide composition, the CPS of C. jejuni
undergoes modifications by ethanolamine, glycerol, and O-methyl phosphoramidate groups
142.

Interestingly, some of these modifications modulate cytokine release and are important

virulence determinants, as demonstrated by in vivo and in vitro models 144,145. In vitro studies
using mutants deficient in CPS production have revealed that the ability of these strains to
adhere to and invade intestinal epithelial cells is compromised 143. Furthermore, capsuleless
mutants exhibit decreased resistance to human serum and exhibit deficient ability to colonise
ferrets 143.
1.3.1.3. Lipooligosaccharide (LOS)
LOS is considered an important virulence factor for C. jejuni 110,141 and constitutes the
major chemical component of its outer membrane 146. Structurally, C. jejuni LOS is similar to
the lipopolysaccharides (LPS) of other Gram-negative bacteria; however, it lacks the Oantigen portion consisting of polysaccharide subunit repeats 147. The LOS structure of C. jejuni
has been well-characterised and comprises lipid A, which links the LOS to the outer
membrane, and the core 147.
The LOS core polysaccharide of C. jejuni strains is highly diverse in monosaccharide
linkage and composition 141. Interestingly, the terminal sugars of the core polysaccharide are
modified with endogenously synthesised sialic acid, which makes them similar to
carbohydrate epitopes of gangliosides found in nerve cells

147.

The mimicry of ganglioside

structures may be a mechanism used by C. jejuni to evade the host immune response, since
9

mutants lacking terminal sialyl sugars in the core show increased sensitivity to human serum
and immunogenicity 148. Recognition of these outer membrane components by the immune
response can produce cross-reactive antibodies that target the gangliosides, resulting in
nerve damage and demyelinating neuropathies such as Guillian-Barrè and Miller Fisher
syndromes 121.
1.3.1.4. Adhesins
Once C. jejuni has entered the human gastrointestinal tract and breached the mucus
barrier, the pathogen adheres to the underlying epithelial cells of the intestine. Several C.
jejuni adhesion factors, or adhesins, and their corresponding receptors expressed by the host
cells have been identified. Some of the major known C. jejuni adhesins include Campylobacter
adhesion to fibronectin (CadF)

149,

fibronectin-like protein A (FlpA)

150,

Jejuni lipoprotein A

(JlpA) 151,152, and periplasmic binding protein 1 (PEB1) 153.
CadF and FlpA are two outer membrane proteins that bind to the extracellular matrix
protein fibronectin on the host cells and cooperatively mediate C. jejuni attachment to
intestinal epithelial cells

138,149,150,154.

Moreover, CadF has been shown to mediate the

internalisation of C. jejuni during the invasion of host cells 155.
JlpA lipoprotein mediates adherence to intestinal epithelial cells by interacting with the
surface-exposed heat shock protein Hsp90a 151. C. jejuni mutants lacking jlpA show decreased
adhesion to cultured intestinal epithelial cells 151,152. Similar results were observed with cagF
mutants, which presented lower levels of adherence to and invasion of intestinal epithelial
cells and had a severe colonisation defect 156. Another adhesin, PEB1, has been shown to play
a key role in adherence to and invasion of epithelial cells in vitro and in intestinal colonisation
in an in vivo model

157.

In addition to its adhesion function, PEB1 also acts as an

aspartate/glutamate-binding protein and is essential for optimal growth in media with
dicarboxylic acid as the sole carbon source 158.
1.3.1.5. Toxins
Some strains of C. jeuni produce cytolethal distending toxin (CDT), a membraneassociated protein that has been identified as a virulence factor required for the pathogenesis
of the bacterium

159,160.

CDT is composed of three subunits, namely, CdtA, CdtB, and CdtC,

which form an active complex 161. CdtB is the active subunit that functions as a DNase, while
CdtA and CdtC bind to the host cell

161,162.

CDT toxin stimulates the production of

proinflammatory cytokine IL-8 and induces cell cycle arrest, cytoplasm distention, chromatic
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fragmentation, and cell death 163,164. The exact role of CDT in diarrhoeal disease caused by C.
jejuni remains unclear. In vivo studies have shown that cdtB mutants exhibit decreased
invasiveness in blood, liver tissue, and spleen tissue in a mouse model 165. However, C. jejuni
isolates lacking CDT are still able to cause campylobacteriosis in humans 166.

1.4. Chemotaxis
Chemotaxis is a mechanism by which bacteria control flagellar motility. This process
allows bacteria to detect different signals (chemoeffectors) and find favourable environments
for growth by moving, for example, towards beneficial compounds (attractants) and away
from unfavourable compounds (repellents). As described previously, chemotaxis has been
shown to be an important colonisation and virulence factor for both H. pylori and C. jejuni, as
well as for many other pathogens 167-170. In this process, chemoeffectors are sensed by a set
of bacterial chemoreceptors, which are typically integral membrane proteins harbouring an
extracytoplasmic ligand-binding domain (LBD). These chemoreceptors can be methylated at
specific residues on their cytoplasmic portion, and are therefore termed as methyl-accepting
chemotaxis proteins (MCPs)

171,172.

Once the stimuli are recognised, the signals are

transduced by the MCPs to downstream proteins, which ultimately regulate flagellar motion.
1.4.1. Chemosensory signal transduction: The E. coli model
The chemotaxis process has been extensively investigated in the enteric pathogen E.
coli, and it has been used as an example for understanding and comparing chemotaxis in other
bacteria species 171. In the E. coli system, there are five kinds of MCPs which exhibit different
ligand specificities: the aspartate receptor, Tar; the serine receptor, Tsr; the ribose/galactose
receptor, Trg; the dipeptide receptor, Tap; and the aerotaxis sensor, Aer 173-175 . Changes in
the concentration of chemotactic ligands are detected by the LBD of these MCPs, after which
the information is transmitted to the downstream signal transduction proteins.
The core unit of the chemosensory signal pathway in bacteria involves protein members
of a two-component regulator family that includes the chemotaxis proteins CheW, CheA,
CheY, and CheZ

171,176.

CheW is a scaffold protein with two docking domains, one of which

binds to the MCP and the other to CheA, forming a ternary complex 171,176. The histidine kinase
CheA has autophosphorylation activity modulated by the sensing of a stimulus. For example,
when repellents bind to MCP or in the absence of attractants, the autophosphorylation
activity of CheA is activated 172. Phosphorylated CheA binds and phosphorylates the response
11

regulator (RR) protein CheY (CheY-P). CheY-P interacts with the flagellar switch and induces a
clockwise rotation of one or several flagella, which destabilises the flagella bundle, causing
the bacterium to perform a tumbling movement 171,172. Finally, the signal response in E. coli is
terminated by the phosphatase CheZ, which interacts with CheY-P, accelerating its
dephosphorylation 177. In contrast to repellents, attractants binding to MCP inhibit the CheA
kinase activity; thus, CheY is not phosphorylated and CheY-P levels diminish. Nonphosphorylated CheY does not interact with the flagellar switch, resulting in a
counterclockwise rotation or swimming (run) motion of the bacterium 176.
Following the initial response, an adaptation occurs that enables the bacteria to go back
to a pre-stimulus status and to sense new changes in chemoeffector concentration.
Adaptation is achieved by methylation and demethylation of glutamate residues at the
cytoplasmic signalling domains of the chemoreceptors

171,178.

In E. coli, two enzymes are

involved in chemoreceptor adaptation: the methylesterase CheB and the methyltransferase
CheR. CheR incorporates methyl groups onto specific glutamate residues of the MCP, while
CheB removes these methyl groups. Similarly to CheY, CheB also interacts with CheA and is
phosphorylated, which activates its methylesterase activity 171.
1.4.2. Chemosensory signal transduction in H. pylori and C. jejuni
Both H. pylori and C. jejuni have the same core unit of chemosensory molecules as does
E. coli, with the presence of a CheA kinase, a CheW coupling protein, and the RR CheY.
However, some differences can be highlighted in the chemotaxis signalling pathway of these
two pathogens. Firstly, the CheA kinases of C. jejuni and H. pylori differ from canonical CheA
proteins. In these two bacteria and most members of the Epsilonproteobacteria, CheA
proteins are fused with an RR (response regulator) domain at their C-terminus, which is
similar to the RR domain of CheY 167. Although the exact function of the RR domain in CheA is
unknown, it has been suggested that is aids dephosphorylation of CheY, acting as a
“phosphate sink” 167,179.
Another interesting difference is the presence of additional chemotaxis proteins in C.
jejuni and H. pylori, such as the coupling protein CheV 179,180. CheV is a protein comprised of
a CheW domain and an RR domain. In addition to CheW, C. jejuni and other
Epsilonproteobacteria express one CheV protein
CheV1, CheV2, and CheV3

167,180.

179,

whereas H. pylori expresses three:

C. jejuni CheV and H. pylori CheV3 share 41% sequence
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identity. C. jejuni CheV and the three H. pylori CheVs play a role in chemotaxis and promote
chemoreceptor–kinase interactions

129,181-183;

however, whether chemoreceptors prefer

CheV over CheW for coupling with CheA remains unclear 167,183.
As previously mentioned, chemoreceptor adaptation is mediated by the CheB and CheR
enzymes in E. coli. CheB is regulated by the CheA kinase, which phosphorylates CheB at its RR
domain and thus activates its methylesterase activity. Although these two enzymes are
expressed in C. jejuni, CheB lacks the RR domain and contains only the methylesterase domain
179,184.

With the absence of an RR domain in C. jejuni CheB, other mechanisms for regulating

CheR and CheB function and for adaptation might be employed by C. jejuni 179. Interestingly,
chemoreceptors in H. pylori do not use methylation and demethylation as an adaptation
mechanism, as both the CheB and CheR enzymes and the conserved methylation sites on
chemoreceptors are absent from this pathogen 167,185. Further investigation is required to fully
elucidate the adaptation mechanisms employed by chemoreceptors in C. jejuni and H. pylori.
1.4.3. Chemoreceptors
Chemotactic signals are sensed by a set of chemoreceptors, also known as MCPs or
transducer-like proteins (Tlps)

186.

Typically, MCPs consist of an LBD, a transmembrane

portion, and a cytoplasmic signalling domain. The latter is a conserved structure among
different bacteria and archaea species and harbours a HAMP (histidine kinase, adenyl cyclase,
MCP and phosphatase) region, conserved methylation sites, and a signalling subdomain
175,187.

1.4.3.1. Chemoreceptor topology
Chemoreceptors can be membrane-anchored proteins with either intracellular or
extracytoplasmic (periplasmic) LBDs or soluble receptors in the cytosol 188,189. Thus, based on
their membrane topology, MCPs are grouped into seven classes: I (Ia and Ib), II, III (IIIm and
IIIc), and IV (IVa and IVb) (Figure 1.1)188,190,191. Class I (Ia and Ib) is a predominant MCP type in
both bacteria and archaea

188.

Chemoreceptors with this topology harbour an

extracytoplasmic LBD, a transmembrane (TM) domain, and a cytoplasmic signalling domain
188

(Figure 1.1). According to the number of TM helices, class I MCPs are subdivided into Ia

(two TM helices) and Ib (one TM helix) subclasses. Subclass Ia consists of an extracytoplasmic
LBD flanked by an N-terminal and a second TM helix, as well as a C-terminal cytoplasmic
signalling domain. In contrast, subclass Ib MCPs lack the N-terminal TM helix 192. Subclass Ia
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has been further subdivided into two clusters, I (~150 amino acids) and II (~250 amino acids)
188,

according to the size of their LBDs (Figure 1.1).
Class II chemoreceptors are membrane-embedded proteins with cytoplasmic LBDs and

consist of an N-terminal LBD, followed by two TM helices and a cytoplasmic signalling domain.
This MCP type is less common than other chemoreceptor topologies and seems to be
restricted to bacteria

188.

Similarly to class II, class III chemoreceptors are also membrane-

embedded MCPs comprised of 1 or up to 8 TM helices, and their LBDs can be located either
within the membrane portion (subclass IIIm) or after the last TM helix at the cytoplasm
(subclass IIIc)188. Finally, class IV MCPs are soluble cytoplasmic receptors, some of which have
an identifiable LBD (IVa). This topology is more frequently found in archaea than in bacteria
188.

1.4.3.2. Chemoreceptor LBD diversity
In addition to having different topologies, chemoreceptors vary greatly in the amino
acid sequence and domain architecture of their LBDs. To date, at least 80 different LBD types
have been identified

188,193;

structures characterised as 4-helix bundle (4HB), helical

biomodular (HBM), Per-ARNT-Sim (PAS), and calcium channel and chemotaxis (Cache)
domains are the most abundant families (Figure 1.2).
4-helix bundle (4HB) domains
4HB domains are the most abundant LBD type among chemoreceptors 193. The 4HB fold
is present in chemoreceptors with class Ia membrane topology, in which the LBD is located in
the extracytoplasmic space (periplasm) (Figure 1.2). This domain has been well-characterised
in the Tar and Tsr chemoreceptors from E. coli. Tar mediates chemoattractant responses to
aspartate and maltose by two different mechanisms

194-196.

Aspartate recognition occurs

through direct binding of the amino acid to the 4HB LBD of the receptor 197,198, while maltose
sensing occurs via recognition of a maltose-binding protein 196. For ligand sensing, LBDs with
the 4HB fold require dimerisation, as the ligand-binding site is located at the dimer interface
and comprised of amino acid residues from both monomers 197. Other chemoreceptors with
a predicted 4HB LBD are Pseudomonas aeruginosa CtpH 199 and Pseudomonas putida PcaY 200
receptors, which directly recognise inorganic phosphate and a range of carboxylic acids,
respectively.
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Figure 1.1. Topology diversity of MCPs. Classification of chemoreceptors based on membrane topology and LBD. The different classes are
labelled. The larger LBD shown for the Ia cluster II receptor represents its longer amino acid sequence.
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Per-ARNT-Sim (PAS) domains
PAS domains are widespread in all kingdoms of life 201 and are involved in the regulation
of diverse processes 202-204. Chemoreceptors with PAS domains are abundant in bacteria and
archaea

188,193.

A PAS module comprises a single globular fold with a central antiparallel β-

sheet with five strands and several α helices
chemoreceptors with cytoplasmic LBDs

188,205.

204.

This domain is presented exclusively in

E. coli Aer receptor is an example of PAS-

containing LBD with a class II membrane topology

206.

The Aer PAS domain binds flavin

adenine dinucleotide (FAD) cofactor and mediates chemotaxis towards oxygen and
favourable environments for energy production 206,207. Another MCP with a PAS LBD is the P.
aeruginosa Aer2/McpB, which binds a heme group and recognises O2, NO, CO, and cyanide
208,209.

Calcium channel and chemotaxis (Cache) domains
Initially, Cache domains were annotated as PAS domains based on three-dimensional
structural similarities. However, it has become clear that PAS domains are exclusively of
cytosolic location, and that the “PAS-like” structures observed in extracellular LBDs belong to
the Cache superfamily

205.

Cache is the most abundant LBD type in prokaryotes

188,193,

and

together with the 4HB and PAS superfamilies, accounts for more than 80% of all
chemoreceptors with identifiable LBDs 193.
Two subgroups of LBD have been identified in the Cache superfamily: the single Cache
(sCache) and double Cache (dCache) domains. One structurally characterised sCache is the
TlpB class Ia (cluster I) receptor of H. pylori. The TlpB 3D-structure comprises an N-terminal
long α-helix and three predicted strands that form an antiparallel sheet similar to that present
in the core of the PAS domain structure 204,210 (Figure 1.2). The TlpB chemoreceptor mediates
the H. pylori repulsion response to acidic conditions

210,211

and the AI-2 quorum sensing

molecule 212, as well as chemoattraction to urea 210,213. Urea binds to TlpB with high affinity
210,

while AI-2 recognition appears to involve an indirect binding mechanism by interaction

with periplasmic binding proteins

214.

Another chemoreceptor with an sCache LBD is the P.

putida KT2440 McpP receptor, which directly binds several carboxylic acids, such as acetate,
pyruvate, propionate, and L-lactate 215.
The dCache is more common than the sCache domain and is the most ubiquitous
extracellular LBD in prokaryotes 188,193. This domain has a bimodular structure composed of a
long stalk helix at the N-terminus and two Cache modules (PAS-like domains) that are
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arranged in tandem (membrane-proximal and membrane-distal), each of which harbour a
putative ligand-binding pocket

216,217

(Figure 1.2). To date, several chemoreceptors with

dCache LBDs have been investigated, including the cluster II chemoreceptors Mlp24 from
Vibrio cholerae
aeruginosa

218,

216,

Mlp37 chemoreceptor from Vibrio parahaemolyticus

and McpB and McpC from B. subtilis

219,220.

217,

PctA from P.

In contrast to 4HB modules,

dimerisation is not required for ligand binding to the dCache LBD, as the ligand-binding site is
located within the Cache module putative pocket 217,218.
dCache LBDs recognise diverse signals using either direct or indirect mechanisms.
Ligands that directly interact with the dCache LBD include amino acids 217,219,221-223, organic
compounds 29,217, pyrimidines 224, and purines 225. In most characterised dCache LBDs, direct
sensing involves binding of the signal molecule to the putative binding pocket at the
membrane-distal module

216,217,219-221.

However, with the presence of a putative binding

pocket at the membrane-proximal subdomain, dCache modules could theoretically employ
the membrane-distal subdomain, the membrane-proximal subdomain, or both for ligand
recognition 29,226.

Helical bimodular (HBM) domains
Another LBD with two modules is the HBM domain. The McpS chemoreceptor of P.
putida KT2440 was the first receptor identified with a HBM LBD 227. McpS belongs to the Ia
subclass of receptors with a cluster II LBD. The 3D structure of McpS-LBD shows that is
composed of two long and four short helices arranged into two helical modules

227

(Figure

1.2). Like dCache domains, each module of the HBM fold contains a ligand-binding site. The
McpS LBD directly binds the tricarboxylic acid cycle intermediates malate and succinate at its
membrane-proximal module, whereas acetate binds to the membrane-distal module
Interestingly, ligand binding to both modules stimulates McpS additively

227.

227.

It has been

suggested that this family of chemoreceptors primarily recognises organic acids

228.

Other

receptors from this family are the P. putida KT2440 McpQ receptor 229, P. fluorescens Pf0-1
McpS receptor 230, and P. putida F1 McfS receptor 231, all of which are involved in chemotaxis
to organic acids.
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Figure 1.2. Structures of four of the most abundant LBD types. Structures of LBD dimers for E.
coli Tar (in complex with aspartate)

198,

H. pylori TlpB (in complex with urea)

210,

P. putida

McpS (in complex with malate) 227, and V. parahaemolyticus Mlp37 (in complex with taurine)
217. LBDs are

coloured by secondary structure and the bound ligands are shown in stick mode,

coloured blue. The locations of the ligand-binding sites are highlighted with a yellow circle.
Domain definitions were obtained from the Pfam database: 4HB, 4-helix bundle; sCache,
single Cache; HBD, helical bimodular; dCache, double Cache. The dCache membrane-proximal
and membrane-distal subdomains are labelled. PDB codes are shown in parentheses.
Structure figures were prepared using PYMOL.

1.4.3.3. H. pylori chemoreceptors
For H. pylori, the ability to sense the external environment through chemical gradients
is essential for its survival in the host environment and efficient colonisation of the gastric
tissue. Previous studies have shown that H. pylori exhibits chemotaxis towards urea
bicarbonate

28,

mucin, cholesterol

26,

ZnCl2

27,

213,

and several amino acids (alanine, arginine,

asparagine, glutamine, histidine, proline, tyrosine, valine, leucine, serine, and glycine) 25,28. In
addition, H. pylori is repelled by aspartate 25, glutamate 25, AI-2 212, NiCl2 27, low pH 210, and
several bile acids (such as glycocholic, taurocholic, glycodeoxycholic, taurodeoxycholic,
glycochenodeoxycholic, and taurochenodeoxycholic acid) 25.
In the H. pylori genome, four chemoreceptors or Tlps have been identified: TlpA, TlpB,
TlpC, and TlpD (Figure 1.3, Table 1.1). TlpD is a soluble, cytoplasmic chemoreceptor composed
of an MCP-signalling domain and a chemoreceptor zinc-binding (CZB) domain

232.

Although

several cytoplasmic chemoreceptors harbour a CZB domain 232,233, the exact function of this
domain in TlpD and other chemoreceptors remains unknown. TlpD is involved in energy taxis
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234

and mediates repellent responses away from conditions that promote oxidative stress,

such as the presence of iron, hydrogen peroxide, paraquat, and metronidazole 235.
TlpA, TlpB, and TlpC are membrane-embedded proteins

30,211

(Figure 1.3). TlpA is a

chemoreceptor that possesses a dCache LBD. It has been linked to the recognition of arginine
and bicarbonate as attractants 28 and acidic pH as a repellent 236. However, the mechanism
by which these chemoeffectors stimulate the chemoreceptor is unknown. TlpB reportedly
detects acidic pH and the quorum-sensing molecule AI-2 as repellents 210-212 and urea as an
attractant 210,213. TlpB directly binds urea with high affinity and specificity 210, and the crystal
structure of its LBD in complex with this attractant has been solved. The TlpB LBD 3D structure
revealed a homodimer of sCache modules, with a molecule of urea bound at the putative
ligand-binding pocket of each sCache monomer 205,210. Sensing of AI-2 by TlpB requires two
periplasmic ligand-binding proteins, and therefore an indirect binding mechanism for
detecting this signal has been suggested 214.

Figure 1.3. Set of chemoreceptors expressed by H. pylori. Receptor topology is shown for the
four H. pylori Tlps. The LBD type is annotated for each chemoreceptor according to data from
the Pfam database (http://pfam.xfam.org/).
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Similarly to TlpA, TlpC also has a dCache LBD. Before the present research project was
undertaken, TlpC was the least-characterised chemoreceptor in H. pylori. Furthermore, its
ligand specificity had not been studied. Previous studies showed that mutation of tlpC
reduced stomach colonisation

30

and that this chemoreceptor can modulate the TlpB-

mediated response to acidic conditions 27.
1.4.3.4. C. jejuni chemoreceptors
In C. jejuni, chemotaxis is known to be critical for infection and colonisation of the host.
The chemotactic behaviour of C. jejuni has been previously determined in the presence of
different compounds 128. Attractant responses were induced by several amino acids (such as
aspartate, asparagine, cysteine, glutamate, isoleucine, and serine), carbohydrates (fucose and
galactose), organic acids (lactic, malic, fumaric, formic, pyruvic, and succinic acid), sodium
deoxycholate, and purine 128,237,238. In contrast, C. jejuni exhibits a repellent response to lysine,
arginine, glucosamine, thiamine, and bile constituents (cholic, doxycholic, glycocholic,
glycochenodeoxycholic, glycodeoxycholic, and taurocholic acids) 128,238.
Analysis of the C. jejuni genomes of various laboratory and clinical strains has identified
at least 15 different Tlps or chemoreceptors

179,239-242

(Figure 1.4, Table 1.1). These

chemoreceptors have been categorised into three groups, A, B, and C, based on their domain
organisation

179.

Group A receptors are membrane-embedded proteins consisting of an N-

terminal transmembrane helix followed by a periplasmic LBD, a second transmembrane helix,
and a C-terminal cytoplasmic signalling domain. Members of group A are Tlp1, Tlp2, Tlp3,
Tlp4, Tlp7mc, Tlp7m, Tlp10, Tlp11, Tlp12, and Tlp13. Group B receptor Tlp9 is anchored to the
inner membrane by two transmembrane helices, harbours cytoplasmic HAMP and signalling
domains, but lacks a LBD. Finally, group C members, Tlp5, Tlp6, Tlp7c and Tlp8, are soluble
cytoplasmic proteins that contain a signalling domain homologous to that in group A Tlps.
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Table 1.1. Chemoreceptor repertoires of H. pylori and C. jejuni.
Chemoreceptor
TlpA

TlpB

TlpC

LBD typea
dCache

sCache

Chemoeffectors

Comments

Arginine, bicarbonate

Unknown binding mechanism 28

pH sensor
AI-2

Unknown binding mechanism 210
Indirect recognition 212

Urea, hydroxyurea,
formamide, and acetamide

Direct recognition 210

dCache

Unknown

TlpD

CZB

Energy 234
iron, hydrogen peroxide,
paraquat, and
metronidazole 235

Unknown binding mechanism

Tlp1

dCache

Aspartate

Direct recognition 181

Tlp2

dCache

Unknown

Tlp3

dCache

Isoleucine, purine, aspartic
acid, malic acid, fumaric
acid, lysine, glucosamine, Direct recognition 237
succinic acid, arginine, and
thiamine
Sodium deoxycholate

Unknown binding mechanism 238
Unknown binding mechanism 238

Tlp4

dCache

Sodium deoxycholate

Tlp5

Unidentifiable

Unknown

Tlp6

CZB

Unknown

Tlp7

Unidentifiable

Formic acid

Unknown binding mechanism 245

Tlp8 (CetZ)

Tandem PAS_9

Energy

Unknown binding mechanism 244

Tlp9 (CetA)

Lacks LBD

Energy

Unknown binding mechanism 244

Tlp10

Unidentifiable

Unknown

Tlp11

dCache

Galactose

Tlp12

Unidentifiable

Unknown

Tlp13

Unidentifiable

Unknown

CetB

PAS_3

Energy

Direct recognition 129,243

Unknown binding mechanism 244

a

Domain predictions were made using Pfam and hmmsearch
(https://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch)
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The ligand specificity has been established for only some of the C. jejuni
chemoreceptors. From group A Tlps, five contain an identifiable dCache_1 LBD; these include
Tlp1, Tlp2, Tlp3, Tlp4 and Tlp11 193. Tlp1 has been shown to recognise aspartate directly and
was renamed the Campylobacter chemoreceptor for aspartate A (CcaA)

181.

Tlp3 has been

shown to bind both attractants (isoleucine, purine, aspartic acid, malic acid, fumaric acid, and
sodium deoxycholate) and repellents (lysine, glucosamine, succinic acid, arginine, and
thiamine) 237,238. Tlp4 appears to mediate chemotaxis to deoxycholate, the major component
of bile 237, and Tlp11 has recently been identified as a galactose receptor 129,243.

Figure 1.4. Chemoreceptor repertoire of C. jejuni. Receptor topology is shown for group A, B,
and C chemoreceptors of C. jejuni. The identified LBDs are labelled according to the Pfam tool
HMMER (http://pfam.xfam.org/).

Interestingly, C. jejuni has a bipartite chemoreceptor encoded by separate genes, cetA
and cetB (cet: Campylobacter energy taxis)

132,179.

The proteins produced by these genes

interact in tandem, working as a fully functional chemoreceptor. cetA encodes the Tlp9
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receptor, also known as CetA, which lacks a LBD, whereas cetB encodes a cytoplasmic PAScontaining protein termed CetB 179. CetA/CetB is an energy taxis system which directs C. jejuni
towards favourable conditions for energy generation and high redox potential. Tlp8, also
known as CetZ, is a cytoplasmic receptor with two tandem PAS domains. In contrast to
CetA/CetB, CetZ drives C. jejuni away from high redox potential 244.
Tlp7 is a receptor that mediates the attractant response to formic acid 245. In most of C.
jejuni isolates, the tlp7 gene encodes a single transmembrane chemoreceptor of 58 kDa
(Tlp7mc). However, in some C. jejuni isolates, tlp7 is interrupted by a stop codon that splits the
gene into two ORFs, cj0952c and cj0951c. These two genes are expressed as independent
proteins termed Tlp7c (Cj0951c) and Tlp7m (Cj0952c). Tlp7m is a membrane-anchored protein
with a periplasmic LBD; in contrast, Tlp7c is a soluble protein with a cytoplasm signalling
domain. When both proteins are expressed, they interact with one another as a heterodimer
and mediate chemotaxis to formic acid, similarly to the full-length protein Tlp7 245,246.

1.5. Project Aims
As reviewed above, chemotaxis and motility have been identified as important
virulence factors for both C. jejuni and H. pylori, and are required for both colonisation and
infection of their hosts 32,132,247. Chemotaxis is the basis of directed movement in response to
environmental cues, which allows motile bacteria to find optimum conditions for their
proliferation. The sensors in bacterial chemotaxis are a diverse group of chemoreceptors, also
known as methyl-accepting chemotaxis proteins (MCPs) or transducer-like proteins (Tlps),
which recognise signal molecules through their ligand binding domains (LBDs) and transmit
the information to cytoplasmic components 240.
Much of what is known about bacterial chemoreceptors originated from studies of E.
coli Tsr and Tar receptors, which belong to subclass Ia (cluster I) and harbour a 4-helix bundle
(4HB) LBD 197,248. However, the LBDs of chemoreceptors are diverse in terms of their amino
acid sequences and three-dimensional structures; to date, several structural families have
been identified, including the helical biomodular (HBM), Per-ARNT-Sim (PAS), and the most
abundant LBD type, the calcium channel and chemotaxis (Cache) superfamily.
The roles of some C. jejuni and H. pylori chemoreceptors in chemotaxis have been
elucidated. For instance, of the fifteen chemoreceptors from C. jejuni and four from H. pylori,
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only Tlp1 181, Tlp3 238, Tlp4 237, Tlp7 245, Tlp8 244, Tlp9 244, TlpA 249, TlpB 212, and TlpD 234 have
been characterised and their ligand specificity identified. However, the molecular mechanism
by which Tlps from these pathogens recognise environmental cues and discriminate between
chemoattractants and repellents remains unclear.
In order to further understand the chemotaxis process in these closely related
pathogens, this research aims to structurally characterise the LBDs of three chemoreceptors:
Tlp1 and Tlp3 from C. jejuni and TlpC from H. pylori. Tlp1 and Tlp3 are the two mostcharacterised chemoreceptors from C. jejuni, and their function in chemotaxis has been
investigated in depth. Contrastingly, little is known regarding the TlpC receptor, and its ligand
specificity remains to be established. A comprehensive structural analysis of the LBDs of these
chemoreceptors will provide molecular insights into the ligand recognition mechanisms
employ by the Tlps, which may be exploited for the development of novel therapeutics and
applications in industry (bioremediation).

Therefore the aims of this study are as follows:

Aim 1. Determination and analysis of the crystal structure of the dCache LBD of Tlp1 and Tlp3
from C. jejuni and TlpC from H. pylori in their free and chemoeffector-bound forms.

Aim 2. Determine the role of specific amino acids in Tlp1, Tlp3, and TlpC involved in
chemoeffector binding affinity and specificity using site-directed mutagenesis and isothermal
titration calorimetry.

Aim 3. To identify novel ligands forTlp3 using thermal shift assays and to analyse the crystal
structure of Tlp3 in complex with such ligands.
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Chapter 2: Structural basis for ligand
recognition by the dCache ligand binding
domain of C. jejuni transducer-like protein 3
(Tlp3)
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Preface for Chapter 2
The molecular mechanisms involved in C. jejuni pathogenesis remain poorly
understood. However, several virulence factors including flagellar motility and chemotaxis
are known to play a major role during the colonisation and infection of both avian and
mammalian hosts

1-3.

C. jejuni responds chemotactically to various environmental stimuli

4

sensed by a set of membrane-associated chemoreceptors (group A Tlps) 5,6. Tlps members of
group A are predicted to comprise a periplasmic LBD flanked by two transmembrane helices
and a highly conserved cytoplasmic signalling domain.
To date, the signal specificity of some C. jejuni chemoreceptors has been identified. Tlp3
[also termed as CcmL (Campylobacter chemoreceptor for multiple ligands) or Cj1564]
receptor has been shown to recognise several amino acids, tricarboxylic acid cycle
intermediates, bile acids and nucleotides

7,8.

Interestingly, Tlp3 was found to mediate both

chemoattractant and chemorepellent responses. For example, tlp3 isogenic mutants were
shown to have a reduction of the chemotactic response to chemoattractants, such as:
isoleucine, purine, malic acid, fumaric acid, aspartic acid and sodium deoxycholate 7,8; as well
as the repellents lysine, glucosamine, succinic acid, arginine and thiamine 7.
Tlp3-LBD shares no significant sequence similarity to chemoreceptors from nonEpsilonproteobacteria 7,8. Despite its low sequence identity, a search for domain architecture
in the Pfam database 9 detected the presence of the conserved dCache_1 motif
sequence. The dCache_1 motif has been found in chemoreceptors
the family 1 histidine kinases

13,

11,12

10

in Tlp3

and members from

of which the sensing module has two tandem PAS-like

subdomains. Thus, it was hypothesised that the Tlp3-LBD has similar structural features. The
following experiments aimed to determine the structural basis of Tlp3 ligand recognition and
to identify the structural changes this receptor undergoes upon ligand binding.
This chapter contains a brief report published in January 2015 in the Acta
Crystallographica Section F describing the cloning, overexpression, refolding, purification,
crystallisation and preliminary analysis of the X-ray diffraction data

14.

The detailed

biophysical, biochemical and structural analysis is presented in the journal article format and
was published in July 2015 in the Acta Crystallographica Section D 15.
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Supporting information
Supplementary Table S1. List of species in the TrEMBL database that have one or more amino
acid chemoreceptors with PTPSD.
https://doi.org/10.1107/S139900471501384X/dz5380sup1.pdf

Supplementary Movie S1. A morph movie showing the change in the structure required for
the transition between the conformations observed in subunit A of the free protein and
subunit B of the isoleucine complex.
https://doi.org/10.1107/S139900471501384X/dz5380sup3.mov

Supplementary Movie S2 (related to Fig. 6). NMA of free Tlp3 PTPSD (subunit A) showing
movement along the fourth lowest frequency mode with amplitudes of between -30 and 100.
https://doi.org/10.1107/S139900471501384X/dz5380sup4.mov
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Preface for Chapter 3
Chemotactic movement of C. jejuni towards conditions that favour its growth has been
shown to be directed by mucine components (L-fucose and L-serine), tricarboxylic acid (TCA)
cycle intermediates (citrate, fumarate, α-ketoglutarate and succinate pyruvate) and several
amino acids (aspartate, glutamate, cysteine and isoleucine) 1,2. Most of these molecules are
metabolised by C. jejuni

3,4.

However, amino acids are known as the major carbon sources

used by this bacterium, since most of C. jejuni strains are unable to metabolise exogenous
sugars 5,6.
Biochemical studies have shown that C. jejuni preferentially utilises L-aspartic acid and
L-serine 7 as carbon and/or energy sources, which can be deaminated into intermediates that
enters the TCA cycle 8. C. jejuni exhibits chemotactic response towards aspartate, which is
mediated by Tlp1 receptor [also termed as CcaA (Campylobacter chemoreceptor for aspartate
A) or Cj1506c]9. Tlp1 is ubiquitous and the most conserved chemoreceptor among C. jejuni
strains 10,11. However, the LBD of Tlp1 shares no sequence similarity with that of the E. coli
aspartate receptor Tar or any other chemoreceptor described to date. Therefore, the
mechanism involved in the aspartate sensing by Tlp1 may be unique to this bacterial genus.
The following series of experiments were designed to: elucidate the crystal structure of Tlp1;
and identify the mechanism for ligand recognition by this chemoreceptor.
This chapter comprises a crystallographic report published in December 2014 in the
Acta Crystallographica Section F that describes the cloning, overexpression, refolding,
purification, crystallisation, preliminary analysis of the X-ray diffraction data 12. The detailed
structural, biophysical and biochemical analysis is presented in the journal article format and
was published in February 2016 in the Journal of Structural Biology 13.
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Supplementary Figure S1.
Alignment of 11 representative sequences of Tlp1-PTPSDs from different strains of C. jejuni.
The subset has been selected from a total of 40 sequences with more than 90% sequence
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identity to Tlp1 from C. jejuni serotype O:2 (strain NCTC 11168) to show the locations of
substitutions (highlighted in colour). The positions of the residues that form the chloride- and
acetate-binding

sites

are

shown

by

open

circles

and

triangles,

respectively.

http://dx.doi.org/10.1016/j.jsb.2016.02.019
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Preface for Chapter 4
Chemotaxis is essential for H. pylori’s ability to swim through the mucus of the
stomach towards the epithelium, and survive in the host environment under conditions of
constant turnover of the gastric mucosa 1. In H. pylori, chemoeffectors are sensed by four
chemoreceptors TlpA, TlpB, TlpC, and TlpD. This pathogen exhibits chemotactic responses to
various amino acids 2, cholesterol 3, bicarbonate, bile acids 2, metal ions 4, pH 5, reactive and
oxygen species 6. Although some of these signals have been mapped onto a specific Tlp

4,5,7,8,

the mechanism by which most of them are sensed and the chemoreceptor involved is
currently unknown.
Among the four chemoreceptors identified in H. pylori, TlpC is the least characterised,
and its natural ligand remains unknown. The LBD of this receptor shares no homology at the
level of amino acid sequence with any of the receptors characterised to date. However, a
sequence based search using HHpred 9 predicted secondary structure homology to the LBD
of C. jejuni Tlp1 and Tlp3 chemoreceptors 10,11 and family 1 histidine kinases 12.
In Chapters Two and Three Tlp1 and Tlp3 receptors were discovered to belong to the
dCache family of sensing modules. Therefore, the TlpC predicted homology suggests that its
structure may also adopt a fold containing a dCache module with two PAS-Like subdomains.
The following set of experiments aimed to structurally characterise the TlpC sensing domain
and identify its ligand specificity. Therfore, detailed structural, biophysical and biochemical
analysis was performed. The methodology, results and analysis is presented in the journal
article format and was published in October 2017 in Scientifics Reports 13.
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Supplementary information
Supplementary videos 1–12. https://doi.org/10.1038/s41598-017-14372-2.
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Supplementary Figure 1. Negative-ion-mode ESI-MS chromatogram. (a) Buffer control, (b)
TlpC LBD in same buffer.
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Supplementary Figure 2. ITC titrations of TlpC LBD with malate, oxaloacetate, pyruvate and
lactate. Upper panel: raw titration data from the injections of 10 μl of 5 mM ligand solution
into a 1.45-ml reaction cell containing 10 μM protein. Lower panel: the integrated and dilution
corrected peak areas of the titration plot for lactate.
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Supplementary Figure 3. Alignment of TlpC protein sequences from H. pylori strains 26695,
J99, SS1, and PMSS1. Alignments were produced from whole protein sequences using
Geneious version 9.1.8 (Biomatters Ltd) with the Geneious alignment function. Highlighted
regions show the ligand binding portion of TlpC that was crystallised. Asterisks indicate the
residues of the lactate binding pocket, which are all conserved between 26695 and PMSS1.
There is one conservative substitution in the J99 TlpC sequence with L210 being changed to
I.
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Preface for Chapter 5
C. jejuni Tlp3 receptor has been shown to directly bind eleven different molecules,
including several amino acids: arginine, aspartate, glucosamine, isoleucine and lysine;
tricarboxylic acid cycle (TCA) intermediates: malic acid, succinic acid and α-ketoglutarate, as
well as purine and thiamine 1, and was proposed as the Campylobacter chemoreceptor for
multiple ligands (CcmL)

1,2.

The molecules reported to interact with Tlp3 are chemically

diverse, thus they are unlikely to be recognised in the exact same mode by the
chemoreceptor’s LBD. Hence, a combination of biophysical and structural analysis was
performed to explore the structural basis of the broad specificity of the Tlp3-LBD. To further
explore Tlp3 sensory specificity, a high-throughput screening of its LBD against a library of
metabolic substrates was also carried out. This chapter includes a detailed structural analysis
of Tlp3-LBD in complex with different amino acids. Methods used and the analysis of the
results from this research are presented in the manuscript format which will be submitted to
Cellular and Molecular Life Sciences (ready for submission).
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Abstract
In Campylobacter jejuni, chemotaxis and motility have been identified as important
virulence factors that are required for host colonisation and invasion. The chemotaxis process
involves recognition of chemical cues by the ligand binding domain (LBD) of chemoreceptors
also known as methyl-accepting chemotactic proteins. Recently, we determined the crystal
structure of C. jejuni Tlp3-LBD chemoreceptor in complex with attractant isoleucine, revealing
this receptor belongs to the dCache_1 family of sensing modules. In this work, we performed
a high-throughput screening of potential ligands and identified additional small molecules
that directly interact with Tlp3-LBD. All of the new ligands (leucine, valine and α-amino-Nvaleric acid) are amino acids chemically and structurally similar to isoleucine. Analysis of the
crystal structures of Tlp3-LBD in complex with these ligands showed that like isoleucine, they
bind to the membrane-distal subdomain of the dCache Tlp3 sensing module. The Tlp3-LBD
residues that interact with the main chain of isoleucine, leucine, valine and α-amino-N-valeric
acid are located at equivalent positions in all complex structures, whilst residues that interact
with the side chain move to accommodate the different amino acid ligands.
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Introduction
Campylobacter jejuni is a Gram-negative, microaerophilic, flagellated bacterium that
colonises the intestines of many wild and domestic animals resulting in a commensal
relationship between the bacterium and the host 3-6. Human infection occurs by direct contact
with infected animals or after the consumption of contaminated water, milk or food products
7,8,

which may lead to a diarrheal disease. Currently, C. jejuni is the leading cause of bacterial

gastroenteritis in humans worldwide

9-11.

The clinical manifestations of campylobacteriosis

range from an asymptomatic to an acute gastroenteritis characterised by fever, severe
abdominal pain and diarrhoea 12. In most of the cases, C. jejuni gastroenteritis is self-limiting,
resolving within a week without antibiotic treatment. However, important postinfectious
complications of C. jejuni infection include reactive arthritis, neuromuscular paralysis,
myositis and idiopathic peripheral neuropathy 13,14.
The molecular mechanisms implicated in C. jejuni pathogenesis are not well
understood. However, chemotaxis has been shown to play an important role in intestinal
colonisation in avian and mammalian hosts

15,16.

Non-chemotactic C. jejuni mutants, for

example, have a reduced capability to colonise the gastrointestinal tract of mice

17,18

and

presented a diminished infectivity when compared to their wild-type counterpart 19.
Chemotaxis enables bacteria to sense different cues and find optimal conditions to
grow, for example, by moving towards beneficial chemicals (attractants), such as nutrients,
or away from harmful compounds (repellents). Chemical cues are sensed by a repertoire of
chemoreceptors, also called methyl-accepting chemotaxis proteins (MCPs) or transducer-like
proteins (Tlps), which activate a signalling cascade that later controls the rotation of the
flagella 20-22. Most of the studied MCPs are membrane-embedded proteins comprised of an
extracytoplasmic ligand binding domain (LBD), a HAMP (histidine kinases, adenylyl cyclases,
methyl-accepting protein, and phosphatases) domain and a cytoplasmic methyl-accepting
(MA) domain.
Based on their LBDs and membrane topology, chemoreceptors have been classified into
seven different classes: I (Ia and Ib), II, III (IIIm and IIIc), and IV (IVa and IVb) 21,23,24. The class I
is a predominant MCP type in both bacteria and archaea species 24. Chemoreceptors from this
class are categorised in two subclasses depending on the number of transmembrane (TM)
helices: Ia (two TM helices) or Ib (one TM helix). According to the size of their LBDs, the
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subclass Ia MCPs have been further subdivided into two clusters, I (~150 amino acids) and II
(~250 amino acids)

24.

Currently, most of the structural information available on

chemoreceptor LBDs comes from the study of cluster I receptors, such as the well
characterised aspartate receptor Tar from Salmonella typhimurium 25 and the serine receptor
Tsr from Escherichia coli

26,

which adopt a 4-helix bundle (4HB) fold. Other characterised

cluster I receptor is the urea sensor TlpB LBD from Helicobacter pylori that presents a
distinctly different fold structure to the 4HB, with a single Cache (calcium channel and
chemotaxis) module 27,28. In cluster II receptors two major structural families (cluster IIa and
IIb) have been identified, the helical biomodular (HBM, IIa)

29,30

and double Cache (dCache,

IIb) domains 28,31-35.
Analysis of the C. jejuni genomes of various different laboratory and clinical strains has
identified at least 15 different Tlps or chemoreceptors

20,36-39.

According to their domain

organisation, C. jejuni Tlps have been categorised into three group, namely as A, B and C 37.
Receptors from group A comprise an N-terminal transmembrane helix followed by a
periplasmic LBD, a second transmembrane helix and a C-terminal cytoplasmic MA signalling
domain. Members of group A are Tlp1, Tlp2, Tlp3, Tlp4, Tlp7mc, Tlp7m, Tlp10, Tlp11, Tlp12, and
Tlp13. Group B receptor Tlp9 is anchored to the inner membrane that lacks a periplasmic LBD.
Group C members Tlp5, Tlp6, Tlp7c and Tlp8, are soluble cytoplasmic proteins that contain a
signalling domain homologous to that of group A Tlps.
C. jejuni has been shown to exhibit chemotactic responses to several small molecules,
including amino acids, carbohydrates, organic acids, and constituents of bile and mucus
(Table 1) 40-42. However, only a few of these chemical cues have been matched to a specific
Tlp (Table 1). For instance, Tlp1 has been shown to detect aspartate

43,

whereas Tlp3 is

involved in the recognition of multiple ligands, including both attractants, such as isoleucine,
purine, aspartic acid, malic acid, fumaric acid and sodium deoxycholate; and repellents
including lysine, glucosamine, succinic acid, arginine and thiamine 1,2. Tlp4 was identified as a
sodium deoxycholate receptor 2, Tlp7 as a formic acid receptor 19, and Tlp11 as a galactose
receptor 41,44.
Recently, we reported the crystal structure of the LBDs of C. jejuni Tlp1 and Tlp3
receptors, both which adopt a dCache_1 fold

32,33.

dCache domains consist of two tandem

subdomains (membrane-distal and proximal), with a PAS (Per–Arnt–Sim)-like fold, each of
which harbour a putative ligand-binding pocket. These sensory modules have been shown to
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directly recognise diverse signal molecules such as amino acids 31,32,45-47, organic compounds
35,47,

pyrimidines

48

and purines 49. In most of the characterised dCache domains, including

LBDs of Mlp24 from Vibrio cholerae 50, Mlp37 from V. parahaemolyticus 47, McpB and McpC
from Bacillus subtilis 31,51 and Tlp3 from C. jejuni 32, direct sensing involved binding of the small
signal molecule to the membrane-distal subdomain. However, it has become clear that
dCache modules could in principle employ either the membrane-distal and/or membraneproximal subdomain for ligand recognition 33,35.
For instance, the structural study of the dCache LBD of Tlp1 from C. jejuni (performed
in Chapter 3) revealed that an acetate ion was bound to the membrane-proximal subdomain
33.

Although acetate has not been suggested to trigger a chemotactic response in C. jejuni 40,

this finding confirmed that small molecules can also be bound to the membrane-proximal
module. Concurringly, the crystallographic and mutational analysis of the dCache LBD of TlpC
(described in Chapter 4) showed that the recognition of lactate, TlpC specific ligand, involves
direct binding of this small molecule to the membrane-proximal subdomain, instead of the
membrane-distal subdomain35.
Previously in Chapter 2, the crystal structure of the dCache LBD of C. jejuni Tlp3
chemoreceptor in free and isoleucine-bound forms (PDB entries 4xmq and 4xmr,
respectively), were determined

32.

The structural analysis revealed that isoleucine is

recognised through the membrane-distal subdomain of Tlp3-LBD. The Tlp3-LBD/isoleucine
complex is stabilised by the formation of multiple hydrogen bonds between the main chain
of the amino acid ligand and the side chains of the Tlp3-LBD residues: Lys149, Trp151, Tyr167,
Asp169, Asp196 and Thr170. Whilst the aliphatic side chain of the ligand is accommodated in
a largely hydrophobic pocket generating van der Waals interactions with the side chains of
Tyr118, Val126, Trp151 and Val171

32.

Noteworthy, five of the residues (Lys149, Trp151,

Tyr167, Asp169 and Asp196) interacting with the amino and carboxyl groups of the ligand,
were found to be strongly conserved in dCache sensory modules that recognise amino acid
ligands 32. In contrast, the residues that only interact with the side chain of the ligand are not
conserved and instead, substitutions in these residues have been suggested to determine the
specificity of the amino acid receptor 32. These findings provided evidence of the mechanism
of recognition of the main chain of an amino acid, and suggest that Tlp3-LBD is likely to bind
other similar amino acids to its membrane-distal subdomain.
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Table 1. C. jejuni chemotactic behaviour.
Chemotactic Chemoreceptor
Compound
Reference
responsea
matched
Carbohydrates
Galactose
L-fucose

+
+

Tlp11
?

41

Amino acids
L-Arginine
L-Aspartate
L-Asparagine
L-Cysteine
L-Glutamate
L-Glucosamine
L-Isoleucine
L-Lysine
L-Serine

+
+
+
+
+
+

Tlp3
Tlp1, Tlp3
?
?
?
Tlp3
Tlp3
Tlp3
?

1

Organic acids
D-Lactate
L-malate (malic acid)
Formic acid (Formate)
Fumarate
α-Ketoglutamate
α-ketoglutarate
Pyruvate
Succinate

+
+
+
+
+
+
+
+ and -

?
Tlp3
Tlp7
?
?
Tlp3
?
Tlp3

19,42

Mucin constituents
Galactose
L-fucose

+
+

Tlp11
?

41

+
+
-

?
?
?
Tlp3, Tlp4
?
?

40,52

-

?
?

40

+
-

Tlp3
Tlp3

1

Bile constituents
L-fucose
Cholic acid
Deoxycholic acid
Sodium deoxycholate
Glycocholic acid
Glycochenodeoxycholic
acid
Glycodeoxycholic acid
Taurocholic acid
Other compounds
Purine
Thiamine
a

40,52

1,40,42,43
19,42
19,40,42
19,40,42
1
1,32
1
19,40,42

1,19,42
19,42
19,42
42
1
19,42
1,42

40,52

19,40,42
19,40,42
2
19,40,42
40

19,40,42

1

Positive chemotactic response (+) and negative chemotactic response (-)
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Besides isoleucine, Tlp3-LBD has been shown to directly bind other ten molecules and
was proposed the Campylobacter chemoreceptor for multiple ligands (CcmL) 1,2. The reported
molecules that interact with Tlp3 are chemically diverse. Thus they are unlikely to be
recognised in the same mode by the chemoreceptor’s LBD. To explore the structural basis of
the broad specificity of the Tlp3-LBD, a high-throughput screening of this LBD against a
previously used library of metabolic substrates for characterising other LBD chemoreceptors
was performed 45,53,54. Screening and microcalorimetric assays included ten ligands that have
been reported that directly bind to Tlp3-LBD. Tlp3-LBD was found to bind only three ligands
which are chemically similar to isoleucine (L-leucine, L-valine and α-amino-N-valeric acid). The
crystal structures of the Tlp3-LBD complex with L-leucine, L-valine and α-amino-N-valeric acid
were determined to a resolution of 1.4 Å, 1.4 Å and 2.1 Å, respectively. Analysis of Tlp3LBD/complex structures showed that these ligands are bound in a very similar fashion at the
membrane-distal subdomain and revealed the structural changes of the ligand-binding
pocket which allows Tlp3-LBD to accommodate these three ligands.

Methods
Thermal shift assays
The LBD of Tlp3 chemoreceptor from C. jejuni serotype O:2 (strain NCTC 11168, residues
42–291 plus GIDPFT sequence at the N terminus as a cloning artefact) was expressed in E. coli
using the pET151/D-TOPO vector and purified following the previously published procedure
55.

A high-throughput screening of metabolic substrates was performed by thermal shift

assays following a slightly modified protocol by McKellar et al. 45. In these assays, a mixture
of the purified LBD and a fluorescent compound is exposed to a temperature gradient; and
the protein unfolding curve is monitored by detecting changes in the fluorescence. Thermal
melt assays permit the calculation of the melting temperature (Tm) value, which corresponds
to the temperature at which 50% of the protein has denatured and is a measure of the
thermal stability of the protein

56.

Ligand binding to a protein generally alters the thermal

stability of the protein, which can be evinced by change in the Tm value 57,58.
The compounds from the Biolog Phenotype Microarray (PM) PM1, PM3B and PM5
plates were used for the high-throughput screening. These plates comprise a library of
potential metabolic substrates including carbon and nitrogen sources, and nutrients
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supplements

59.

Each plate contains 95 compounds and a negative control (water only)

(Supplementary Table S1). Ligands were prepared by dissolving the Biolog compounds in 50
μl of water to a final concentration of 10-20 mM (as indicated by the manufacturer). Each
assay mixture was prepared to a final volume of 25 μl and contained 20 μM protein, 10 mM
Tris-HCl pH 8.0, 150 mM NaCl and SYPRO Orange (SIGMA) at 5x concentration. Two
microliters of the resuspended Biolog compounds were added to each well. The samples were
heated from 35°C to 80°C at a ramp rate of 0.5°C min -1 using a Rotor-Gene Q real-time PCR
cycler (Qiagen, Venlo, Netherlands). All the measurements were performed in triplicates. The
Tm of ligand-free protein or in the presence of each compound were calculated using
nonlinear regression (curve fit) implemented in the GraphPad Prism software (version 7.02).
Isothermal titration calorimetry (ITC)
His6-tagged Tlp3 LBD was dialysed against 100 mM Tris-HCl pH 8.0, 150 mM NaCl.
Solutions of 3 mM L-leucine and α-amino-N-valeric acid, and 10 mM L-valine, 2’deoxycytidine, Ala-Thr, methyl pyruvate, L-lysine, L-arginine, L-aspartate and purine were
prepared by dissolving them in the dialysis buffer. Experiments were conducted on a VP-ITC
MicroCal calorimeter (Malvern Instruments, UK) at 25°C. The protein sample at 10 µM
concentration in a 1.45 ml reaction cell was titrated with 25 successive 10 µl injections of
ligand solution at a spacing of 300 s. All measurements were made in triplicate. The data
obtained were integrated and normalised for protein concentration to generate binding
isotherms. These were corrected with heat changes measured for control experiments where
the same concentration of ligand was titrated into the buffer. The baseline-corrected data
were fitted to an equation for the “one binding site” model using Origin ITC software
(OriginLab, USA), fixing the stoichiometry (N) as 1 and floating all other fitting parameters to
calculate the dissociation constant (KD).
Protein crystallisation, data collection and structure determination
To co-crystallise Tlp3-LBD (residues 42–291 plus GIDPFT sequence at the N terminus as
a cloning artefact) with L-leucine, L-valine, α-amino-N-valeric acid, L-lysine, L-aspartate, Larginine and malic acid; the protein was concentrated to 15 mg ml-1 in a buffer containing 10
mM Tris-HCl pH 8.0, 150 mM NaCl and incubated with 8 mM of each compound for 30 min.
The solution was then clarified by centrifugation at 13,000 g, 4°C for 20 min and protein
crystallisation was carried out by the hanging-drop vapour diffusion method using the
crystallisation conditions previously described

55,

with a few modifications. Briefly, crystals
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were grown in 2 µl hanging drops suspended over 500 µl reservoir solution containing 22%
(w/v) polyethylene glycol 3350, 100 mM sodium citrate pH 5.0 and 200 mM ammonium
sulphate, where 1 µl protein solution was mixed with an equivalent aliquot of the reservoir
solution. Crystals of the Tlp3-LBD complexes were isomorphous and belonged to the space
group P21 (Table 2), with two molecules in the asymmetric unit.
To perform data collection at cryogenic temperatures, Tlp3-LBD crystals were washed
for 1 s in a cryoprotectant solution consisting of 26% (w/v) polyethylene glycol 3350, 100 mM
sodium citrate pH 5.0, 200 mM ammonium sulphate, 10% (v/v) glycerol, 10 mM L-leucine, Lvaline, α-amino-N-valeric, L-lysine, L-aspartate, L-arginine or malic acid, and were flashcooled by plunging them into liquid nitrogen. X-ray diffraction data were collected at -173.2°C
on the MX1 and MX2 beamlines of the Australian Synchrotron (AS) 60 to 1.4 Å, 1.4 Å and 2.1
Å resolution for Tlp3-LBD/leucine, /valine and /α-amino-N-valeric acid complex, respectively.
X-ray diffraction data were also collected for Tlp3-LBD crystals co-crystallised with L-lysine, Larginine, L-aspartate and malic acid to a 1.4, 1.45, 1.5 and 1.45 Å resolution, respectively. All
data were processed using iMOSFLM 61 and scaled with AIMLESS 62 from the CCP4 software
suite 63. A summary of the data processing statistics for Tlp3-LBD/leucine, /valine / and /αamino-N-valeric acid complex is presented in Table 2.
The Tlp3-LBD/co-crystallised structures were determined using molecular replacement
with PHASER 64 and the coordinates of Tlp3-LBD/isoleucine complex (PDB code, 4xmr) 32 as a
search model. The models were refined with PHENIX 65 and manually rebuilt where necessary
using COOT

66.

The final models were validated using MOLPROBITY

67

and the refinement

statistics for each model are summarised in Table 3. The structure figures were produced
using PYMOL 4.1.
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Table 2. X-ray data collection and processing statistics. Values in parentheses are for the
highest resolution shell.
Co-crystal with 8
mM leucine

Co-crystal with 8
mM valine

Co-crystal with 8 mM αamino-N-valeric acid

Space group
a, b, c (Å)
β (°)
Resolution range
(Å)
Rmerge
Average I/σ(I)
Completeness (%)
Redundancy

P21
42.6, 137.5, 48.9
94.3
28.21-1.42
(1.42-1.40)
0.048 (0.399)
10.7 (2.6)
99.2 (99.4)
3.7

P21
42.6, 137.5, 49.1
94.5
28.18-1.42
(1.42-1.40)
0.047 (0.308)
11.4 (3.1)
94.3 (88.0)
3.2

P21
41.9, 137.8, 49.2
93.9
46.23-2.16
(2.16-2.10)
0.077 (0.313)
10.6 (3.3)
97.6 (96.6)
4.3

Observed
reflections
Unique reflections

403,905

328,682

134,763

109,203

103,884

31,594

Dataset

Table 3. Refinement statistics

Dataset

Resolution range (Å)
No. reflections
a

Rwork/ Rfree
No. atoms
Protein
Water
B-factors

2

Average B (protein atoms) (Å )
2

Average B (water molecules) (Å )
2

Average B (ligand) (Å )
r.m.s. deviations from ideality
Bond lengths (Å)
Bond angles (º)
a

Co-crystal
with leucine

Co-crystal
with valine

Co-crystal with
α-amino-Nvaleric acid

28.2-1.4
108,818
0.168/0.189

28.2-1.4
103,732
0.169/0.191

39.9-2.1
31,561
0.168/0.214

4465
820

4489
944

4221
241

15

14

26

29

29

30

10

10

15

0.005
0.768

0.005
1.797

0.006
0.807

The Rfree was calculated on 5% of the data omitted at random.
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Results
Identification potential ligands of Tlp3 by thermal shift assays
To investigate the ligand-binding profile of Tlp3-LBD, a high-throughput thermal shift
screening of a library of metabolic substrates that may potentially interact with this
chemoreceptor’s LBD was performed. Tlp3-LBD was screened against 248 different
compounds from the Biolog PM plates PM1, PM3 and PM5, which include different carbon
and nitrogen sources and nutrients supplements

59.

Although PM plates are designed to

characterise the metabolic capabilities of microbial species, it was previously shown that they
can be used in thermal shift assays as a library of potential ligands to identify the specificity
of chemoreceptors 45,49,54.
The midpoint of unfolding (Tm) of free Tlp3-LBD was 56.3 ± 0.1°C. The ability of each of
the compounds tested to alter the thermal stability of the protein was quantified by its
thermal shift (ΔTm): as the Tm in the presence of the compound minus the Tm in the absence
of the compound (ligand-free protein). The ΔTm induced by compounds of the PM1, PM3 and
PM5 plate are shown in Figure 1. A total of six compounds were identified to increase the Tm
value by at least 1°C (Figure 1A, Table 4, Table S1), which was considered as the threshold for
a potential compound-Tlp3-LBD interaction in this screening. Our analysis showed that Lleucine and L-isoleucine caused the most pronounced Tm increase with a ΔT m of 2.4°C and
2.1°C, respectively; followed by 2-deoxy cytidine and Ala-Thr that induced an increase of 1.4
and 1.1°C in the Tm, respectively. We also observed that many of the molecules tested
produced a decrease of the Tm by -0.5 to -1.8°C (Figure 1A). Among these, methyl pyruvate
was the compound that caused the most significant decrease in protein T m (ΔTm of -1.8 °C,
Figure 1A). Therefore, methyl pyruvate was also considered as a hit from the screening.
The library of metabolic substrates screened includes nine of the previously reported
molecules by Rahman et al. 1 that bind to Tlp3-LBD. The ΔTm induced by each of these nine
molecules are summarised in Table 4. Surprisingly, none of them had a significant effect on
protein Tm and were not considered as hits from the high-throughput screening.
Confirmation of ligand binding to Tlp3-LBD by ITC
ITC experiments were carried out with L-leucine, L-valine, α-amino-N-valeric acid,
methyl pyruvate, Ala-Thr and 2-deoxy cytidine; and with isoleucine as a positive control.
Additionally, microcalorimetric experiments were also performed with four of the previously
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reported molecules that bind to Tlp3-LBD by Rahman et al. (L-lysine, L-arginine, L-aspartate
and purine) 1. The determined thermodynamic parameters are summarised in Table 4
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A

B

Figure 1. Results of thermal shift assays performed on (A) Tlp3-LBD in the presence of the compounds from the Biolog screens PM1, PM3B and
PM5. The ΔTm was calculated as the Tm of the protein in the presence of compound minus the Tm in the absence of the compound (56.3 °C). The
full list of all tested compounds and the respective ΔTm is provided in supplementary table S1. Compounds that caused T m shifts of at least 1°C
are labelled. (B) Structures of the compounds that were identified as hits in the thermal shift assay. The chemical structures were downloaded
from ChemSpider database (http://www.chemspider.com/About.aspx) 68.
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The ITC measurements performed revealed that from the ten compounds tested Tlp3LBD only bind the amino acids L-leucine and L-valine; and the non-common amino acid αamino-N-valeric acid (an isomer of valine). Titration of the protein with these three ligands
caused exothermic heat changes which confirmed their binding to Tlp3-LBD (Figure 2, Table
4). Data analysis using a model for single binding site revealed a KD of 104.5 µM, 404.8 µM,
167.5 µM for leucine, valine and α-amino-N-valeric acid, respectively; with the binding
process driven by favourable enthalpy changes for the three ligands (Figure 2A-C, Table 4).
No binding between Tlp3-LBD and L-lysine, L-arginine, L-aspartate nor purine could be
detected by ITC experiments (Figure 2D, Table 4).

Table 4. Thermal shift and ITC measurements data
Hitsb

Thermodynamic parametersc

Compound

L-Ilea
L-Leu
L-Val
α-amino-N-valeric acid
Ala-Thr
2-deoxycytidine
Methyl pyruvate
L-lysine
L-arginine
L-aspartic acid
D-glucosaminic acid
Succinic acid
Malic acid
Thiamine
α-ketoglutaric acid
Purine

∆Tm (°C)

KD (µM)

∆H (kcal mol-1)

∆S
(cal/mol/deg)

2.1 ± 0.8
2.4 ± 0.2
1.3 ± 0.1
1.4 ± 0.3
1.1 ± 0.3
1.4 ± 0.8
-1.8 ± 0.0
-0.5 +- 0.1
0.1 ± 0.2
-0.2 ± 0.7
-0.4 ± 0.3
-0.1 ± 0.6
-0.8 ± 0.4
-0.1 ± 0.4
-0.1 ± 0.0
NP

86.2 ± 10.2
104.5 ± 5.9
404.8 ± 26.5
167.5 ± 8.7
NBd
NB
NB
NB
NB
NB
NPe
NP
NP
NP
NP
NB

-4.4 ± 0.2
-4.6 ± 0.1
-4.4 ± 0.2
-6.5 ± 0.2

3.6
2.9
0.8
-4.5

a

KD for L-isoleucine was determined by Liu et al. 32.
Hits identified by thermal shift assays.
c
Determined by ITC measurements.
d
NB: No binding detected by ITC measurements
e
NP: Not performed
b
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Figure 2. Tlp3-LBD binds the amino acids leucine, valine and α-amino-N-valeric acid.
Representative ITC data of Tlp3-LBD titrated with (A) L-leucine, (B) L-valine, (C) α-amino-Nvaleric acid, (D) Ala-Thr, 2-deoxycytidine, L-lysine, purine or L-arginine. The upper panels
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show raw titration data. Lower panels are the integrated and dilution corrected peak areas of
the titration data. For the titrations, Tlp3-LBD was at 10 μM, and the ligands were at 3 mM
for leucine and α-amino-N-valeric acid; and 10 mM for valine or 10 Mm for methyl pyruvate,
Ala-Thr, 2-deoxycytidine, L-lysine, purine or L-arginine.

3D structure of Tlp3-LBD in complex with L-leucine, L-valine and α-amino-valeric-acid
To investigate the structural basis for ligand recognition in the dCache Tlp3-LBD, the
crystal structures of Tlp3-LBD in complex with the ligands identified in the screening and
confirmed by ITC L-leucine, L-valine and α-amino-N-valeric acid, were determined. The crystal
structures of Tlp3-LBD/leucine, /valine and /α-amino-N-valeric acid complexes belonged to
the space group P21, with two molecules in the asymmetric unit related to each other by twofold axis symmetry, as previously observed for the Tlp3-LBD free form and isoleucine complex
structures analysed in detail in Chapter 2 (4xmq and 4xmr, respectively) 32. Structures of Tlp3LBD co-crystallised with 8 mM L-lysine, L-arginine, L-aspartate or malic acid were also
determined to further confirm that these molecules do not directly interact with Tlp3 dCache
LBD. Analysis of the pseudo-atomic resolution (1.4, 1.45, 1.5 and 1.45 Å, for L-lysine, Larginine, L-aspartate and malic acid; respectively) Fourier maps revealed no electron density
that could be interpreted as any of these molecules bound to Tlp3-LBD, which is in agreement
with the results obtained from the binding assays performed.
Analysis of Fourier difference maps of the Tlp3-LBD/leucine, /valine and /α-amino-Nvaleric acid complex structures revealed unambiguous electron density corresponding to the
ligands bound at the membrane distal pocket of the dCache LBD. The amino acid atomic
backbone atoms of the three ligands are located in an almost identical position to that of
isoleucine in Tlp3-LBD/isoleucine complex structure 32. Calculation of the accessible surface
area (ASA) showed that the ligands are completely shielded from the solvent upon binding to
Tlp3-LBD, with > 99% of their ASA buried by the protein (buried surface area of 99.4%, 99.6%
and 99.5% for L-leucine, L-valine and α-amino-N-valeric acid; respectively)
In the Tlp3-LBD/valine complex, the amino acid ligand is stabilised by the formation of
seven hydrogen bonds, which are mostly conserved in the other Tlp3 ligand-bound structures,
including the isoleucine complex (Figure 3) 32. The L-valine amino group is forming hydrogen
bonds with the Tyr167 Oη, Asp169 Oδ1, and Asp196 Oδ2; while the carbonyl oxygen interacts
with the Thr170 Oγ1 and the main-chain amino group of the same residue. Furthermore, the
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OXT group forms hydrogen bonds with the Lys149 Nζ and Trp151 Nε1 and the aliphatic side
chain of L-valine is making van der Waal contacts with the side chain of Tyr118, Leu144,
Trp151 and Val171, and is 4.2 Å from the Asn116 Cβ and Leu128 Cδ1.
A

B
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C

D

Figure 3. Close up view of the ligand-binding pocket at the membrane-distal subdomain of
the Tlp3-LBD/valine (A), /leucine (B), /α-amino-N-valeric acid (C) and /isoleucine (D) complex.
The ligand molecules are shown in all-atom ball-and-stick representation with C atoms
coloured purple. The protein side chains that form direct contacts with the ligands are shown
in stick representation.

Analysis of the binding mode of L-leucine and α-amino-N-valeric acid showed that both
ligands form similar interactions to those observed in the L-valine and L-isoleucine complex.
In the L-leucine and α-amino-N-valeric acid structures, their amino and carboxyl groups are
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located at equivalent positions to that of L-valine and interact with the Tlp3 residues Trp151,
Tyr167, Thr170, Asp169 and Asp196. The binding of α-amino-N-valeric acid and L-leucine to
Tlp3-LBD is also favoured by the formation of van der Waals contacts with the residues
Tyr118, Trp151, Val 126 and Val171. Furthermore, the side chain of leucine is approaching
within 4.1 and 4.2 Å of the side chains of L144 and L128; respectively, while the α-amino-Nvaleric acid side chain is within 3.9 and 4.3 Å of L144 and L128; respectively.
The overall structural features of L-leucine, L-valine and α-amino-N-valeric acid Tlp3LBD complexes are very similar to each other and similar to that of L-isoleucine complex
(Figure 4). Superimposition of the three structures showed no significant differences, with an
average root-mean-square deviation (r.m.s.d.) value of 0.23 Å. Analysis of the molecular
surface of Tlp3-LBD/ complex structures using CASTp 69 with a probe radius of 1.4 Å revealed
a change in the volume of the putative binding pocket at the membrane-distal subdomain
(Figure 5). The solvent-accessible volume of the membrane distal pocket in Tlp3-LBD/valine
complex structure is calculated to be 207.2 Å3 and increases to 235.7 Å3 and 240 Å3 in the
/leucine and /isoleucine complex structures; respectively, which is proportional to the volume
calculated for each amino acid ligand in water (Figure 5).

Figure 4. Comparison of the membrane-distal subdomain of Tlp3 dCache LBD in complex with
different ligands. Superposition of the of Tlp3 LBD/valine complex (pink) with Tlp3
LBD/leucine (green), Tlp3 LBD/α-amino-N-valeric acid (blue) and Tlp3 LBD/isoleucine (yellow)
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complexes. The residues involved in ligand recognition are shown as sticks, and ligand
molecules are presented as lines.

Figure 5. Changes in the probe-accessible volume of the ligand-binding pocket in the
membrane-distal subdomain induced by binding of ligands. For calculations atoms of the
ligands have been excluded from the model.

To further analyse the conformational changes the membrane distal pocket undergoes
to accommodate different amino acid ligands, the membrane-distal subdomain (residues 63197) of the four Tlp3-LBD/ complex structures were superimposed and analysed for Cα atom
r.m.s.d. (Figure 6). The most significant differences are observed in the structures of the loops
β2’α3 and β3β4 tongue which form part of the binding pocket (Figure 6A), with the following
residues showing the largest displacements of Cα atoms: Asp143 (0.53 Å), Leu144 (0.42 Å),
Lys147 (0.81 Å), Thr148 (1.17 Å), Lys149 (0.46 Å) (loop β2’α3), Val171 (0.82 Å), Leu172 (0.43
Å) and Lys173 (0.41 Å) (loop β3β4). Analysis of the distribution of the main-chain temperature
factor averaged over the four Tlp3-LBD/ complex structures also indicates these two loops as
variable regions in the structure (Figure 6B).
Additionally, structure superimposition shows that the side chain of some residues in
the two variable loops have a different conformation. For instance, in the Tlp3-LBD/valine
complex the side chain of Leu144 (loop β2’α3) comes closer to the L-valine Cβ and Cδ atoms.
Meanwhile, in the other complex structures Leu144 side chain moves to accommodate the
Cδ1 atom of isoleucine or α-amino-N-valeric acid; or Cδ1 and Cδ2 atoms of leucine. Similarly,
the side chain of Val171 (loop β3β4) in the Tlp3-LBD/isoleucine complex is positioned 1.5 Å
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away from the binding pocket core in comparison to its spatial location in the other
complexes, which allows accommodating the Cγ2 atom of isoleucine.
The Tlp3-LBD residues (Lys149, Trp151, Tyr167, Asp169 and Asp196) that interact with
the amino and carboxyl groups of the ligands are located at equivalent positions in all the
complex structures. These residues were previously described in Chapter 2 to be highly
conserved in different dCache amino acid receptors. Interestingly, the conserved residue
Lys149 is forming a hydrogen bond with the OXT group of the amino acid ligands, except for
L-leucine. This interaction is disrupted in the Tlp3-LBD/leucine complex, where the side chain
of Lys149 change into a different rotamer conformation, with the Nζ atom facing away from
the ligand-binding pocket (Figure 7) to accommodate the Cδ2 atom of leucine.
A

B

Figure 6. Comparison of the membrane-distal subdomain of Tlp3-LBD/ complex structures.
(A) Stereo diagram of the structure of the membrane-distal subdomain of dCache Tlp3
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receptor. The backbone radius is proportional to the average Cα atom r.m.s.d. to the mean
structure for the superimposition of the subunit B membrane-distal subdomain from all four
Tlp3-LBD/complexes. r.m.s.d. values were calculated using Superpose from the CCP4 suite.
The colour gradient runs from blue (the smallest r.m.s.d.) to red (the largest r.m.s.d.). (B)
Average main chain temperature B factor as a function of residue number. The
crystallographic B values have been averaged from the subunit B of the four Tlp3-LBD/
complex structures (solid line). Average Cα atom r.m.s.d. is shown as dotted line. The
positions of the two variable loops are indicated.

Figure 7. Comparison of the membrane-distal subdomain of dCache Tlp3-LBD/leucine and
/isoleucine complex structures. Superposition of the Tlp3 LBD/leucine (green) and Tlp3
LBD/isoleucine (blue) complexes. Stereo diagram highlighting the conformational change of
the residue K149 (shown in red) in the Tlp3 LBD/leucine complex. The residues involved in
ligand recognition are shown as sticks. The leucine (shown in pink) and isoleucine (shown in
orange) ligand molecules are presented as sticks.
Conformational changes after ligand binding to Tlp3-LBD
Previously in Chapter 2, the structural analysis of the apo Tlp3-LBD (ligand-free) and
Tlp3-LBD/isoleucine complex structures was described. In the previous analysis,
superimposition of the two Tlp3-LBD molecules present in the asymmetric unit showed that
in one subunit the membrane-proximal subdomain adopts a more open form than the other,
with a downward ~4 Å displacement of the C-terminal helix. The difference in conformation
was observed in both the apo Tlp3-LBD and the isoleucine complex. Thus, the structures of
subunit A in the apo Tlp3-LBD structure, which presents the membrane-distal subdomain in
an open conformation and membrane-proximal in a closed; and subunit B in the isoleucine
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complex, with the membrane-distal subdomain close and membrane-proximal open,
represent the extreme conformational states of free and ligand-bound Tlp3-LBD. Comparison
of these subunits revealed significant conformational changes that Tlp3-LBD underwent after
isoleucine was bound 32.
To determine whether the changes identified in the Tlp3-LBD/isoleucine structure also
occur in the other complexes, superimposition of the subunit B of Tlp3-LBD/valine, /leucine
/α-amino-N-valeric acid complex and the subunit A of apo Tlp3-LBD was performed. As
observed in the Tlp3-LBD/isoleucine complex, in all the complex structures the loop
connecting β3 and β4 moves and closes engulfing the ligand (Figure 5). This conformational
change of loop β3β4 brings the residues Tyr167, Asp169 and Thr170 in proximity to the ligand
and the membrane-distal subdomain adopts a closed conformation. The transition from an
open to a closed state in the membrane-distal subdomain observed in all the Tlp3-LBD/
complex structures, disrupts two hydrogen bonds between the residue Tyr175, located in the
moving loop, and the residues Asp217 and Ile222 from the loop connecting β6 and β7 at the
membrane-proximal subdomain. As a result, the proximal subdomain adopts a slightly open
conformation, inducing a downward displacement (~4 Å) of its C-terminal helix (Figure 5).
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Figure 5. Conformational changes in the Tlp3 dCache LBD upon ligand binding. The
superimposition of the subunit A of the free protein (shown in grey) and subunit B of the Tlp3LBD/valine (shown in pink), Tlp3-LBD/leucine (shown in blue), Tlp3-LBD/α-amino-N-valeric
acid (shown in green) and Tlp3-LBD/isoleucine (shown in yellow) shows the two extreme
conformational states adopted by the Tlp3-LBD. Binding of the ligand as observed in all Tlp3LBD/complex structures induces a downward ~4 Å displacement of the C-terminal helix
(coloured red). Leucine, valine, isoleucine and α-amino-N-valeric acid are shown as sphere
coloured red. IM: inner membrane.

Discussion
Previously, Tlp3 has been suggested as the Campylobacter chemoreceptor for multiple
ligands (CcmL) that directly senses a broad range of signal molecules, including several amino
acids: arginine, aspartate, glucosamine, isoleucine and lysine; tricarboxylic acid (TCA) cycle
intermediates: malic acid, succinic acid and α-ketoglutarate, as well as purine and thiamine 1.
In the current study, these molecules were included in the thermal shift and ITC
measurements to determine whether a direct interaction with Tlp3-LBD occurs. Interestingly,
no binding between Tlp3-LBD and these molecules could be detected by thermal shift and ITC
assays (Figure 2D, Table 4). Furthermore, analysis of high-resolution Fourier maps of Tlp3-LBD
structures co-crystallised with L-lysine, L-arginine, L-aspartate or malic acid revealed no
electron density that could be interpreted as any of these molecules bound to this dCache
module. Together, these experimental data confirmed that except for isoleucine, the
molecules previously reported as Tlp3 ligands do not directly bind to the dCache LBD of this
chemoreceptor.
In the study performed by Rahman et al. 1, the KD between Tlp3-LBD and the molecules
mistakenly identified to directly bind this receptor was calculated by surface plasmon
resonance (SPR). For these experiments, His6-tagged Tlp3-LBD was loaded on a Ni2+ NTA
sensor chip, after which several amino acids and salts of organic acid were independently
loaded using single-cycle kinetics 1. Although SPR is a technique frequently used to measure
protein-ligand interactions 70; this approach is not suitable to measure affinity data for very
small analytes (Mr <1000 gr mol-1), as the SPR signal is directly related to the change in mass
of material binding to the sensor surface

70,71.

The molecular weight of the molecules
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identified by Rahman et al. as Tlp3 ligands is <300 gr mol-1, and thus the signal detected must
have been very close to the noise signal which resulted in high rate of false positive hits.
As Tlp3-LBD ligand specificity required further investigation, in the present study, Tlp3LBD was screened against a library of metabolic substrates that has been previously used in
thermal shift assays to identify the specificity of chemoreceptors 45,49,54. From this screening,
seven compounds were found to induce significant changes in the Tm and were considered
as hits. ITC measurements with the purified LBD of Tlp3 demonstrated direct binding of this
sensory module with the amino acids: leucine, valine and α-amino-N-valeric acid. These
findings are consistent with the structural and bioinformatic analysis discussed in Chapter 2,
which established Tlp3 as a chemoreceptor that directly recognises amino acids 32.
The crystal structures of Tlp3-LBD in complex with the ligands identified here showed
that they are bound at the membrane-distal subdomain. The ligand-binding pocket at
membrane-distal subdomain has been involved in direct ligand recognition in almost all the
previously characterised dCache sensor domains including Tlp3
receptors; such as Mlp37 receptor from V. parahaemolyticus

47,

32

and other amino acid

McpB and McpC from B.

subtilis 31,51, and Mlp24 from V. cholerae 50.
Detailed analysis of the different complexes revealed that the ligands bind to Tlp3-LBD
in an almost identical mode to that shown in the Tlp3-LBD/isoleucine complex described in
Chapter 2. After binding, the amino acid ligands are entirely shielded from the solvent, and
the complexes are stabilised with the formation of numerous interactions between the
ligands (both main- and side- chains) and the LBD. Similar to the Tlp3-LBD/isoleucine complex,
the main chain of the leucine, valine and α-amino-N-valeric acid are interacting with five
protein residues (Lys149, Trp151, Tyr167, Asp169 and Asp196) that are highly conserved
across different amino acids receptors with a dCache fold

32.

In contrast, the aliphatic side

chain of the amino acid ligands is perfectly fitted in a highly hydrophobic pocket (Tyr118,
Val126, Leu128, Leu144 and Val171), which residues are not conserved in fact, their
substitution have shown to determine the amino acid ligand specificity of the receptor 32,46,51.
Thus, our structural analysis showed that there is a correlation between the chemical nature
of the ligand-binding pocket and the side chain of the amino acid ligands identified by Tlp3,
and confirmed that Tlp3 is a receptor that recognises specifically branched-chain aliphatic
amino acids (Leu, Val, Ile) through its membrane-distal subdomain.
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Comparison of the Tlp3-LBD/ complexes showed no significative differences between
the structures. However, two variable regions at the membrane-distal subdomain were
identified, corresponding to the loops β2’α3 and β3β4 (Figure 6A). Structural superposition
of the complex structures revealed that several residues from these variable loops move to
accommodate the different side chain of the amino acid ligands recognised by Tlp3-LBD.
What is the physiological relevance of taxis towards branched amino acids in C. jejuni?
C. jejuni is generally considered a non-saccharolytic bacterium, as most of the strains from
this genus are unable to use glucose and other carbohydrates as substrates 39,72. Therefore
for optimal growth, C. jejuni is dependent on TCA and a limited number of amino acids (Laspartate, L-glutamate, L-proline and L-serine) as primary carbon and energy sources

73,74.

Although C. jejuni cannot catabolise branched-chain amino acids, this pathogen has a
dedicated import system for leucine, isoleucine and valine, known as the LIV (leucine,
isoleucine and valine) branched-chain amino acid ABC transporter system. Six proteins
comprise the LIV system: two periplasmic binding proteins LivJ and LivK, the permeases LivH
and LivM, and the cytoplasmic ATPases LivG and LivF 75. Furthermore, from these branchedchain amino acids C. jejuni cells have been shown to exhibit a chemoattractant response to
isoleucine, which is mediated by Tlp3 receptor 1. The uptake of branched-chain amino acids
has been found to play a crucial role in C. jejuni intestinal colonisation since liv mutant strains
had a severe colonisation defect of mouse and chicken animal models 17,75. As branched-chain
amino acids cannot be utilised as a carbon source by C. jejuni, their acquisition might be
instead necessary for sustaining normal protein synthesis.

Conclusion
The structural and biophysical experiments performed here showed that the molecules
previously reported as Tlp3 ligands (arginine, aspartate, glucosamine, lysine, malic acid,
succinic acid, α-ketoglutarate, purine and thiamine) do not interact with the dCache LBD of
this receptor. The results of this study do not support the notion that Tlp3 is a receptor for
multiple ligands. On the contrary, direct ligand sensing by Tlp3 appears to be rather specific
and limited to branched-chain aliphatic amino acids (isoleucine, leucine, valine and α-aminoN-valeric acid).
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Supplementary information
Table S1. Tlp3-LBD thermal shift assay results with the compounds in Biolog PM1, PM3B and
PM5 plates.
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Table S1. Tlp3-LBD thermal shift assay results with the compounds from the Biolog PM1,
PM3B and PM5 screens. The ligands that induced a stabilising effect are shown in bold.
PM1 plate (carbon sources)
Well

Compound

Well

Compound

∆Tm (°C)

A1

0.0 ± 0.1

D3

D-Glucosaminic Acid *

-0.1 ± 0.4

A2

Negative Control (water
only)
L-Arabinose

∆Tm (°C)

0.2 ± 1.1

D4

1,2-Propanediol

-0.5 ± 0.1

A3

N-Acetyl-D-Glucosamine

0.3 ± 0.5

D5

Tween 40

A4

D-Saccharic Acid

0.0 ± 0.2

D6

α-Keto-Glutaric Acid*

A5

Succinic Acid *

-0.1 ± 0.6

D7

α-Keto-Butyric Acid

0.0 ± 0.6

A6

D-Galactose

0.0 ± 0.7

D8

α-Methyl-D-Galactoside

0.3 ± 0.4

A7

L-Aspartic Acid *

-0.2 ± 0.7

D9

α-D-Lactose

0.2 ± 0.5

A8

L-Proline

0.3 ± 0.3

D10

Lactulose

-0.2 ± 0.6

A9

D-Alanine

0.0 ± 0.2

D11

Sucrose

-0.4 ± 0.2

A10

D-Trehalose

0.2 ± 0.3

D12

Uridine

-0.5 ± 0.4

A11

D-Mannose

-0.1 ± 0.7

E1

L-Glutamine

A12

Dulcitol

0.1 ± 0.1

E2

m-Tartaric Acid

-0.6 ± 0.3

B1

D-Serine

0.0 ± 0.5

E3

D-Glucose-1-Phosphate

-0.9 ± 0.2

B2

D-Sorbitol

0.2 ± 0.3

E4

D-Fructose-6-Phosphate

-0.8 ± 0.2

B3

Glycerol

-0.3 ± 0.7

E5

Tween 80

B4

L-Fucose

0.1 ± 0.6

E6

B5

D-Glucuronic Acid

-0.7 ± 0.5

E7

α-Hydroxy Glutaric Acid-γLactone
α-Hydroxybutyric Acid

B6

D-Gluconic Acid

-0.7 ± 0.3

E8

β-Methyl-D-Glucoside

B7

D,L-α-Glycerol-Phosphate

-1.1 ± 0.1

E9

Adonitol

-0.3 ± 0.3

B8

D-Xylose

-1.2 ± 0.3

E10

Maltotriose

-0.2 ± 0.3

B9

L-Lactic Acid

-0.7 ± 0.2

E11

2-Deoxy Adenosine

-0.3 ± 0.2

B10

Formic Acid

-0.5 ± 0.4

E12

Adenosine

-0.1 ± 0.5

B11

D-Mannitol

-0.7 ± 0.4

F1

Glycyl-L-Aspartic Acid

-0.6 ± 0.4

B12

L-Glutamic Acid

-0.7 ± 0.0

F2

Citric Acid

-0.3 ± 0.7

C1

D-Glucose-6-Phosphate

-0.9 ± 0.5

F3

m-Inositol

-0.3 ± 0.7

C2

D-Galactonic Acid-γ-Lactone

-1.1 ± 0.4

F4

D-Threonine

-0.6 ± 0.2

C3

D,L-Malic Acid *

-0.6 ± 0.6

F5

Fumaric Acid

-0.9 ± 0.6

C4

D-Ribose

-0.7 ± 0.5

F6

Bromo Succinic Acid

-1.4 ± 0.7

C5

Tween 20

-0.2 ± 0.1

F7

Propionic Acid

-0.9 ± 0.2

C6

L-Rhamnose

-0.8 ± 0.3

F8

Mucic Acid

-0.8 ± 0.4

C7

D-Fructose

-0.7 ± 0.7

F9

Glycolic Acid

-0.7 ± 0.9

C8

Acetic Acid

0.0 ± 0.3

F10

Glyoxylic Acid

-0.7 ± 0.1

C9

α-D-Glucose

-0.1 ± 0.3

F11

D-Cellobiose

-1.0 ± 0.5

C10

Maltose

0.2 ± 0.4

F12

Inosine

-1.2 ± 0.3

C11

D-Melibiose

-0.1 ± 0.4

G1

Glycyl-L-Glutamic Acid

-0.7 ± 1.0

C12

Thymidine

0.2 ± 0.2

G2

Tricarballylic Acid

-1.1 ± 1.0

D1

L-Asparagine

-0.2 ± 0.1

G3

L-Serine

-1.1 ± 0.2

D2

D-Aspartic Acid *

-0.2 ± 0.4

G4

L-Threonine

-0.7 ± 0.6

0.1 ± 0.1
-0.1 ± 0.0

0.3 ± 0.8

0.1 ± 0.1
-0.7 ± 0.5
0.2 ± 0.7
0.5 ± 0.7
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PM1 plate (carbon sources)
Well

Compound

G5

L-Alanine

G6

∆Tm (°C)

Well

Compound

∆Tm (°C)

-0.6 ± 0.7

H3

m-Hydroxy Phenyl Acetic Acid

-1.3 ± 0.5

L-Alanyl-Glycine

-0.6 ± 0.4

H4

Tyramine

-0.8 ± 0.7

G7

Acetoacetic Acid

-0.8 ± 0.1

H5

D-Psicose

-0.9 ± 0.4

G8

N-Acetyl-β-D-Mannosamine

-1.1 ± 0.2

H6

L-Lyxose

-1.3 ± 0.2

G9

Mono Methyl Succinate

-0.8 ± 0.6

H7

Glucuronamide

-0.5 ± 1.2

G10

Methyl Pyruvate

-1.8 ± 0.0

H8

Pyruvic Acid

0.1 ± 0.2

G11

D-Malic Acid *

-1.2 ± 0.8

H9

L-Galactonic Acid-γ-Lactone

0.4 ± 0.3

G12

L-Malic Acid *

-0.8 ± 0.4

H10

D-Galacturonic Acid

0.4 ± 0.4

H1

Glycyl-L-Proline

-1.2 ± 0.2

H11

Phenylethylamine

0.1 ± 0.1

H2

p-Hydroxy Phenyl Acetic Acid

-1.4 ± 0.8

H12

2-Aminoethanol

-0.3 ± 0.1

PM3 plate (nitrogen sources)
A1

0.0 ± 0.1

C5

D-Aspartic Acid *

-0.7 ± 0.2

A2

Negative control (water
only)
Ammonia

-0.4 ± 0.9

C6

D-Glutamic Acid

-0.9 ± 0.2

A3

Nitrite

-0.2 ± 0.2

C7

D-Lysine *

-0.4 ± 0.4

A4

Nitrate

-1.0 ± 0.3

C8

D-Serine

-0.1 ± 0.4

A5

Urea

-0.8 ± 0.1

C9

D-Valine

0.1 ± 0.3

A6

Biuret

-0.9 ± 0.2

C10

L-Citrulline

0.2 ± 0.1

A7

L-Alanine

-0.8 ± 0.3

C11

L-Homoserine

-0.2 ± 0.4

A8

L-Arginine *

-1.0 ± 0.3

C12

L-Ornithine

-0.1 ± 0.2

A9

L-Asparagine

-1.1 ± 0.1

D1

N-Acetyl-L-Glutamic Acid

A10

L-Aspartic Acid *

-0.4 ± 0.3

D2

N-Phthaloyl-L-Glutamic Acid

A11

L-Cysteine

-0.5 ± 0.9

D3

L-Pyroglutamic Acid

A12

L-Glutamic Acid

0.2 ± 0.5

D4

Hydroxylamine

-0.4 ± 0.2

B1

L-Glutamine

-0.8 ± 0.5

D5

Methylamine

-0.5 ± 0.3

B2

Glycine

-0.4 ± 0.3

D6

N-Amylamine

0.1 ± 0.4

B3

L-Histidine

-0.4 ± 0.2

D7

N-Butylamine

0.0 ± 0.5

B4

L- Isoleucine

2.1 ± 0.8

D8

Ethylamine

0.3 ± 0.4

B5

L-Leucine

2.4 ± 0.2

D9

Ethanolamine

0.0 ± 0.3

B6

L-Lysine *

-0.7 ± 0.0

D10

Ethylenediamine

-0.2 ± 0.2

B7

L-Methionine

-0.3 ± 0.3

D11

Putrescine

-0.5 ± 0.5

B8

L-Phenylalanine

-0.2 ± 0.0

D12

Agmatine

-0.8 ± 0.8

B9

L-Proline

-0.9 ± 0.2

E1

Histamine

-0.9 ± 0.6

B10

L-Serine

-0.9 ± 0.3

E2

β-Phenylethylamine

-1.2 ± 0.2

B11

L-Threonine

-0.8 ± 0.2

E3

Tyramine

-0.4 ± 0.3

B12

L-Tryptophan

0.3 ± 0.5

E4

Acetamide

-0.1 ± 0.4

C1

L-Tyrosine

0.0 ± 0.5

E5

Formamide

-0.4 ± 0.5

C2

L-Valine

1.3 ± 0.1

E6

Glucuronamide

-0.4 ± 0.5

C3

D-Alanine

-0.5 ± 0.7

E7

D,L-Lactamide

-0.1 ± 0.8

C4

D-Asparagine

-0.2 ± 0.6

E8

D-Glucosamine*

-0.4 ± 0.3

0.9 ± 0.4
-0.3 ± 0.2
0.0 ± 0.7
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PM3 plate (nitrogen sources)
Well

Compound

E9

D-Galactosamine

E10

D-Mannosamine

E11

N-Acetyl-D-Glucosamine

E12

∆Tm (°C)

Well

Compound

∆Tm (°C)

-1.4 ± 1.2

G5

Allantoin

-0.1 ± 0.5

-0.3 ± 0.3

G6

Parabanic Acid

-0.3 ± 0.3

0.3 ± 0.3

G7

D,L-α-Amino-N-Butyric Acid

0.0 ± 0.1

N-Acetyl-D-Galactosamine

-0.6 ± 0.1

G8

γ-Amino-N-Butyric Acid

0.1 ± 0.2

F1

N-Acetyl-D-Mannosamine

0.1 ± 0.5

G9

ε-Amino -N-Caproic Acid

0.1 ± 0.2

F2

Adenine

-0.4 ± 0.4

G10

D,L-α-Amino-Caprylic Acid

F3

Adenosine

-0.8 ± 0.2

G11

δ-Amino-N-Valeric Acid

-0.4 ± 0.2

F4

Cytidine

-0.1 ± 1.2

G12

α-Amino-N-Valeric Acid

1.4 ± 0.3

F5

Cytosine

-0.3 ± 0.7

H1

Ala -Asp

-0.4 ± 0.3

F6

Guanine

-1.1 ± 0.2

H2

Ala -Gln

-0.1 ± 0.7

F7

Guanosine

-0.3 ± 0.4

H3

Ala -Glu

0.2 ± 0.3

F8

Thymine

0.2 ± 0.9

H4

Ala -Gly

-0.6 ± 0.2

F9

Thymidine

-0.2 ± 0.3

H5

Ala -His

-0.3 ± 0.2

F10

Uracil

-1.1 ± 0.2

H6

Ala -Leu

0.1 ± 0.2

F11

Uridine

-0.4 ± 0.4

H7

Ala -Thr

1.1 ± 0.3

F12

Inosine

-0.1 ± 0.9

H8

Gly -Asn

-0.3 ± 0.4

G1

Xanthine

-0.5 ± 0.2

H9

Gly -Gln

-0.4 ± 0.4

G2

Xanthosine

-0.1 ± 0.5

H10

Gly -Glu

-0.5 ± 0.1

G3

Uric Acid

-0.2 ± 0.1

H11

Gly -Met

-0.3 ± 0.0

G4

Alloxan

0.0 ± 0.9

H12

Met -Ala

0.0 ± 0.3

0.0 ± 0.1

B6

L-Lysine *

-0.5 ± 0.1

-0.5 ± 0.1

B7

L-Methionine
L-Phenylalanine

0.2 ± 0.8

PM5 plate (nutrient supplements)
A1
A3

Negative control (water
only)
L-Alanine

A4

L-Arginine *

0.1 ± 0.2

B8

A5

L-Asparagine

-0.2 ± 0.6

B9

A6

L-Aspartic Acid *

-0.7 ± 0.3

A7

L-Cysteine

A8

L-Glutamic Acid

0.3 ± 0.5
-0.3 ± 0.4

B10

Guanosine-3',5'-cyclic
monophosphate
Guanine

-0.3 ± 0.6

-0.2 ± 0.4

B11

Guanosine

-0.4 ± 0.1

0.0 ± 0.8

B12

2’-Deoxy Guanosine

0.0 ± 0.5

C1

L-Proline

-0.6 ± 0.1

-0.3 ± 0.6

C2

L-Serine

-0.3 ± 0.3

0.1 ± 0.6

C3

L-Threonine

-0.4 ± 0.4

C4
C5

L-Tryptophan
L-Tyrosine

0.0 ± 0.2
-0.2 ± 0.5

0.2 ± 0.5

0.0 ± 0.3

A10

Adenosine-3’,5’cyclicmonophosphate
Adenine

A11

Adenosine

A12

2’-Deoxy Adenosine

-0.2 ± 0.1

B1

L-Glutamine

-0.2 ± 0.3

B2
B3

Glycine
L-Histidine

-0.3 ± 0.3
0.2 ± 0.5

C6

L-Valine

C7

L-isoleucine + L-valine

-0.3 ± 0.2

B4

L- Isoleucine

1.1 ± 0.1

C8

trans-4-Hydroxy L-Proline

-0.7 ± 0.3

B5

L-Leucine

0.6 ± 0.3

C9

(5) 4-Amino-Imidazole-4(5)Carboxamide

-0.6 ± 0.6

A9

0.7 ± 0.4
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PM5 plate (nutrient supplements)
Well

Compound

C10
C11

Hypoxanthine
Inosine

C12
D1

Well

Compound

-0.5 ± 0.3
-0.3 ± 0.3

F6

Hematin

-0.2 ± 0.2

F7

Deferoxamine Mesylate

-0.3 ± 0.2

2’-Deoxy Inosine

-1.0 ± 0.3

F8

D-(+)-Glucose

-0.2 ± 0.1

L-Ornithine

-0.7 ± 0.5

F9

N-Acetyl D-Glucosamine

-0.4 ± 0.2

D2

L-Citrulline

-0.4 ± 0.2

F10

Thymine

-0.3 ± 0.1

D3

Chorismic Acid

-1.0 ± 0.1

F11

Glutathione (reduced form)

D4

(-)Shikimic Acid

-1.1 ± 0.2

F12

Thymidine

-0.1 ± 0.1

D5

L-Homoserine Lactone

-0.6 ± 0.1

G1

Oxaloacetic Acid

-0.3 ± 0.2

D6

D-Alanine

-0.4 ± 0.1

G2

D-Biotin

-0.3 ± 0.1

D7

D-Aspartic Acid *

-0.5 ± 0.1

D8

D-Glutamic Acid

-0.8 ± 0.2

G3
G4

Cyano-Cobalamine
p-Amino-Benzoic Acid

-0.3 ± 0.2
-0.1 ± 0.2

D9
D10

D,L-α,ε-Diaminopimelic Acid
Cytosine

-0.7 ± 0.4
-0.7 ± 0.1

G5

Folic Acid

-0.7 ± 0.4

G6

Inosine + Thiamine

-0.7 ± 0.3

D11

Cytidine

-0.4 ± 0.4

G7

Thiamine *

-0.1 ± 0.4

D12

2’-Deoxy Cytidine

1.4 ± 0.8

G8

Thiamine Pyrophosphate

E1

Putrescine

-0.3 ± 0.1

G9

Riboflavin

-0.1 ± 0.2

E2

Spermidine

-0.2 ± 0.0

G10

Pyrrolo-Quinoline Quinone

-0.1 ± 0.5

E3

Spermine

-0.4 ± 0.3

G11

Menadione

-0.5 ± 0.7

E4

Pyridoxine

0.0 ± 0.2

G12

m-Inositol

-0.2 ± 0.4

E5

Pyridoxal

0.0 ± 0.4

H1

Butyric Acid

-0.4 ± 0.2

E6

Pyridoxamine

-0.4 ± 0.3

H2

D,L-α-Hydroxy-Butyric Acid

-0.4 ± 0.3

E7

β-Alanine

-0.4 ± 0.2

H3

α-Keto-Butyric Acid

E8

D-Pantothenic Acid

-0.4 ± 0.3

H4

Caprylic Acid

-0.4 ± 0.8

E9

Orotic Acid

0.1 ± 0.3

H5

D,L-α-Lipoic Acid (oxidized form)

-0.2 ± 0.4

E10

Uracil

-0.3 ± 0.3

H6

D,L-Mevalonic Acid

E11

Uridine

± 0.6

H7

D,L-Carnitine

-0.1 ± 0.6

E12

2’-Deoxy Uridine

-0.1 ± 0.2

H8

Choline

-0.1 ± 0.3

F1

Quinolinic Acid

0.1 ± 0.3

H9

Tween 20

-0.2 ± 0.1

F2

Nicotinic Acid

0.1 ± 0.2

F3

Nicotinamide

0.2 ± 0.2

H10
H11

Tween 40
Tween 60

0.1 ± 0.3
-0.1 ± 0.1

H12

Tween 80

0.1 ± 0.2

F4
F5
*

β-Nicotilamide Adenine
Dinucleotide
δ-Amino-Levulinic Acid

∆Tm (°C)

0.0

-0.4 ± 0.1

∆Tm (°C)

0.1 ± 0.4

0.0 ± 0.0

0.0 ± 0.3

0.0 ± 0.6

-0.1 ± 0.2

Chemical molecules previously suggested as Tlp3 ligands 1
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Chapter 6: General discussion and future
directions
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Summary of the main findings and conclusions
In Campylobacter jejuni and Helicobacter pylori, chemotaxis is an essential colonisation
factor that allows them to reach their preferred infection site within their hosts

1-3.

During

this process, environmental stimuli are detected by the extracytoplasmic ligand binding
domains (LBDs) of membrane-embedded transducer-like proteins (Tlps). LBDs of
chemoreceptors are largely diverse in amino acid sequence and three-dimensional structure
4,5

and have been shown to employ different mechanisms for ligand recognition 6.
In the present work the LBD of three chemoreceptors, Tlp1 and Tlp3 from C. jejuni, and

TlpC from H. pylori have been characterised using a combination of X-ray crystallography,
biochemistry and biophysical tools. The crystal structure of these LBDs revealed that all three
adopt a double Cache (dCache) fold with two tandem PAS-like subdomains (membraneproximal and membrane-distal) folding against a long stalk helix. dCache domains are part of
the recently described Cache superfamily, which is the most abundant domain among
extracellular sensory receptors in prokaryotes 4,5.
The detailed analysis of the crystal structure of dCache LBD of Tlp3 (Tlp3-LBD) and its
complex with an attractant ligand (isoleucine) is described in Chapter 2. The crystal structure
of Tlp3-LBD in complex with isoleucine (Tlp3-LBD/isoleucine) revealed that the ligand is
recognised through the membrane-distal subdomain of this dCache module. In most of the
previously characterised dCache LBDs, direct sensing involves binding of their cognate ligands
to the distal subdomain

7-10.

Tlp3-LBD/isoleucine complex is stabilised by extensive

interactions between several Tlp3-LBD residues with both the side and main chain moieties
of isoleucine.
This elucidated crystallographic structure is further evinced by isothermal titration
calorimetry (ITC) experiments on Tlp3-LBD variants.

Mutagenesis experiments at the

membrane-distal subdomain showed that any substitution of the residues that are stabilising
the amino and carboxyl groups of the ligand (Lys149, Trp151, Tyr167, Asp169 and Asp196)
had a negative effect on isoleucine binding. Interestingly, these residues are strongly
conserved in other dCache sensory modules from different bacterial species and constitute a
consensus motif (DXXX(R/K)XWYXXA), which is suggested here as a signature for amino acid
receptors in a wide range of bacteria and archaea species.
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Previously, Tlp3 has been suggested as the Campylobacter chemoreceptor for multiple
ligands (CcmL)

11

that directly senses a broad range of signal molecules, including several

amino acids, tricarboxylic acid (TCA) cycle intermediates, nucleotides and thiamine

11.

In

Chapter 5, several biophysical and structural data demonstrated that with the exception of
isoleucine, the molecules previously reported as Tlp3 ligands do not directly bind to the
dCache LBD of this chemoreceptor. On the contrary, direct ligand sensing by Tlp3 appears to
be rather specific and limited to branched-chain aliphatic amino acids.
Besides isoleucine, Tlp3-LBD was found to directly bind the amino acids leucine, valine
and α-amino-N-valeric acid. The crystal structure of Tlp3-LBD in complex with these amino
acids revealed they are bound at the distal subdomain in an almost identical mode to that in
the Tlp3-LBD/isoleucine complex. Comparison of the membrane-distal subdomain of the four
ligand-bound structures identified two flexible regions corresponding to the β2’α3 and β3β4
connecting loops. This structural flexibility of the distal subdomain enables Tlp3-LBD to
accommodate the different branched-chain aliphatic amino acid ligands at the same binding
site.
The present study also provides evidence for a possible signal transduction mechanism
which might be common in chemoreceptors from the dCache superfamily. Conformational
changes induced by ligand binding to the receptor suggests that dCache Tlp3 transmits the
signal across the membrane into the cytoplasm by a piston displacement mechanism. This
piston-like movement has been previously described as one of the signalling mechanisms for
the Tar receptor from E. coli and Salmonella typhimurium 12,13. Tar receptor’s LBD has a fourhelix bundle (4HB) fold

14,15,

which has notable structural differences with the dCache

domains 8,10. Despite these structural differences, Chapter 2 and Chapter 5 show preliminary
evidence that both chemoreceptor families might use a similar signal transduction process.
Chapter 3 describes the detailed biophysical and structural analyses of the LBD of C.
jejuni receptor Tlp1 (Tlp1-LBD), which mediates taxis towards aspartic acid

16.

Despite the

implication of Tlp1 sensing this amino acid, high-resolution Fourier maps derived from Tlp1crystals grown in the presence of L-aspartate, did not present an electron density that could
be interpreted as this amino acid bound to Tlp1-LBD. Furthermore, inspection of Tlp1
membrane-distal subdomain, which has been implicated in the binding of small-molecule
ligands in Tlp3 (Chapter 2 and Chapter 5) and other dCache-containing proteins

9,10,17,

revealed the lack of a ligand-binding pocket. Concordantly, ITC experiments showed no
168

binding between Tlp1-LBD and aspartate. These results demonstrated that the mechanism of
aspartate recognition by Tlp1-LBD does not involve direct ligand-receptor interaction and
suggest that Tlp1-LBD is likely to recognise this amino acid indirectly, for instance via an asyet-unidentified periplasmic binding protein (PBP).
Detection of the chemoeffector signal by binding to chemoeffector-engaged PBPs have
been observed for several receptors

18-25

including the dCache McpC chemoreceptor from

Bacillus subtilis 9. McpC receptor senses several amino acids indirectly by the recognition of
four binding proteins, which interact with its membrane-proximal subdomain 9. In contrast,
Tlp1-LBD structure suggests that the PBP docking site is located on the membrane-distal
subdomain, instead of the proximal. This is consistent with the analysis of the distribution of
conservative substitutions in Tlp1-LBD across different C. jejuni strains showing that most
strain-to-strain variations are located at the membrane-proximal subdomain and that the
surface of the membrane-distal subdomain is highly conserved (Chapter 3) 26.
As a first step towards elucidating TlpC role in chemotaxis, in Chapter 4 the crystal
structure of this receptor’s LBD (TlpC-LBD) was determined and analysed. Interestingly,
analysis of TlpC-LBD structure revealed the presence of a non-protein molecule bound to the
receptor. The shape of the electron density observed did not match any of the components
used in the purification or crystallisation buffers. Therefore, it was hypothesised that the
ligand trapped in the crystal could be a product of proteolytic degradation of the TlpC or a
metabolite produced during cell growth. The co-purified molecule was identified as lactate,
which is the first ligand reported to be recognised by TlpC receptor 27.
The chemotactic behaviour of wild-type H. pylori cells was evaluated in the presence of
lactate. Experiments showed that this organic compound triggers a typical chemoattractant
response, which was drastically reduced in an isogenic ΔtlpC mutant. These results
demonstrated that H. pylori seeks out lactate by using chemotaxis and that TlpC is the primary
chemoreceptor for lactate sensing. Indeed, lactate can be utilised by H. pylori as a carbon or
energy source 28 and has been previously shown to promote its growth in vitro and in vivo 29.
Analysis of TlpC-LBD/lactate complex structure showed that lactate is bound at the
putative binding site of the membrane-proximal subdomain, with the formation of multiple
hydrogen bonds between the carboxyl and hydroxyl groups of lactate with the side chains of
several TlpC residues. ITC experiments on TlpC-LBD variants, demonstrated that only the
binding site at the proximal subdomain is involved in lactate recognition by TlpC. These
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findings are in stark contrast with recent reports on all other previously characterised dCache
chemoreceptors, in which direct ligand recognition has been attributed to the membranedistal subdomain rather than the proximal subdomain

9,10,17.

Thus, the structural analysis

detailed in Chapter 4 provides the first example of a dCache type chemoreceptor that directly
senses its ligand via its membrane-proximal subdomain.
Collectively the findings described above showed that chemoreceptors from dCache
family can detect their ligands via several direct and indirect mechanisms utilising either the
membrane-distal, or the membrane-proximal subdomain.

Future work
As described previously, dCache LBDs have a bimodular arrangement with two putative
ligand-binding pockets, each of which in principle could directly bind a signal molecule. For
example, a 350 Å3 putative ligand-binding pocket is presented at the membrane-proximal
subdomain of Tlp3-LBD, which leaves the possibility that additional chemoeffectors could be
recognised directly through this subdomain. The sensory specificity of the proximal
subdomain in Tlp3-LBD could be explored for example, through screening by molecular
docking, identifying novel compounds recognised by this chemoreceptor which may or may
not be chemotactically active.
From the branched-chain aliphatic amino acids that interact with Tlp3-LBD, only the
chemotactic response triggered by isoleucine has been investigated

11.

Isoleucine is a well-

known chemoattractant for C. jejuni11,30. Therefore, an attractant response could be also
expected after the binding of Tlp3-LBD to similar molecules such as leucine, valine and αamino-N-valeric acid. Analysis of the chemotactic behaviour of wild-type C. jejuni and ∆tlp3
mutant strains will be valuable to determine whether the novel Tlp3 ligands identified are
chemotactically active and the role of Tlp3 mediating these responses.
As described in Chapter 3, C. jejuni Tlp1 receptor appears to sense aspartate by an
indirect mechanism. However, the PBP that interacts with the dCache LBD of Tlp1 remains to
be identified. In C. jejuni genome at least 15 different PBPs are annotated, among which,
PEB1a, has been identified as an L-aspartate binding protein 31. PEB1a is the PBP component
of an ABC transporter system essential for the intake of aspartate and glutamate by C. jejuni
31.

Therefore, it could be hypothesised that PEB1a is involved in aspartate taxis. It will be

worth investigating whether Tlp1-LBD interacts with the aspartate binding protein PEB1a or
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any of the other 14 C. jejuni PBPs to fully elucidate the mechanism by which this amino acid
ligand is sensed by Tlp1. Analogously to Tlp1, TlpC-LBD structural analysis also suggests that
this dCache domain might recognise ligands through an indirect mechanism i.e., via PBP.
Therefore, it is also recommended to identify potential PBPs-TlpC receptor interactions to
further explore mechanisms for ligand recognition in dCache receptors.
Finally, the work presented in this thesis reduces the knowledge gap regarding dCache
sensory domains, leading to the characterisation of new chemoreceptors via mutagenesis,
biochemical and structural studies. Furthermore, the derived structural information provides
a foundation for future structure-based studies aimed at developing novel therapeutics that
target chemoreceptors and the rational redesign of chemoreceptor’s specificity which could
be used in bioremediation.
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