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reduced DNA affinity, and this effect was reduced in a mutant insensitive to 

carbamate formation. This suggests that HpNikR may indeed behave as a CO2 

sensor, potentially coupling gene transcription to this additional environmental 

cue. 
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1.2 Bacterial CO2 Sensing Mechanisms 

CO2 sensing is widespread across virtually all species and spans all ranges of 

organismal complexity, from multicellular animals to the unicellular pathogens 

that colonise them (Cummins et al., 2014; Taylor and Cummins, 2011). The 

capacity to sense and respond to fluctuations in CO2 levels has been an 

essential evolutionary development, with the reasons for this requirement 

varying from species to species. In the case of bacterial pathogens, the ability to 

coordinate gene expression in response to environmental sensing is a crucial 

feature of their relationship with eukaryotic hosts (Cummins et al., 2014). By 

coupling the regulation of the production and secretion of toxins and virulence 

factors to mammalian environmental cues, such as elevated CO2 levels, 

successful colonisation of host tissues and evasion of the host immune 

response can be facilitated (Miller et al., 2007).  

 

Of particular interest with regard to further understanding microbial physiology 

are the details of the mechanisms underpinning bacterial CO2 sensing, and the 

identity of CO2 sensors. Generally, bacterial sensing of variations in 

physicochemical parameters is accomplished via two different systems (Figure 

1). The first, and more complex of the two, is a two-component system 

comprised of a membrane-bound sensor histidine kinase and response 

regulator, usually a transcriptional regulator (Gunn and Richards, 2007; Krell et 

al. 2010). Typically, a specific signal initiates a phosphorylation cascade 

beginning with the autophosphorylation of a conserved histidine residue at the 

sensor kinase followed by transfer of this phosphoryl group to a conserved 

aspartate residue at the response regulator. The phosphorylated state of the 

response regulator then confers an alteration in its activity, usually activation, 
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through modification of its affinity for promoters (Gunn and Richards, 2007; Krell 

et al., 2010). The second, simpler system entails the diffusion or transport of a 

small ligand molecule into the cell where it then interacts directly with a 

regulatory protein to either stimulate or inhibit its activity (Miller et al., 2007; 

Yang et al., 2008).  Though they differ, central to both of these systems is the 

alteration of DNA transcription such that gene expression can be coordinated 

with changes in environmental signals. 

 

 

 

Figure 1. Schematic demonstrating the simplified organisation of the two-
component system (a) and direct interaction between ligand molecules and 
regulatory proteins (b) used by bacteria to sense environmental signals. SK = 
sensor kinase; KD = kinase domain; RR = response regulator; RP = regulatory 
protein. Figure created using BioRender.    

 

A candidate mechanism by which environmental CO2 may interact directly with 

regulatory proteins to alter their function is the carbamylation of amine groups. 

This post-translational modification (Figure 2) entails the nucleophilic attack of a 
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the rate-limiting addition of CO2 to ensure carbamylation of the Lys201 side 

chain within the catalytic subunit, followed by stabilisation of the carbamate by a 

Mg(II) ion (Kilmartin and Rossi-Bernardi, 1971; Lorimer et al., 1976; Lorimer and 

Miziorko, 1980; Matthew et al., 1977).  

In addition to animals and plants, several examples of functionally significant 

carbamates have also been discovered in bacteria, largely through 

crystallographic analysis. For example, the X-ray crystal structure of alanine 

racemase from Bacillus stearothermophilus revealed the formation of a 

carbamate at the side chain of Lys129 (Morollo et al., 1999). This carbamate is 

stabilised through interactions with Arg136, which in turn ensures the correct 

positioning of Arg136 and is proposed to facilitate catalysis and substrate 

binding (Morollo et al., 1999). The crystal structure of the Propionibacterium 

shermanii transcarboxylase 5S subunit revealed the presence of a carbamate at 

the side chain of Lys184 in the active site, which coordinates a Co(II) ion and 

forms hydrogen bonds with several conserved residues involved in the catalysis 

of biotin carboxylation (Hall et al., 2004). Lys184Glu and Lys184Ala mutants are 

catalytically inactive, demonstrating the crucial role of the carbamate in catalysis 

(Hall et al., 2004). In Klebsiella aerogenes urease, X-ray crystallography 

revealed the presence of a carbamate at the Lys217 side chain that serves to 

bridge the two active site Ni(II) ions comprising the bi-nuclear metal centre, 

providing an oxygen ligand to each ion (Jabri et al., 1995). Incubation with Ni(II) 

and HCO3- as a source of CO2 is required for in vitro activation of the 

apoprotein, with this CO2-dependence likely due to the carbamylated Lys217 

(Yamaguchi and Hausinger, 1997). Lys217Ala, Lys217Glu, and Lys217Cys 

mutants all demonstrate catalytic inactivity which can be structurally and 

functionally rescued with the addition of formate, which can successfully 
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regulation by which protein activity is coupled to the availability of CO2. Further 

elucidating the functional relevance of this unexplored modification is required 

to gain additional insight into the molecular mechanisms of CO2  sensing within 

biological systems. 

Recently, a novel methodology was developed that uses chemical trapping to 

irreversibly modify carbamates and allow for their identification under 

physiologically relevant conditions (Linthwaite et al., 2018). This methodology 

uses triethyloxonium (TEO) tetrafluoroborate, a water-soluble electrophilic 

alkylating agent with a favourable experimental half-life of 7.4 minutes 

(Linthwaite, 2017). The nucleophilic attack of the carbamate upon TEO results 

in the transfer of an ethyl group to the modification, chemically trapping it 

(Figure 3).  

 

  

 

 

 

 
 
 
Figure 3. Proposed trapping mechanism of a protein carbamate (red) with TEO 
(blue), including the exact mass of a carbamate plus an ethyl group (Linthwaite, 
2017). Figure generated using ChemDraw 19.1 (Perkin Elmer). 
 
 
This reduces the lability of the carbamate and creates a robust modification 

amenable to downstream analysis, in this instance tandem mass spectrometry 

[MS-MS, (Linthwaite et al., 2018)]. As peptides are preferable to whole proteins 

due to their mass being in the more favourable range for fragmentation by MS-

MS, proteases are used (Olsen et al., 2004). The protease most commonly 

Exact mass: 72.0211 Da 
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employed for this purpose is trypsin, favoured for its superior stability, high 

proteolytic activity, and high cleavage specificity for the C-termini of Lys and Arg 

residues (Olsen et al., 2004). The peptides are then subjected to MS-MS, using 

soft ionisation techniques that result in minimal fragmentation of the peptide of 

interest and are therefore appropriate for protein mass spectrometry (Fenn et 

al., 1989; Karas and Hillenkamp, 1988). The two main soft ionisation techniques 

used in protein mass spectrometry are MALDI and ESI, the former of which 

uses a solid phase, laser energy absorbing matrix to assist in ionisation, 

whereas ESI forces the liquid sample out of the tip of a capillary needle to which 

a high voltage is applied, nebulising the sample and forming a fine aerosol of 

charged droplets (Fenn et al., 1989; Han et al., 2008; Karas and Hillenkamp, 

1988). ESI can easily be coupled to an MS-MS system, with precursor ions 

selected and fragmented to obtain sequence information and to determine the 

specific location of the trapped carbamates (Linthwaite, 2017). The presence of 

a carbamate plus an ethyl group adds an additional mass of 72.0211 Da to the 

amine (Figure 3), with this shift in mass used to identify trapped carbamates 

(Linthwaite, 2017). The presence of a missed trypsin cleavage at a potential 

carbamate site adds confidence to the hit and reduces the chance of a false 

positive (Linthwaite, 2017). As the activity of trypsin is highly efficient and 

specific, missed cleavages are a rare occurrence (Olsen et al., 2004). However, 

the addition of a trapped carbamate to a Lys side chain increases its bulk and it 

fails to stabilise the Asp residue within the substrate binding pocket, as would 

occur with a positively charged unmodified Lys or Arg side chain (Olsen et al., 

2004). Therefore, trypsin cannot cleave sites where trapped carbamates are 

present, and missed cleavage sites are used to increase confidence in 

carbamate hits (Linthwaite, 2017). 
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This methodology has been successfully used to verify the presence of the 

known site of carbamate formation in haemoglobin, in addition to a small-scale 

screen of the Arabidopsis thaliana proteome to identify sites of carbamylation 

(Linthwaite et al., 2018). It operates under conditions that reflect those within 

the cellular environment, a feature that prior techniques used in the 

identification of carbamates have lacked (Linthwaite et al., 2018). It therefore 

provides the capability for the systematic identification of sites of carbamate 

formation under physiologically relevant conditions, founding the basis of future 

scientific questions pertaining to the functional relevance of these modifications. 

Protein carbamate formation is likely more biologically significant than is 

appreciated, potentially forming the basis of a widespread mechanism for 

regulation by which protein function is directly coupled to environmental CO2. 

Identifying novel sites of carbamylation and characterising the functional 

relevance of these carbamates will aid in further expanding current 

understanding of CO2-mediated protein regulation and how biological systems 

detect and respond to CO2. 
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Figure 4. HpNikR tetramer complexed with DNA, represented as a ribbon 
diagram (PDB ID 6MRJ). Each monomer is coloured respectively. DNA binding 
domains (DBD), the metal binding domain (MBD), and imperfect inverted repeat 
half-sites (HS) are labelled respectively. The four Ni(II) ions are coloured dark 
green, and the two Mg(II) ions coloured pale green. Locations of the N-terminal 

DBD DBD 

MBD 

HS HS 

a b 

c 
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arms are indicated by arrows, however it is important to note that in this crystal 
structure, residues are missing from each arm. The far left arm begins at Asp8, 
the centre left arm begins at Asp7, the centre right arm begins at Asp7, and the 
far right arm begins at Lys6. (a) represents the square planar Ni(II) binding site, 
(b) the Mg(II) binding site, and (c) the octahedral Ni(II) binding site. (a) and (b) 
were derived from PDB 6MRJ, and (c) from PDB 2CAD. 
 
 
A unique structural feature of HpNikR is the presence of a nine-residue 

extension at its N-terminus (Figure 4), which plays an important role in 

modulating DNA binding (Benanti and Chivers, 2011, 2007). In its entirety, the 

N-terminal arm is essential for the inhibition of non-specific DNA binding and the 

maintenance of a hierarchy of affinities for several promoters, with experiments 

involving site-directed mutagenesis and HpNikR variants with truncated N-

terminal sequences demonstrating this in addition to the differential roles of the 

residues Asp7, Asp8, Pro4, and Lys6 in HpNikR function (Benanti and Chivers, 

2007). Asp7 and Asp8 mediate a cation requirement for binding specifically to 

the promoter of nixA, potentially required for the prevention of electrostatic 

repulsion between the Asp residues and the negatively charged DNA backbone 

and/or other negatively charged amino acids (Benanti and Chivers, 2007). Pro4 

and Lys6, on the other hand, are required for maximal DNA binding affinity, with 

Pro4Ala and Lys6Met variants demonstrating decreased affinity for the 

promoters of nixA and ureA (Benanti and Chivers, 2007). The N-terminal arm is 

important in the ability of HpNikR to differentiate specific DNA sequences 

comprising its expanded regulon, with differential contributions from numerous 

residues and conformational differences upon binding to different sequences 

promoting this unique functionality (Benanti and Chivers, 2011, 2007). 

Additionally, great variability exists in both the length and the composition of this 

arm among NikR homologues in different species of bacteria and even different 

strains of H. pylori (Benanti and Chivers, 2010, 2007). This structural feature 
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appears to be adaptable, potentially having evolved to accommodate the unique 

physiologies among different microorganisms. In addition to the N-terminal DNA 

binding domain, conformational differences upon promoter binding have been 

demonstrated to occur beyond the HpNikR-DNA interface too, with a Glu47-

Lys48 salt bridge evidenced to be essential for high affinity binding to the 

promoter of ureA, but not nixA (Benanti and Chivers, 2011). 

 

H. pylori is exquisitely adapted to occupy a hostile niche, requiring the efficient 

sensing of several environmental stressors and the rapid coordination of 

appropriate responses in order to survive. Given the unusually small size of the 

H. pylori genome relative to that of other species of bacteria such as 

Escherichia coli, with this comes a restricted number of transcriptional 

regulators and therefore a requirement for these limited transcriptional 

regulators to adopt a pleiotropic role in order to fulfil the regulatory demands of 

this pathogen, such is the case with HpNikR (Contreras et al., 2003; Dosanjh 

and Michel, 2006; Tomb et al., 1997). A question that remains, however, is the 

extent to which this pleiotropic regulator behaves as a sensor that couples the 

transcription of genes important in host adaptation to environmental cues, and 

whether HpNikR responds to cues in addition to Ni(II) availability and pH.  

 

Given the significant role of CO2 in H. pylori pathophysiology, essential for 

growth and a product of urease-mediated acid adaptation; the likely presence of 

but as yet undiscovered CO2 sensing mechanisms within H. pylori; the role of 

HpNikR as a pleiotropic transcriptional regulator already established to behave 

as a sensor that couples its activity to the environmental cues of Ni(II) 

availability and pH, and the evidenced importance of two Lys residues, Lys6 
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and Lys48, in HpNikR-DNA binding (Benanti and Chivers, 2011, 2007; Bury-

Moné et al., 2006, 2004; Dosanjh and Michel, 2006; Li and Zamble, 2009; 

Mendz et al., 1994; Mobley, 2001; van Vliet et al., 2004, 2002), it was 

hypothesised that HpNikR may also behave as a CO2 sensor that couples its 

regulatory activity to the availability of CO2, using carbamylation as a 

mechanism to achieve this. The research comprising this thesis sought to 

investigate this, first using the carbamate trapping methodology developed by 

Linthwaite et al. in order probe the entire sequence of HpNikR for evidence of 

carbamate formation, followed by a bioinformatic approach to investigate the 

conservation of any sites of carbamate formation by sequence alignment, and 

finalised with an assessment of the functional consequences of carbamate 

formation using DNA binding assays. 
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Chapter 3: Results 

The restrictions imposed by lockdown as a result of COVID-19 have 

considerably affected the work presented in this thesis. A reasonable set of 

experiments to complete this thesis were agreed upon with thesis committee 

members Dr. Tim Blower and Dr. Paul Denny in order to accommodate the 

substantial loss of time that would otherwise have been dedicated to conducting 

experiments.  

3.1 Lys6 is a site of carbamylation 

 

Given the significant role of CO2 in H. pylori pathophysiology, the role of 

HpNikR as a pleiotropic transcriptional regulator known to modulate its activity 

in accordance with the environment signals pH and Ni(II) availability, and the 

evidenced importance of two Lys residues, Lys6 and Lys48, in DNA binding 

(Benanti and Chivers, 2011, 2007; Bury-Moné et al., 2006, 2004; Dosanjh and 

Michel, 2006; Li and Zamble, 2009; Mendz et al., 1994; Mobley, 2001; van Vliet 

et al., 2004, 2002), it was hypothesised that HpNikR may also respond the 

environmental signal CO2, using carbamylation as a mechanism to achieve this. 

To investigate this, the carbamate trapping methodology developed by 

Linthwaite et al. was employed (Linthwaite et al., 2018). Purified HpNikR was 

subjected to CO2 treatment, followed by TEO trapping, digestion using trypsin, 

and the peptides analysed by ESI-MS. The data were analysed in PEAKS 

Studio, where Lys modifications with masses of 72.0211 Da consistent with the 

mass of a carbamate with the addition of an ethyl group were searched for. It 

was revealed that Lys6 is a site of carbamylation, with the difference in mass 

between the y6 and y7 ions 72.0211 Da greater than would be expected for an 
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unmodified Lys (Figures 6 & 7), consistent with carbamate formation. 

Confidence in the presence of this carbamate was improved by the location of 

the modified residue within the peptide, indicating a missed trypsin cleavage, 

the presence of the modification in multiple peptides, and the surrounding of the 

modification by the ESI fragmentation pattern [Figure 7, (Linthwaite, 2017)], 

reducing the likelihood of the result being a false positive. While the presence of 

the Lys6 carbamate is significant, it is not known exactly what proportion of 

HpNikR is carbamylated, nor how many monomers per tetramer contain 

carbamates at Lys6. 
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3.2 Lys6 is completely conserved across all H. pylori NikR 

homologues 

Given that Lys6 is a site of carbamylation in the H. pylori 26695 NikR 

homologue, and the significant variability in the length and the composition of 

the N-terminal arm that exists among NikR homologues (Benanti and Chivers, 

2010, 2007), a bioinformatic approach was adopted to explore the N-terminal 

arm sequence variation among HpNikR homologues in greater detail across 

different strains of H. pylori and to determine the conservation of the site of 

carbamate formation.   
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Table 3. Alignment of HpNikR N-terminal arm sequences. 
H. pylori strain Accession 

number 
MLST lineage cag PAI status N-terminal sequence 

26695 WP_000380787.1 HpEurope +  M D T P N K D D S I I R F S V S  

SJM180 WP_000380308.1 HpEurope +  M D T L N K D D S I I R F S V S  

PZ5056 EQD99900.1 HpEurope +  M T A F N E L M P K K D F S Q VD T P N K D D S I I R F S V S  

HPAG1 WP_000379504.1 HpEurope +  M D T H N K G D S I I R F S V S  

GAM264Ai EMH23368.1 HpAfrica1 -  M P K K D F S Q MD T H H K D D S I I R F S V S  

GAM83Bi EMH37885.1 HpAfrica1 -  M P K K D F S Q MD T H N K D D S I I R F S V S  

Hp P-4c WP_000379459.1 HpAfrica1 +  M D T H H K D D L I I R F S V S  

SouthAfrica20 WP_020972932.1 HpAfrica2 -  M D T H N K DN K D N K D D S I I R F S V S  

SouthAfrica50 WP_021435452.1 HpAfrica2 -  M D T HN K D N K D D S I I R F S V S  

FD577 WP_000339837.1 HspEAsia +  M D A N N K D D S I I R F S V S  

52 WP_000354193.1 HspEAsia +  M D I P N K D D S I I R F S V S  

HP15012 WP_120834227.1   M D T P N K D E S I I R F S V S  

B659-C2 WP_120877193.1   M E T P N K D D S I I R F S V S  

MHP41 WP_156594252.1   M D T P S K D D S I I R F S V S  

HP13029 WP_120960577.1   M D T P N K D D L I I R F S V S  

55:1 WP_108378236.1   M D T P N K D N S I I R F S V S  

G-Mx-2003-108 WP_079333917.1   M D T P N K G D S I I R F S V S  

HP15001 WP_131127447.1   M G T H N K D D S I I R F S V S  

46 
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Table 4. Conservation scores of the N-terminal arm residues calculated using 
Jalview from a multiple sequence alignment of 31 unique HpNikR sequences. 

N-terminal arm residue Conservation score 

Asp2 4 

Thr3 2 

Pro4 0 

Asn5 4 

Lys6 11 

Asp7 5 

Asp8 3 

Ser9 5 

Ile10 7 

Ile11 6 

 

 

 

Figure 8. N-terminal arm sequence logo generated using WebLogo from a 
multiple sequence alignment of 31 unique HpNikR sequences (Table 3). Overall 
stack height is proportional to the degree of conservation at that position and 
symbol height within stacks indicates the relative frequency of each amino acid 
at that position. Sequence numbering starts at residue 16 for clarity, as only six 
sequences extend beyond this range. 
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N-terminal arms may be a result of sequencing or annotation error rather than 

of biological significance (Benanti, 2009). 

 

In addition to variability in length, great variability in the composition of the N-

terminal arms among HpNikR homologues was observed. Conservation scores 

were determined for each N-terminal arm residue, measured as a numerical 

index with scores ranging from 0 to 11 corresponding to ascending conservation 

(Tables 3 & 4). These scores reflect the conservation of physico-chemical 

properties in the alignment, with a score of 11 indicating complete residue 

conservation, and a score of 10 indicating the presence of mutations but total 

conservation of physico-chemical properties. The corresponding WebLogo 

(Figure 8) serves to visually represent this conservation. While there exists 

significant variability in the amino acid composition of the HpNikR N-terminal 

sequences, there is a notable complete conservation of the Lys6 residue 

(Figure 8, Tables 3 & 4). Lys6 is the only residue of the entire N-terminal arm 

that is completely conserved, with a total lack of mutations or substitutions for 

residues of similar physico-chemical properties as has been observed with 

other residues, such as the substitution of Asp for Glu. Evidently, this residue is 

of great importance in HpNikR function, having already been demonstrated to 

be required for maximal DNA binding affinity (Benanti and Chivers, 2007).  
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3.3 Lys6 conservation is lost among Helicobacter spp. NikR homologues 

 

To further explore the conservation of Lys6, the BLAST search was expanded to include NikR homologues within all species of the 
Helicobacter genus.  

 

Table 5. Alignment of Helicobacter spp. NikR N-terminal arm sequences. Species are organised based on tissue tropism. 

Helicobacter spp. Urease Accession number N-terminal sequence 

Gastric    

pylori 26695 + WP_000380787.1 M D T P N K D D S I IR F S V S  

acinonychis Sheeba 

cetorum MIT 99-5656 

+ 

+ 

WP_011577228.1 

WP_014659486.1 

M D T N N K D D S I IR F S V S  

M D T H Q K E D S T IR F S V S  

cetorum + WP_104748176.1 M D T H Y K E D S T IR F S V S  

cetorum + WP_104712242.1 M D T F K E E S T IR F S V S  

ailurogastricus + WP_053941568.1 M E N K E D S I I R F S V S  

heilmannii ASB1.4 + WP_015107465.1 M E N K E D A I I R F S V S  

felis + WP_104577964.1 M E H K D D T I I R F S V S  

baculiformis + WP_104752615.1 M E H K D D A I I R F S V S  

sp. 11S02596-1 + WP_095332026.1 M H P K E Q D N I IR F S V S  

sp. 12S02232-10 + WP_095296397.1 M Y P K E Q D S I IR F S V S  

sp. 11S03491-1 

sp. L2 

+ 

? 

WP_095274287.1 

WP_121020462.1 

M Q K D Q D F T IR F S V S  

M E H K D D S I I R F S V S  

salomonis + WP_104696041.1 M D H K D D I I R F S V S  
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sp. 12S02634-8 + WP_095225626.1 M H T K D L D P T IR F S V S  

bizzozeronii + WP_104638666.1 M E N R D D T I I R F S V S  

suis HSMm R04052c + WP_163533880.1 M E H R E D A I I R F S V S  

sp. 13S00482-2 + WP_095295080.1 M Q L K T H T K E N D C T IR F S V S  

sp. 13S00477-4 + WP_095271709.1 M Y K K E E D L S IR F S V S  

mustelae NCTC 12198 + WP_013023516.1 M R T M E K E K N S L MR F S V S  

Enterohepatic    

anseris + WP_115578549.1 M E N S K N E L IR F S V S  

sp. MIT 05-5293 ? WP_034369306.1 M K H H N I I R F S V S  

magdeburgensis MIT 96-1001 - WP_034586346.1 M K Q N I I R F S V S  

sp. MIT 01-3238 - WP_115520014.1 M A T I N T K S K N H T S H T E N S L K S Q N P A K K L T K N P A Q N P A S N H A E N T Q N P K H S H K Q H S P K Q H S P K Q H S K E E S V TR L S I S  

fennelliae MRY12-0050 - WP_023946458.1 M K I K K S I T N P N H T H K T H T H T S K N E G V IR F S I S  

sp. MIT 03-1616 ? WP_034327098.1 M K P N I I R F S V S  

sp. MIT 16-1353 ? WP_112059938.1 M D K N T L TR F S I S  

japonicus MIT 01-6451 - WP_034360409.1 M K S N I I R F S V S  

canis NCTC 12740 - WP_023930163.1 M R D H K V VR F S V S  

canis NCTC 12410 - WP_115012060.1 M S N H K V VR F S I S  

canis CCUG 32756T - WP_150337514.1 M R D R K V VR F S V S  

trogontum + WP_034346470.1 M R Q V R N E K L Q D P K D S I IR F S V S  

bilis ATCC 51630 + WP_004083936.1 M R Q V K S E K T Q E N K D S I IR F S V S  

muridarum + WP_034557661.1 M L D N N Q I I R F S V S  

aurati + WP_104762656.1 M P A S K N T N T V IR F S V S  

sp. MIT 17-337 ? WP_115543716.1 M Q D K V K N N K D S I IR F S V S  

sp. CLO-3 - WP_066457018.1 M K K D E N K V VR F S I S  

valdiviensis WBE14 + WP_111229746.1 M K D L I R F C V S  
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11 amino acids in length, which similarly to the HpNikR sequences may have 

resulted from sequencing or annotation errors. 

In addition to variability in length, great variability in the composition of the N-

terminal arms among Helicobacter spp. NikR homologues was observed. All 

residues are poorly conserved (Figure 9), including a total loss of Lys6 

conservation. Notable, however, is the presence of at least one Lys residue in 

almost every sequence, with no apparent correlation between the tissue tropism 

of Helicobacter species (gastric or enterohepatic) and the number or location of 

Lys residues within the N-terminal arm, with the exceptions of H. bizzozeronii, 

H. suis, and H. muridarum (Table 5). The H. bizzozeronii and H. suis NikR N-

terminal arm Lys residues are substituted for Arg, whereas H. muridarum NikR 

contains no basic residues (Table 5). These substitutions could be attributed to 

a sequencing error, or could indicate that the role of Lys in these NikR 

homologues is one requiring its basic (pKa) properties that could be 

interchangeable with Arg. H. muridarum NikR appears to completely lack the 

requirement for a basic residue within the N-terminal arm. However, the vast 

majority of Helicobacter spp. NikR homologues do contain at least one Lys 

residue, indicative of a generally widespread requirement for this residue across 

the Helicobacter genus.  
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3.4 Wild type HpNikR exhibits a decrease in affinity for ureA 
and nixA promoters in response to CO2/HCO3

- 

 

Having evidenced the formation of a carbamate at Lys6 and investigated the 

conservation of the residue, the next step was to determine the functional effect 

of this modification on HpNikR activity. Given the introduction of a negative 

charge that occurs as a result of carbamate formation, it was hypothesised that 

the presence of this charge may weaken DNA binding affinity as a result of 

electrostatic forces of repulsion between the carbamate and the negatively 

charged phosphate groups comprising the DNA backbone. To investigate this, 

DNA binding assays were conducted with and without the addition of NaHCO3 

as a means to introduce CO2 (Equation 1) in order to quantify the binding 

activity of HpNikR in the presence and absence of CO2 and calculate 

approximate affinities for the promoters of ureA and nixA. ureA and nixA were 

chosen due to their being among the best characterised HpNikR targets, in 

addition to their opposing regulatory outcomes upon HpNikR binding. 

Fluorescence anisotropy assays were originally chosen due to being an 

efficient, solution-based, and quantifiable method that had already been 

successfully used by Dosanjh et al. to quantify the binding of HpNikR to the 

promoter of ureA (Dosanjh et al., 2007). However, the addition of HpNikR to 

binding reactions failed to generate a significant change in anisotropy, indicating 

a lack of DNA binding (Figure 10).  
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Chapter 4: Discussion 

The research comprising this thesis sought to investigate the role of HpNikR as 

a candidate CO2 sensor in H. pylori. Three lines of evidence suggest that 

HpNikR may indeed behave as sensor that couples the transcription of ureA 

and nixA to the environmental cue CO2, using the formation of a carbamate at 

Lys6 as a mechanism to achieve this. Carbamate formation occurs exclusively 

at Lys6 (Figure 7), with a strict conservation of the Lys6 residue among HpNikR 

homologues across different strains of H. pylori, despite the significant 

variability that exists in both length and composition within the N-terminal arm 

(Figure 8, Tables 3 & 4). While the N-terminal arm may be an adaptable 

structural feature that is tailored to the unique physiologies of different 

microorganisms (Benanti and Chivers, 2007), the role that Lys6 plays at the 

HpNikR-DNA interface is evidently one that cannot be compromised. 

Furthermore, the lack of conservative replacements for an amino acid of similar 

physicochemical properties, such as Arg, indicates that the role of this residue 

likely extends beyond the basic (pKa) properties of Lys, which is consistent with 

the verified formation of a carbamate at this site and therefore the propensity of 

this residue to exist in the neutral rather than protonated state. While the strict 

conservation of Lys6 is lost in NikR homologues among gastric, enterohepatic, 

human colonising and non-human colonising Helicobacter species, the majority 

of N-terminal arms do contain at least one Lys residue (Figure 9, Table 5). 

However, there were exceptions for the N-terminal arm sequences of H. 

bizzozeronii, H. suis, and H. muridarum (Table 5). H. bizzozeronii is a zoonotic 

Helicobacter species that colonises the gastric mucosa of a broad range of 

hosts in addition to their natural canine host, including humans, cats, cheetahs, 

non-human primates, and wild rats (Schott et al., 2011; Whary and Fox, 2004). 
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H. suis is also a zoonotic Helicobacter species that colonises the gastric 

mucosa of humans in addition to their natural porcine host (Padra et al., 2019; 

Solnick and Schauer, 2001; Whary and Fox, 2004). H. muridarum, on the other 

hand, is an enterohepatic Helicobacter species that colonises the intestinal 

mucosa of rodents (Lee et al., 1992; Solnick and Schauer, 2001; Whary and 

Fox, 2004). The Lys-Arg substitutions observed in the N-terminal arm 

sequences of H. bizzozeronii and H. suis (Table 5) may reflect a lack of a 

requirement for a CO2-responsive residue at the DNA binding interface, 

perhaps evolved as an adaptation to the specific physiology of their natural 

hosts. Alternatively, these substitutions may have simply resulted from 

sequencing errors, for example a single adenine to guanine change which could 

result in a change from a Lys codon (AAA, AAG) to an Arg one (AGA, AGG). 

The total lack of Lys or Arg residues in the N-terminal arm sequence of the H. 

muridarum (Table 5) may similarly reflect an adaptation to the specific 

environment within the host it colonises, in this case the rodent intestinal 

mucosa. H. muridarum is urease-positive, although the role of urease in 

enterohepatic Helicobacter pathogenesis remains poorly understood (Ge et al., 

2008; Lee et al., 1992). It is possible that, although urease-positive, the 

upregulation of the production of catalytically active urease in H. muridarum in 

vivo is not essential for survival, given the likelihood that pH is less of a 

significant environmental stressor encountered by this pathogen in the less 

acidic intestine. This may account for the loss of a CO2-responsive residue at 

the DNA binding interface, given the reduction in CO2 production that may occur 

in this organism should basal urease levels be significantly lower in comparison 

to gastric Helicobacter species that require high urease expression for survival. 

Notably, in the enterohepatic Helicobacter hepaticus, which colonises the 
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carbamate on HpNikR binding affinity, with the higher Mg(II) concentration 

potentially leading to total masking of the effects of the negative charge. 

 

The differential effect of the Lys6 carbamate on HpNikR binding affinity could 

potentially reflect a sophisticated mechanism of transcriptional regulation, 

whereby the degree to which genes are regulated in response to CO2 depends 

on the role the expressed proteins play in the context of CO2 in H. pylori 

physiology. Given that ureA is required for the synthesis and activation of urease, 

it makes sense that the transcription of this gene may be tightly coupled to CO2 

availability, potentially forming a feedback mechanism linking urease expression 

to the CO2 produced as a result of its activity. As CO2 concentration within the 

cytoplasm increases, indicative of increasing urease activity, carbamylation of 

Lys6 may serve as a mechanism to inhibit the HpNikR-mediated activation of 

ureA transcription (Figures 18 & 19). While this may result in a loss of ureA 

activation and a subsequent decrease in urease activity, there are also other 

environmental signals, pH and Ni(II) availability, in effect that also contribute to 

urease regulation. How Lys6 carbamylation modulates HpNikR binding activity in 

the context of these additional environmental signals needs to be tested. On the 

other hand, while NixA, encoded by nixA, is not directly linked to CO2 physiology, 

it is indirectly involved in that it is required to supply Ni(II) ions to ensure the 

catalytic activity of urease (Bauerfeind et al., 1996). This could potentially explain 

the greater effect of CO2 on affinity for ureA relative to nixA, given the more direct 

role urease plays in CO2 physiology as a likely major contributor to cytoplasmic 

CO2 levels. Additionally, given the de-repression of nixA transcription that may 

arise as a result of Lys6 carbamylation, the differential effect on DNA binding may 

reflect a greater requirement to reduce urease production and subsequent activity 
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in response to rising CO2 levels compared to de-repressing Ni(II) uptake, which 

is less important in the context of reducing urease activity given the requirement 

for Ni(II) in catalytically active urease. As previously noted, though, other 

environmental signals additional to CO2 will likely also be contributing to the 

overall HpNikR transcriptional response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Schematic demonstrating predicted in vivo transcriptional regulation 
by holo-HpNikR under conditions of low CO2. L represents a potential ligand that 
may complex Ni(II) for entry into the periplasm via FrpB2/B4 or FecA3, although 
its existence and identity is not known. 
 

 

 

 


















































