
 

Adaptive Responses by 
Transcriptional Regulators to small 

molecules in Prokaryotes 
Structural studies of two bacterial one-component signal transduction 

systems DntR and HpNikR 

Cyril Dian 

Stockholm University 

 



Doctoral thesis 
© Cyril Dian, Stockholm 2007 
ISBN 978-91-7155-500-7 
 
Department of Biochemistry and Biophysics 
The Arrhenius Laboratories for Natural Sciences 
Stockholm University 
SE-106 91 Stockholm 
Sweden  
 
All previously published papers are reprinted  
With permission from the publishers 
 
Intellecta Docusys, Stockholm 2007 
 

 



Abstract 
 

Prokaryotes are continually exposed to environmental changes in their 
physiological conditions. In order to survive such unstable conditions, or to compete 
with others species for the same environmental niche, prokaryotes must monitor 
signals about both their extracellular environment and intracellular physiological 
status and provide rapid and appropriate responses to variations in their 
surroundings. This adaptive response to environmental signals is triggered mainly 
by transcriptional regulators via two components, the one- and two-component 
signal transduction systems. These scan intra- and extracellular small-molecule 
mixtures and modulate gene expression to provide the appropriate physiological 
response to the prevailing conditions. Most prokaryotic one component regulators 
are simple transcription factors comprising of a small-molecule binding domain 
(SMBD) and a DNA binding domain (DBD). Although the effects of transcription 
factors on the transcription machinery are well understood, the exact location of 
effector binding sites and the allosteric switching mechanism that promotes a 
specific transcriptional response remain obscure in several families. In this thesis, 
the crystallographic analysis of two different transcriptional regulators: DntR from 
the LysR-type transcriptional regulator family (LTTR) and HpNikR from the NikR 
family are presented. The former was investigated to try to develop a bacterial cell 
biosensor for synthetic dinitrotulenes compounds, the latter studied to characterise 
the nickel-sensing mechanism that contributes to the acid adaptation which is crucial 
to the survival of the human pathogen Helicobacter pylori. 

DntR crystal structures obtained in a conformation close to its active form 
have allowed the precise mapping of the amino acids involved in the inducer binding 
cavity and to propose a model of their interaction with salicylate inducer. This 
model was used to predict possible amino acid mutations that might modify the 
selectivity of DntR in order to make it recognise 2,4-dinitrotoluene (2,4-dnt) as an 
inducer molecule. Two DntR mutant crystal structures were also solved and helped 
in understanding how the inducer binding cavity rearranges upon mutation. These 
DntR mutant crystal structures in combination with models of DntR-2,4-dnt 
interactions led to the design of a DntR mutant that has a limited response to 2,4-dnt 
in a whole cell biosensor system. A crystallographic model of full-length DntR has 
also provided insights into the signal propagation mechanism in LTTRs. 

Crystal structures of closed trans-conformations of apo-HpNikR and 
nickel-bound intermediary states of the protein were obtained. Analysis of these 
suggests a strong cooperativity between conformational changes in the nickel 
binding domain of the protein with movements of the DNA binding domain. The 
nickel-bound structures of HpNikR have helped in unravelling the nickel 
incorporation mechanism and nickel selectivity of NikRs. Biochemical studies and 
comparisons of the HpNikR crystal structures with those of NikR homologues 
strongly suggest that HpNikR has evolved different surface properties and a new 
DNA binding mode that allows H. pylori to survive in and thus colonise the human 
stomach.  
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Abbreviations and Nomenclature 
 
Abbreviations used: 
 
1STCS  one-component signal transduction system (s) 
2STCS  two-component signal transduction system (s) 
3PGDH  3-phosphoglycerate dehydrogenase 
ABS  activation binding site, R2 
ACT aspartokinase, chorismate mutase, tyrA domain 
ArsRS acid responsive signalling R and S 
α-CA α-carbonic anhydrase 
α-CTD carboxy-terminal domain of the α subunit of RNAP 
bp base pair 
DBD DNA binding domain 
dnt dinitrotoluene  
EMSA  electrophoretic mobility shift assay 
EXAFS extended X-ray absorption fine structure 
EcNikR NikR from E. coli  
Fur ferric uptake regulator  
HLH helix-loop-helix 
HTH helix-turn-helix 
HpNikR  NikR from H. pylori  
IBC  inducer binding cavity  
IBD inducer binding domain  
IBS internal binding site 
I site intermediary site 
LTTR LysR-type transcriptional regulator 
Me2+ divalent metal 
PBP periplasmic binding protein 
PCR polymerase chain reaction 
PyroNikR NikR from P. horikoshii 
RD (1 or 2) regulatory domain (1 or 2) 
RBS  repression binding site, R1 
RHH ribbon-helix-helix  
RNAP RNA-polymerase 
SAD single wavelength anomalous dispersion 
SeMet selenomethionyl 
SMBD(s) small-molecule-binding domain(s) 
TD tetramerisation domain 
TF(s) transcription factor(s) 
TR(s) transcriptional regulator(s) 
XANES X-ray absorption near edge structure 
X sites auxiliary site 
(w)HTH (winged) helix-turn-helix  

 
Amino acid and mutant nomenclature: 
 
F111L Denotes replacement of phenylalanine by leucine in amino acid 111

 



 



 

 

 



I Overview  

I.1 Environmental adaptation in prokaryotes 

 
Throughout evolution prokaryotes have adapted to and colonised nearly 

all environments on earth. They can thrive in harsh conditions such as 
hydrothermal vents, hot springs, deserts, ocean depths, Antarctic oceans, soils, 
plants and animals.1 In these different ecological niches, bacteria are exposed to 
nutritionally complex surroundings and subject to frequent changes in their 
physicochemical conditions that can make their living conditions far from 
optimal. In order to survive in these unstable conditions, or to compete with 
others species for the same niche, prokaryotes must monitor environmental 
signals to access information about both their extracellular environment and 
intracellular physiological status and provide rapid and appropriate responses to 
variations in their surroundings. 

The ability of bacteria to adapt to difficult conditions by triggering a 
general and transcriptional coordinated stress-response has led to the idea that 
the regulation of gene expression plays an important role in any adaptation to 
environmental changes.2 At the transcriptional level, bacterial gene expression is 
controlled essentially through the DNA sequence, sigma factors (σ), small 
molecules, DNA supercoiling and transcription factors (TFs).3 Recent whole-
genome comparisons have provided the first insights as to how the selective 
pressure of a given environment contributes to the final content and shape of a 
bacterial genome and ensures specific bacterial environmental adaptation.4, 5 A 
strong correlation has been established between the relative stability of the 
ecological niche that a bacterium occupies and the proportion of transcriptional 
regulators (TRs), specifically transcription factors (TFs), encoded by a given 
genome size.4, 5 Bacteria that live in relatively stable niches, such as intracellular 
pathogens, endosymbiots and extremophiles, appear to have undergone a 
reduction in genome size and thus contain only a few TFs. In contrast, bacteria 
that are exposed to extreme variation in their environment such as free-living 
organisms and bacteria that colonise plants or infect animal tissues possess large 
genomes enriched in TFs.4, 5 The evolutionary response produced by 
prokaryotes to a changing environment thus appears to rely in a large part on 
transcriptional control of gene expression by TFs.6 This raises an important 
question: How is the integration of environmental signals carried out on 
bacterial promoters by TFs. 

Such signal transduction is a complicated process that encompasses 
two different aspects: the architecture of the response evolved by a bacterium to 
a given signal and the environmental signal itself.7 TRs that relay only one 
environmental signal can up- or down-regulate the activity of several gene 
promoters (regulon; Figure 1, A). However, many promoters can be controlled 
by two or more TFs, with each factor relaying a different environmental signal. 
Additionally, the overlap between regulatory systems at specific promoters 
implies that the adaptive mechanisms operated by prokaryotes are based more 
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on a global regulatory network rather than the sum of the properties of 
individual regulatory components (Figure 1, B and C). Those global-regulatory 
networks evolved by prokaryotes appear to be strain/species specific and 
provide advantageous temporal/spatial gene regulation by a continual 
adjustment of transcriptional output  depending on the diverse, ever-changing 
cellular environment.8 

The response operated by the cell also depends on cross-talk between 
regulatory systems that follows a set of environmental signals and the 
characteristics of each signal can determine the gene regulation outputs operated 
by the bacteria. There are three types of environmental signal: nutritional 
(nutrients, salt, metals), physicochemical (light, temperature, osmolarity, water 
content, oxygen pressure, absolute pressure, redox potential) and bacterial 
membranes molecular surface (membranar protein contacts). Variation in the 
intensity of an input signal can result in different responses ranging from a 
simple stimulus to the stress to more dramatically cell death. Each response 
involves a different set of genes.7 Consequently, a correct response requires a 
fine sensing of the type and level of an environmental signal and depends on the 
transcriptional regulatory network evolved by a specific cell.  

 
 

 
 
Figure 1: Regulons, stimulons and transcriptional regulatory networks. 7 A) A single 
environmental signal can act on many promoters to up- or down-regulate the expression of related 
gene clusters (A, B, C, and so on) such that they are expressed in a coordinated manner (this 
arrangement is called a regulon). B) In other cases, a given environmental signal triggers a 
response that is mediated by various TRs (this arrangement is named a stimulon). C) Bacteria in the 
environment experience a set of  signals, the processing of which determines the transcription and 
expression level of any given promoter connected to those signals for optimal ecological 
performance (this arrangement is named a transcriptional regulatory network).  
 

I.2 Signal transduction systems 

Response to environmental signals in prokaryotes is achieved mainly 
via two systems representing about 80% of such signalling pathways with the 
major difference between the two systems being the number of regulatory 
proteins involved in the signal sensing and gene regulation process9 (Figure 2). 
One-component signal transduction systems (1STCS) are single, two-domain 
proteins composed of a signal sensing (input) domain fused to a DNA binding 
(output) motif that transduces the signal to its associated bacterial promoter9 
(Figure 2A). Two-component signal transduction systems (2STCS) involve at 
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least two proteins: a membrane-linked multidomain sensor kinase and a 
cytosolic TF (Figure 2B). Here, signal transduction is based on a two-step 
phosphor-relay cascade. Activation of the system occurs when the input domain 
of the sensor kinase detects the appropriate environmental signal. This results in 
the autophosphorylation of the kinase which then transfers the phosphoryl group 
to the receiver domain of the two domain TF which then mediates transcription 
via its DNA binding domain.10 Based on the positioning of the input domain 
(mostly cytoslic for 1CSTS, mostly membrane-bound for 2CSTS), 1CSTS 
ensure responses to intracellular signals while 2CSTS are essentially involved in 
the sensing of extracellular stimuli.9 

At least 75 TF families belonging either to the 1CSTS or the 2CSTS 
have been identified in bacteria and archaea with 1CSTS being more diverse.5 
Among the 1CSTS, the AsnC, ArsR, MarR, TetR/AcrR, BirA, AraC/XylS, Fur, 
LysR, and PhoU families are found in high proportions suggesting that these 
families belong to a set of basic TFs which was present in the common ancestor 
of prokaryotes.5 In contrast, 1CSTS that are associated with the helix-loop-helix 
(HLH), zinc-fingers or ribbon-helix-helix (RHH) DNA binding motifs 
(including the MetJ and NikR families) are not ubiquitously represented and are 
detected in only low amounts in prokaryotes.5 2CSTS are absent in several 
archea and, where they occur, their presence seems to result from horizontal 
gene transfer. This suggests that this more complicated system might have been 
acquired later in evolutionary terms than the 1CSTS.9  

 

 
 

Figure 2: One-component and two-component signal transduction systems.9 A) A typical 1CSTS is 
a single protein consisting of an input domain (red) and an output domain (yellow). B) A typical 
2CSTS contains input (red) and output (yellow) domains in two different proteins that communicate 
using a phospho-relay cascade between the kinase domain (grey) from the membrane-linked kinase 
and the receiver domain (white) of the TR.  
 

The two TF families share some important characteristics. In particular, 
the vast majority of the input domains in both systems are small-molecule-
binding domains (SMBDs). These are globular domains that control the activity 
of a variety of proteins that incorporate such motifs.11 SMBDs fused to 
metabolic enzymes generally lead to the allosteric regulation of the catalytic 
domain of the enzyme through a tuning of activity that depends on the 
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concentration of the specific allosteric effectors.11 When associated with 
transporter proteins, SMBDs allow regulated-transport of specific molecules 
though, for example, the inner-membrane.11 Activity control by both 1CSTS and 
2CSTS results from the transmission of conformational changes in the SMBD, 
triggered by binding of a specific small-molecule inducer, to the output 
domain.11 This suggests that the most important activation step in 1CSTS is the 
small-molecule triggered allosteric regulation of the conformation of the DBD. 
In 2CSTS, activation occurs from the allosteric control of the kinase domain by 
the small molecules binding to the input domain. 

The second main characteristic of both systems is that their output 
domains tend to contain helix-turn-helix (HTH) DNA binding motifs.9 This 
motif is found in all three superkingdoms of life and has been recruited in all 
sorts of functions in prokaryotes including DNA replication, DNA transcription, 
DNA repair, RNA metabolism and protein-protein interactions making the HTH 
motif the signature of prokaryotic DNA binding proteins and TFs.12 This DNA 
binding module has a high scaffold diversity arising from evolutionary 
insertions within, or distortions to, the central secondary structure elements. 
Such modifications have resulted (for example) in the winged HTH(wHTH), the 
tetra-helical bundle and the RHH motifs.12 Despite, these similarities the 1CSTS 
and 2CSTS are complementary for signal transduction. The 2CSTS is the faster 
system through both the extracellular sensing of molecules and the phosphor-
relay cascade amplification. However, the response operated by the 2CSTS is 
generally also followed by slower one-component regulatory events which 
modulate gene expression levels or initiate a new cellular programme as a 
function of intracellular physiological status in order to achieve the appropriate 
gene response.8 

 

I.3 One-component signal transduction systems 

 
A high diversity in input/output domains and their different 

combinations in 1CSTS offer a large panel of solutions for sensing and 
responding to a wide variety of intracellular small molecule signals. It also 
allows for variation in oligomerisation states that 1CSTS can adopt (even it they 
share the same SMBD or DBD motifs), in the type or positioning of the small-
molecule ligands bound and in the mechanism of the signal propagation 
between input and output domains.9 

Unlike TFs from eukaryotes that use heteroprotein complexes to 
provide specific transcriptional outputs, 1CSTS in prokaryotes use simpler 
arrangements based on self-oligomerisation to ensure specific signal 
transduction.13 Additionally, in 1CSTS a correlation between the relative 
position of the HTH DNA binding domain within the protein sequence and the 
positive or negative regulatory role of prokaryotic TFs has been identified.14 N-
terminal HTH DNA binding motifs favour repressor functions, whereas 
transcriptional activators seem to harbour the HTH motif at the C-terminus. 
However, dual transcriptional activator/repressors, such as the LysR family, do 
not follow this trend. 
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The negative or positive effects of TFs on the transcription machinery 
in bacteria are well documented in the literature.3, 15-17 Usually, by binding to 
their operator sequence, repressors prevent appropriate positioning of RNA 
polymerase (RNAP) on specific promoters either by inducing steric hindrance, 
altering the DNA conformation or modifying the positive effect of an activator 
through protein-protein contacts. In contrast, activators favour gene 
transcription initiation by ensuring the proper positioning of RNAP on specific 
promoters. This is achieved in many different ways: An activator can recruit 
RNAP though protein-protein contacts, form RNAP-TF complexes that interact 
specifically on a given sequence, modify the DNA conformation to allow 
positioning of another activator, lead to a different positioning of a first activator 
along the DNA sequence and induce the cooperative binding of a first activator 
or prevent a negative transcriptional effect of a repressor.  

What remains obscure in 1CSTS though is how allosteric switching 
required for the promotion of a specific DNA response is achieved. This 
functional-activation process has been characterised only in a few families. In 
these, small molecule binding can lead to a modification of operator/promoter 
affinity, induce a change in the relative orientation of DBDs, increase or 
decrease the spacing between DBDs, lead to the self-assembly or disassembly of 
a TF, alter the thermodynamic stability of a TF by interacting at monomer-
monomer or SMBD-DBD interfaces or can provoke or release distortion in the 
DNA conformation (reviewed in 13, 18, 19). However, in an important number of 
families, TF structure, ligand specificity and the signal transmission process 
between domains are still unknown or unclear. A better understanding as to how 
regulatory systems function and are connected to other regulatory systems 
would help in the characterisation of global-signalling networks in prokaryotes 
that can now be assessed with transcriptome techniques. Furthermore, 
identification of the allosteric properties of SMBDs in 1CSTS would help in the 
functional characterisation of numerous proteins that use these domains 
including regulated transporters and metabolic enzymes. 

1CSTS have been shown to participate in the control of virulence 
factors of human pathogenic19-22 strains or to be recruited in the control of genes 
developed to process xenobiotic pollutants23, 24. Therefore, insights into the 
mechanism of signal transduction in these systems could provide useful tools to 
generate new types of antibiotics, to disarm pathogenic strains in their favoured 
environment or to develop either biosensors or bioremedial bacterial strains 
through the engineering of a TRs so that it responds to a specific target 
molecule.  

Unravelling the signal transduction mechanisms of TFs implies 
answering several questions concerning each distinct TF family: What is the 
self-association state of the apo and ligand-bound regulators? Is the nature of the 
interactions between protomers equivalent in families that use the same SMBD 
or within the same family? Where do effector molecules bind? What drives the 
selectivity for a given ligand in the binding site? Does the input domain bind a 
unique ligand? How does the system become activated by ligand binding? What 
is the role of allosteric, regulatory mechanisms involving conformational 
changes? Do all the ligand binding sites of the same 1CSTS induce the same 
effect? Is small molecule binding the only determinant to provide activation of 
the system or to promote adequate response at the DNA level? Is there any link 
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between the structural or functional adaptation of a 1CSTS family and the 
response evolved by an organism to a specific environment? 

In this work these questions have been confronted in two different 
1CSTS families: LysR and NikR. A member of the former family (DntR) was 
used to try to develop an efficient bacterial cell biosensor for dinitrotulenes, a 
member of the latter family (HpNikR), was studied to characterise the nickel 
sensing required for the acid adaptation that is crucial to the human pathogen 
Helicobacter pylori. 
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II A DntR-based bacterial biosensor 

II.1 Introduction 

 Prokaryotes have an amazing capacity to rapidly adapt to almost any 
type of environmental change. For example, only a few antimicrobials drugs 
introduced in the last half century remain effective as pathogenic bacteria have 
evolved complete new pathways for their modification, cleavage, sequestration 
or removal.25 Similarly, some species of soil bacteria including Pseudomonas, 
Alcaligenes and Bulkhoderia have adapted to the presence of xenobiotic and 
recalcitrant pollutants such as natural or synthetic aromatic compounds that are 
discharged in the ecosystem as result of intensive urban and industrial 
activities.26-28 Amongst other things, these latter bacteria have developed the 
capacity, either by themselves or in consortia, to use xenobiotic aromatic 
compounds as potential nutrient sources thus overcoming the toxicity of these 
compounds and ensuring their own development in a contaminated niche.26-28 
These bacteria break down pollutants into metabolic intermediates that can be 
entirely or partially reinserted in the natural metabolism pathways of the 
bacteria. 

This biodegradation ability seems to be acquired via a two-step 
process.29 Bacteria first recruit and adapt enzymes for the degradation of 
naturally occurring compounds to produce new catabolic pathways for 
pollutants encountered.28, 30 Then, as the new operon generally starts out with 
only a low level constitutive expression that often does not guarantee survival in 
a highly competitive niche29, its transcription must be favoured in the presence 
of the newly metabolisable substrate in order to provide an efficient pathway 
with a satisfactory metabolic return.29, 31 Bacteria achieve this second 
requirement by rendering the expression of the new catabolic operon partially or 
entirely inducible.29, 31 To ensure this an existing signal transduction system is 
selected and slowly diverted by the bacterium to respond specifically to a small-
molecule signal that is related to the new metabolic pathway. This signal is 
often the pollutant itself or an intermediate in its catabolism.27, 29, 31 Such 
subversion of signal transduction systems is often observed in soil bacteria27, 29, 
and the metabolic diversity and plasticity observed for these organisms in the 
face of environmental insult means that they could provide a huge natural 
reservoir of signal transductions systems that could be exploited either in the 
detection of pollutants (biosensing) or in the clean-up of sites of heavy pollution 
(bioremediation).26, 32 

In principle, bacterial cell biosensors for xenobiotic aromatic pollutants 
can be easily engineered (Figure 3) by first placing the promoter of an operon 
encoding a catabolic pathway evolved by a bacterium for the degradation of a 
given pollutant upstream of a reporter gene. A host microorganism must then be 
modified so that it constitutively expresses the new signal transduction system 
related to the selected catabolic promoter.33 The binding of the pollutant to the 
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signal transduction device induces the expression of the reporter gene which 
should produce a specific, measurable output signal such as light (i.e. 
bioluminescence and green fluorescence emitted by luxCDABE and gfp 
systems, respectively), enzymatic activity (i.e. β-galactosidase activity) or 
epitope tags.33 In the later case the reporter proteins (c-Myc or GST) carry an 
epitope tag recognised by commercially available antibodies. 

Biosensors based on this principle have been already developed for the 
detection of natural organic pollutants such toluene34, 35, naphthalene36 and 
benzene35, 37 and, when used in aqueous solutions or slurried soil-water, these 
present numerous advantages compared to traditional analytical chemistry 
techniques.36 However, their efficiency still needs to be improved. For example, 
the half-maximal sensitivity for organic compounds of regulator/promoter 
systems in the bacterial-cell biosensors currently developed is generally low and 
high levels of basal transcription of the catabolic promoters involved in 
xenobiotic degradation increases the lower detection limit for any given 
compound.29, 34, 35, 38 Moreover, the signal transduction systems used to induce 
the degradation of pollutants tend to recognise a set of compounds rather than a 
single inducer (i.e. the recently developed toluene biosensor also detects 2-
xylene, chlorotoluene, methylbenzylalcohol and nitrotoluene with lower or 
similar efficiency34) a situation that would lead to cross-reactivity when a 
biosensor is used in contaminated environments and possibly induce false 
interpretation of its output signals.  
 

 
Figure 3: Schematic representation of a typical bacterial cell biosensor based on the use of a 
1CSTS.  
 

These known limiting factors concerning sensitivity and selectivity 
could probably be overcome by engineering the signal transduction system 
involved in order to increase its affinity for the target compound and/or to 
reduce non-specific binding. Currently, improvement methods rely heavily on 
direct or indirect mutagenesis approaches coupled with screening for improved 
affinity and response.33 In this approach, several rounds of “direct evolution” 
methods (error-prone PCR, DNA shuffling, or insertion/deletion of fixed lengths 
in the sequence) are used to randomly mutate the input domain of the signal 
transduction system to try to increase the selectivity of the biosensor for a given 
compound.33 Another approach is based on of obtaining a three-dimensional 
structure of the signal transduction system that would allow a rational design 
approach to improving specificity and/or the definition of regions where random 
mutagenesis might have most impact.33 Both improvement methods share the 
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assumption that the target molecule binds or is able to bind (even weakly) the 
selected signal transduction system. 

  

II.2 A prototype biosensor for dinitrotoluene 

compounds 

Dinitrotoluenes (dnt) such as 2,4-dnt and 2,6-dnt are synthetic 
nitroraomatic compounds used as precursors in the manufacture of products 
such as pesticides, polyurethane foam, textile dyes and explosives.39 Despite 
their use in industry, nitroaromatic compounds are highly hazardous to human 
health and have been found contaminating soil and groundwater at sites where 
their use is intensive.39 It is therefore important to find a safe and efficient 
mechanism for their detection and removal. 

Although nitroaromatic compounds have only relatively recently been 
extensively released into the environment, several species of soil bacteria found 
at contaminated sites have evolved to use nitrobenzene, nitrotoluene or 
dinitrotoluenes as their sole source of either carbon or nitrogen.39 These 
bacterial strains harbour specific plasmids that carry genes encoding the 
oxidative degradation of these nitroaromatic compounds. As far as is known, the 
first step in these degradation pathways is generally carried out by a nitroarene 
dioxygenase related to the three component Rieske non-heme iron oxygenases 
family39 of which expression is under the control of a 1CSTS TF belonging to 
the LysR-type transcriptional regulator family (LTTR).39 Both the dioxygenases 
and the TFs identified in the bacterial strains share a high sequence similarity 
with the naphthalene dioxygenase and its associated transcriptional regulator 
(NagR) from Ralstonia sp. strain U2 suggesting that these new pathways have 
been acquired via horizontal gene transfer and have evolved to respond to 
nitroarene compounds instead of naphthalene.39 

Using the approach described above, a potential bacterial cell biosensor 
for 2,4-dnt was constructed by coupling the dnt promoter controlling the 2,4-dnt 
dioxygenase gene and its associated LysR transcriptional regulator DntR (both 
taken from Bulkhoderia sp. strain DNT, which specifically degrade 2,4 dnt) to 
the gfp gene in a reporter plasmid.40 Unfortunately the prototype biosensor 
showed only extremely limited sensitivity to 2,4-dnt and did not respond to any 
of the intermediates in the 2,4-dnt catabolic pathway.40 However, the biosensor 
was activated in the presence of salicylic acid40 which is a metabolite not 
produced during 2,4-dnt degradation by Bulkhoderia sp. strain DNT in the 
ancestor naphthalene degradation pathway. This suggests a very recent 
adaptation of Bulkhoderia sp. strain DNT to be able to sequester 2,4-dnt as a 
nutrient source.39 Analysis of other bacterial strains such as Comamonas sp. 
strain JS765 and Pseudomonas sp. strain JS42 (selected for their capacity to 
degrade nitrobenzene and 2-nitrotoluene respectively) led to the identification of 
two other LysR-type TRs NbzR and NtdR, that as well as responding to 
salicylic acid also respond less efficiently to other nitroarene compounds 
including the 2,4-dnt using similar biosensor systems.41 NbzR and NtdR share 
97% amino sequence identity with DntR supporting the observation that the 

 9 



input domain of DntR binds 2,4-dnt with only a very low affinity.41 Standard 
random mutagenesis (see above) applied to the wild type DntR protein using 
error prone PCR method failed to improve the response of the prototype 
biosensor to 2,4-dnt40 and so studies, described in article I and this thesis, were 
carried out to try to improve the affinity and specificity of DntR for 2,4-dnt by a 
rational design of the inducer binding cavity of DntR. 
 

II.3 Functional and structural features of LysR-type 

transcription factors  

II.3.1 Functional characterisation of LTTRs 

As the prototype bacterial biosensor described above is based on a 
LTTR, it is worth reviewing the functional and structural features of these 
systems in order to set the scene for the studies carried out on DntR. LTTRs are 
the largest family of TFs in prokaryotes, representing 16% of the overall 
repertoire of TFs5. This family of 1CSTS is characterised by the large panel of 
small-molecule inducers that drive their regulatory functions. However, some 
LTTRs have been shown not to need any inducers to perform their 
transcriptional functions.42-44  

LTTR-controlled operons are generally related to basic metabolisms 
such as amino acid biosynthesis, CO2/N2 fixation and assimilation, carbohydrate 
synthesis or catabolism, and the catabolism of aromatic compounds.20 Some 
LTTRs are also implicated in antibiotic resistance, diverse stress response and 
virulence factors expression.20 LTTRs induce 6 to 200 fold increases in the 
expression of target operons through binding of a operon-related inducer whilst 
at the same time, negatively regulating its own expression.20 This dual function 
is the result of a common organisation in which the gene encoding the LTTR is 
found upstream and in an opposite direction to its target operon.20 Both the 
LTTR gene and the operon regulated are under the control of a bidirectional 
promoter recognised by the LTTR.20 This architecture is thought to have 
facilitated a lateral gene transfer making LTTRs abundant in prokaryotes.45  

LTTRs are generally 300-350 amino acid polypeptides subdivided in 
two main domains: a small (60-70 residues) N-terminal HTH DBD with a high 
sequence similarity among members and a less conserved C-terminal input 
domain involved in both oligomerisation and inducer recognition.20 In solution 
LTTRs are found mostly as homodimers46, 47 or homotetramers48-50 but can be 
monomeric, as is the case for NahR and TsaR.51, 52 Although the mode of 
interaction and the effects of inducer binding are not fully understood20, 23 the 
active form of LTTRs appears, in general, to be a homotetramer as this 
arrangement is required for the specific binding to DNA promoters.53, 54  

The length, sequence and number of promoter sub-sites bound by 
LTTRs differs between members of the family.23, 55 However, DNase I 
footprinting experiments performed on various LTTRs have revealed some 
common features.20, 23 Activated LTTRs generally bind to, and specifically 
recognise, large promoter regions (50 to 80 bp) encompassing a Repression 
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Binding Site (RBS, R1) and an Activation Binding Site (ABS, R2). The RBS is 
a 20-30 bp motif encompassing two palindromic dyad sequences such as the 
ATAC-(N7)-GTAT motifs involved in aromatic degradation.23 The length of the 
RBS is compatible with LTTRs binding to two adjacent major grooves on one 
helical DNA face and supporting the idea of a LTTR dimer binding to this 
motif. The RBS is often centred at the -65 position relative to the operon 
transcription start site and LTTRs always bind to the RBS independently from 
the presence of inducer molecules making it likely that this site is an anchoring 
point for DNA recognition and LTTR function. LTTRs often bind the RBS with 
a greater affinity than the ABS allowing for a cooperative binding of LTTR on 
the promoter region. LTTRs are likely to repress their own expression by 
binding to the RBS that also overlaps the transcription start site of the LTTR 
gene promoter preventing the proper positioning of RNAP by steric hindrance. 

ABSs contain no clear consensus and these 10 to 20 bp motifs either 
precede or overlap the -35 position relative to the operon transcription start site 
that is recognised by the σ factor of RNAP. Some LTTRs such as ClcR or OccR 
are prebound to the ABS in the absence of inducer43, 56 while others, including 
TrpI, CatR or NahR, require the presence of inducer molecules to bind the 
ABS.20 In the presence of inducer molecules, binding of the ABS by ClcR on 
the clcA gene promoter has been shown to shift from the -37 to the -41 position 
relative to the operon transcription start site leading to a different DNase 
footprint.43 Studies performed on BenM and CatR, which do not bind to their 
respective ABS in the absence of inducer48, 55, have shown that both these 
LTTRs bind, in addition to the RBS, a third motif, the Internal Binding Site 
(IBS) which is upstream of the transcription start site of the operon promoter. 
Addition of inducer molecules to BenM or CatR then leads to a modification of 
the promoter recognition that passes from RBS/IBS to RBS/ABS.48, 55 

 

 
 

Figure 4: Schematic of transcriptional activation by LTTRs as typified for ClcR (A) and BenM 
(B). 
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Large variations in DNA-protein complex strengths generated by the 

specific inducer have also been observed between LTTR members. For 
example, an increase binding affinity of the ClcR protein for the clc promoter 
region was obtained in presence of cis,cis-muconate43 while the affinity of CynR 
for its target promoter was not modified by the presence of sodium azide.47 
Moreover, the presence of the octopine greatly reduces binding of OccR to its 
target promoter.53 

These differences in promoter binding and DNA-LTTR complex 
strength following the addition of inducer molecules support the occurrence of 
specific conformational changes in the DNA-LTTR complex resulting in the 
LTTR translocating along the DNA. To explain effects observed for ClcR and 
CatR/BenM it has been proposed that translocation of LTTRs upon inducer 
molecule binding modifies the DNA topology of the promoter region which can 
then be recognised specifically by the RNAP. Indeed, the tendency of LTTRs to 
modify the DNA bend of the promoter region in the presence of inducer 
molecules.20, 23, 43, 56-59 suggests a common activation mechanism for members of 
the LTTR family (Figure 4). Ligand-induced translocations of LTTRs to or on 
ABSs near or overlapping the -35 position of the promoter strongly support 
LTTRs interacting either with the α or σ subunits of the RNAP as do activators 
from class I and II of TFs respectively. Indeed protein-protein contacts were 
observed between the α-CTD subunit of RNAP (Carboxy-Terminal Domain of 
the α subunit) and CatR only when the protein was positioned correctly on the 
ABS.60 Similar results were obtained for CysB.61 Thus, ligand-induced 
modification of the DNA-LTTR complex is intimately associated with changes 
in the DNA bend of the promoter region. This results in the specific recognition 
of the promoter by RNAP while direct interaction of the LTTR with the α-CTD 
subunit allows the proper positioning of the RNAP so that it can initiate 
transcription. 

II.3.2 Structural characteristics of LTTRs 

Since the discovery of the protein family in the late eighties62, only two 
full-length crystal structures of LTTRs adopting their functional tetrameric 
arrangement have been solved, CbnR from Ralstonia eutropha strain NH950 and 
DntR from Burkholderia sp. strain DNT (article I). This delay in obtaining 
structural data arises essentially from difficulties in obtaining large quantities of 
pure full-length LTTR.63  

Nevertheless, crucial structural information concerning the inducer 
binding domains (IBDs) of LTTRs was obtained from DBD-deleted constructs 
of CysB from Klebsiella aerogenes64 and OxyR from Escherichia coli65 (Figure 
5). In these structures, two IBDs, each comprising two globular α/β subdomains 
(Regulatory Domain 1 and 2) with a tertiary structure similar to a Rossmann 
fold line up to form a “head-to-tail” dimer. At the interface of the two 
subdomains of each IBD a narrow cleft is formed, with the clefts in the two 
IBDs monomer linked by a solvent channel.  
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Figure 5: Ribbon representations showing the asymmetric unist of sulphate-bound CysB (left) 
and the reduced form of OxyR (right). The structurally homolougous regulatory domains 1 and 2 in 
the two proteins are coloured in blue and green respectively. The non-conserved C-terminus of 
CysB is shown in red. Sulphate is shown in a sphere representation. Side chains of the residues are 
shown in stick representation and are coloured by atom type (carbon in silver, oxygen in red, 
nitrogen in blue and sulphur in yellow). 
 

Much of this information was confirmed in the crystal structure 
analysis of full length CbnR.50 This structure also confirmed that a tetrameric 
arrangement is required for LTTR binding to DNA. In the crystal (Figure 6), 
CbnR is a homotetramer consisting of a central tetrameric IBD core flanked by 
two dimeric DBDs. The tetrameric core of CbnR is formed by the assembly of 
two “head-to-tail” IBD dimers, similar to those previously observed for CysB 
and OxyR (Figure 5 and Figure 6, A). The N-terminal DBD is composed of a 
wHTH motif followed by a linker helix (29 amino acids) that is connected to the 
IBD by a flexible hinge region.  

Each functional DBD dimer flanking the tetrameric core results from 
the antiparallel stacking of two linker helices come from monomers involved in 
the two different head-to-tail dimers that make up the tetrameric core (Figure 6, 
B). This stacking creates a local two fold axis in the functional DBD and 
correctly positions the recognition helices of both wHTH motifs so that they are 
able to interact with two adjacent major grooves at one helical DNA face 
(Figure 6, A and B). The antiparallel stacking of two linker helices is allowed by 
two different conformations (extended and compact) that the flexible hinge 
region can adopt in monomers making the head-to-tail dimer. These induce a 
different orientation and positioning of the linker helix with respect to the IBD 
(Figure 6, B). That the two HTH domians making up the dimerised-DBDs come 
from differente “head-to-head” dimers explains the requirement of an 
homotetramer for specific binding of LTTRs to DNA (Figure 6, B). The CbnR 
homotetramer has a “V” shape with the four DNA recognition helices from the 
wHTH motifs on the same side of the tetramer (Figure 6, A, right). This 
quaternary structure favours the interaction of CbnR with two operator subsites 
and certainly would induce a bend the DNA molecule when complexed. The 
crystal structure of CbnR thus provides a good structural model that explains the 
biochemical data obtained from LTTRs in previous studies. 

 
 

 13 



 
  
Figure 6: The quaternary structure and subunit organisation of full-length CbnR from R. 
eutropha strain NH9. A ribbon representation of apo-CbnR in a view parallel (left) or 
perpendicular (right) to the two-fold axis of the tetramer. Functional DBD dimers protrude on the 
same side of the tetrameric core. This quaternary structure is consistent with CbnR binding a RBS 
and a ABS on the promoter region while inducing a DNA bend angle of ~60o. B) Formation of 
functional DBD results from the dimerisation of N-terminal domains of a head-to-head dimer 
 

II.4 Results and discussion  

This section presents work carried out to try to develop an efficient 
DntR based bacterial biosensor for synthetic and toxic dinitrotoluene 
compounds. In article I, we describe two crystal structures of the LTTR DntR 
with either acetate or thiocyanate occupying the inducer binding cavity (IBC). 
Based on the positions of the acetate and thiocyanate, models of interactions 
between effectors and the IBC identified have been proposed for salicylate or 
2,4-dnt. These models highlighted residues that may be implicated in ligand 
selectivity and guided the production of mutated DntRs designed to have 
increased specificity for 2,4-dnt. In the article II, two sets of mutants were 
constructed based on two possible positionings of 2,4-dnt within the IBC. The 
crystal structures of a single mutant F111L and a double mutant Y110S, F111V 
DntR were obtained and resulted in an understanding of a side chain 
rearrangement within the IBC of DntR upon mutation (article II). These mutant 
crystal structures led to a third model of DntR-2,4-dnt interaction and the design 
of associated DntR mutants (article II). Some of the DntR mutants were tested 
using a whole cell biosensor and confirmed that mutating amino acids within the 
proposed IBC leads to a modification of the inducer-reponse and specificity of 
DntR (article II). Among these, the F111L, H169V double DntR mutant 
showed a limited response to 2,4-dnt supporting the improvement of the binding 
affinity of 2,4-dnt for DntR. Comparisons of DntR crystal structures with those 
of other LTTRs indicates that in our crystals DntR is in a conformation close to 
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its activated state reinforcing the validity of the ligand interaction models. A 
crystallographic model of full-length activated DntR was also obtained (article 
I). A comparison of this and the crystal structure of CbnR gave a first insight as 
to how signal transduction is performed within the LTTR family. 
 

II.4.1 Overall structure of the inducer binding domain of 

DntR 

An essential prerequisite for the rational design of the inducer binding 
cavity of DntR in order to increase its specificity 2,4-dnt is 3D-structural 
information. Initial crystal structure determination was carried out with the SAD 
technique using X-ray diffraction data from a single crystal of full length 
selenomethionyl DntR (SeMet). The structure of a monomer of the SeMet 
protein was then used to solve the crystal structures of DntR from two crystals 
obtained from different crystallisation conditions (article I). 

Although the full length DntR had been used for crystallisation only a 
“head to tail” IBD homodimer could be built in the electron density maps in the 
asymmetric unit of the crystals. The absence of electron density for the major 
part of the N-terminal domains results essentially from the high thermal disorder 
of these domains that do not participate in the crystal packing. The IBD of DntR 
shows the same global fold (Figure 7) as its bacterial homologues OxyR, CysB 
and CbnR. It thus comprises two globular α/β subdomains RD1 and RD2 
connected by an interdomain hinge region. The IBC at the interface of RD1 and 
RD2 is vase-shaped with its surface constructed by atoms from residues from 
α5 and the β5-β6 loop from RD1, α8 and α10 from RD2 and β6 and β12 from 
the interdomain hinge region. In the crystal structures obtained these cavities 
contained either acetate or thiocyanate depending on the crystallisation 
conditions. 
 

 
 

Figure 7: The DntR IBD homodimer. Left) A ribbon representation of the head-to-tail IBD dimer 
found in the asymmetric unit of acetate-bound DntR crystals. Acetate is shown in space filling 
representation and coloured by atom type (carbon in yellow, oxygen in red). Right) A DntR IBD 
monomer showing secondary structure elements (α−helices as red cylinders and β-strand as yellow 
arrows). Residues involved in the interdomain cavity are coloured blue. 
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II.4.2 Modelling of DntR-inducer interactions 

Ng and Forsman40 showed that salicylate was an inducer of the 
prototype biosensor developed (section II.2). This suggests that DntR 
specifically binds this molecule. Monitoring changes in the intrinsic 
flurorecence of DntR protein in the presence of salycilate has shown that it 
binds to DntR with a Kd was of 4 μM. Similar experiments performed in the 
presence of excess thiocynate, which bound in IBC in one of the structures 
solved, reduced the binding of salicylate to DntR suggesting that the two 
molecules compete for the IBC. These results, described in article I, confirmed 
the insights accumulated from previous studies that the interdomain region of 
the IBDs is involved in the binding of inducer compounds. For 2,4-dnt only 
small changes in the intrinsic flurorecence of DntR protein were observed and 
only at concentrations above 100 μM (unpublished data). This suggests that the 
IBCs of DntR 2,4-do not specifically bind 2,4-dnt and corroborates data 
obtained for the prototype biosensor.40 

 
 

 
 
Figure 8: DntR-ligand interactions. Ligand-protein interactions for the actetate-bound crystal (left) 
and for a model of DntR containing salicylate within the IBC (right). The surfaces defined by 
protein residues are shown in light purple. Residues that line the IBC are shown in stick 
representation and are coloured by atom type (carbon in silver, oxygen in red and nitrogen in blue) 
as are acetate and salicylate. Water molecules are shown as red spheres. Direct and water-mediated 
hydrogen bonds are represented by yellow and green dashed lines respectively. 
 

As deduced from acetate and thiocyanate bound crystal structures of 
DntR (article I and Figure 8, left), the IBCs of DntR contains two different 
compartments: a hydrophilic entrance site with a surface comprising the side 
chains of residues T104, H169 and H206 and the main chain atoms of T104 and 
L151 and a hydrophobic interior surface lined by the side chains of residues 
I106, G107, Y110, F111, G152, F167, R248 and I273. Using the positions of 
acetate, thiocyanate and a water molecule observed in the crystal structures as 
markers we proposed models of salicylate (Figure 8, right) and 2,4-dnt binding 
(Figure 9) to the IBC of DntR. In the salicylate-DntR model, the carboxyl and 
hydroxyl groups of the salycilate form direct hydrogen bonds to side chain 
atoms of T104 H169 and H206 and the main chain carbonyl of L151 
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respectively while its aromatic ring is stabilised by hydrophobic interaction with 
the side chains of Y110, F111, F167, H169 I106, I273 and R248. Two different 
models for 2,4-dnt binding could be proposed. In both these models, the binding 
of 2,4-dnt appears to be much less favoured than salicylate. In the first model 
(article I and Figure 9A) the 4-nitro group of this model would interact 
unfavourably with the side chains of F167, H169, Y110 and R248 while the 
benzene ring of 2,4-dnt is too close to the side chain of F111 and the methyl 
group is in a hydrophilic environment. In the second model (Figure 9B) the 4-
nitro group and methyl group are too close to the side chains of H169 and F111 
respectively while the 2-nitro group would give unfavourable interaction with 
either the main chain or the side chain atoms of L151 and the side chain of F111 
These protein-ligand interaction models help explain the large difference in 
binding affinity observed between the two compounds for DntR. 
 
 

 
 
Figure 9: Models of DntR-2,4-dnt interactions. A comparison showing putative protein-ligand 
interactions resulting from 2,4-dnt binding to DntR. Views are parallel (left) or perpendicular 
(right) the entrance of the IBC for two possible positions A) and B) of 2,4-dnt in the IBC. In his 
figure the same representation and colour coding as in Figure 8 are used.  
 

II.4.3 Rational design of the inducer binding cavity of DntR 

Based on the information gained from the DntR-ligand models, two 
sets of mutants were designed to try to improve the binding and selectivity of 
DntR for 2,4-dnt (article II). The first set of mutants (single mutants F111L and 
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H167H; double mutants Y110S, F111L and Y110S, F111V; triple mutants 
Y110S, F111L, F167H and Y110S, F111V, F167H) were aimed at modifying 
the environment of the 4-nitro group of 2,4-dnt when modelled in position 1 
(Figure 10, A). The mutations F111L, F111V and F167H were expected to 
make the hydrophobic pocket of the IBC wider. It was hoped that the mutation 
Y110S would allow R248 to adopt a side chain rotamer different to that 
observed in the wild type DntR and that both R248 and the newly introduced 
S110 would provide hydrogen bonds to the 4-nitro group of 2,4-dnt. The second 
set of mutants (single mutants F111L and L151T ; double mutant F111L, 
H169N and F111L, L151T and F111V, L151T ; triple mutant F111L, L151T, 
H169N) were proposed based on binding of 2,4-dnt to DntR based on model 2. 
Similarly to model 1, mutations F111L and F111V were suggested to enlarge 
the IBC as well as favouring the positioning of the methyl group of 2,4-dnt in 
the hydrophobic part of the cavity. It was hoped that the mutations L151T and 
H169N would allow good positioning of the two nitro groups while ensuring 
direct hydrogen bonds to these two groups. 

 

 
Figure 10: Models of mutant DntR-2,4-dnt interactions. A comparison showing putative protein-
2,4-dnt interactions for two suggested triple DntR mutants Y110S, F111L, F167H (A, model 1) and 
F111L, L151T, H169N (B, model 2). In this figure the same representation and colour coding as in 
Figure 8 are used.  

II.4.4 Crystal structures of DntR mutants 

To verify the effect of some of the proposed mutations on the IBC 
crystals of DntR containing either the single F111L or double Y110S, F111V 
mutations were produced (article II). These grew in similar conditions and 
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presented similar unit cell dimensions and space group to the thiocyanate-bound 
DntR crystals described earlier. Crystal structure determinations were carried 
out using molecular replacement with a search model consisting of a wild type 
DntR monomer stripped of ligands and solvent molecules. Both mutant 
structures are almost identical to that of the wild type DntR crystals (r.m.s. 
deviations in Cα positions are 0.42 Å and 0.32 Å , respectively). However, the 
mutatnt structures differ from those of wild type DntR in several crucial details 
(article II). 

Surprisingly, the Y110S, F111V double mutant does not lead to an 
enlarged IBC in comparison with that of wild type DntR (Figure 11, left and 
article II). In the mutant structure the side chain of L151 adopts a different 
rotamer and there is movement of F167 further into the IBC to occupy some of 
the missing space resulting from the mutation of F111. As predicted however, 
the Y110S mutation allows the side chain of R248 to adopt a different rotamer 
which is stabilised by both the stacking of its guanidium group against the 
benzene ring of F167 and the formation of a hydrogen bond with Oγ of the 
newly introduced S110. This movement of the side chain of R248 has a knock-
on effect that results in a movement of H169 in comparison to the wild type 
structure. Hence, although the double mutation does provide a more hydrophilic 
environment for the 4-nitro group of 2,4-dnt, the movements of L151, F167 and 
H169  side chains observed in this present crystal structure suggest that the 
Y110S, F111V double mutation might not improve the binding of 2,4-dnt to 
DntR (article II). 

 

 
 
Figure 11: Mutant DntR crystal structures. Left) A superposition of the IBCs of thiocyanate-bound 
wild type (grey) and Y110S, F111V double mutant (green) DntRs. Water molecules are shown as red 
spheres for the wild type strucure and green spheres for the double mutant. Right) A superposition 
of IBCs of thiocyanate-bound wild type  (grey) and F111L mutant (dark blue) DntR. Water 
molecules are shown as red and cyan spheres for wild type and mutatnt DntRs. Residues that line 
the IBC and thiocyanate molecules are shown in stick representation and are coloured by atom type 
(carbon depending on the the crystal structures, oxygen in red and nitrogen in blue) Hydrogen 
bonds are represented by green and yellow dashed lines for wild type DntR and DntR mutant crystal 
structures respectively. 

 
In contrast, in the crystal structure of the single F111L mutant (Figure 

11, right) the positions of the residues Y110, H167 and R248 in the hydrophobic 
part of the IBC do not change significantly and the F111L mutation results in a 
larger hydrophobic environment in which the methyl group of 2,4-dnt might be 
accommodated (article II). However, H169 moves considerably while H206 
flips its rotamer and its imidazole ring occupies a small cavity close to the IBC. 
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This cavity is seen, but is unoccupied, in the structures of wild type DntRs. 
These unexpected movements of H169 and H206 added to the F111L mutation 
results in a considerable enlargement of the IBC of DntR and in this mutant 
crystal structure a network of water molecules occupies the extra space and 
connects the thiocyanate to the hydroxyl group of Y171 and main chain atoms 
of G205 and H206 (Figure 11, right). The larger IBC resulting from the F111L 
mutation apears to both provide a better environment for 2,4-dnt and, based on 
modelling (Figure 8, right)  is less favourable to the binding of salicylate (its 
carboxyl group can no longer interact with H206). This F111L mutant structure 
may therefore serve as a starting point for a new set of mutants to improve the 
binding of 2,4-dnt to DntR. 

Based on the F111L mutant crystal structure, we propose a third model 
for 2,4-dnt-DntR interactions which implies an additional H169V mutation. 
When modelled in position 3 (Figure 12), the benzene ring of 2,4-dnt is too 
close to the imidazol ring of H169. The substitution of this residue by a shorter 
amino acid such as a valine would probably enlarge the IBC of the single F111L 
mutant so that it could accommodate to 2,4-dnt (Figure 12). In the F111V, 
H169V double mutant proposed, the 4-nitro group of 2,4-dnt was expected to 
form direct hydrogen bonds with the hydroxyl group of Y171 and the main 
chain amide of H206 while the 2-nitro group would be held in place by a direct 
hydrogen bond interaction with the hydroxyl group of T104. The positioning of 
2,4-dnt in this F111L, H169V double mutant would be further stabilised by 
hydrophobic interactions between the side chains of I106, F111L, F167, H169V, 
P246 and I273 and the aromatic ring and methyl group of 2,4-dnt. 

 

 
 
Figure 12: A Model 2,4-dnt-DntR interactions in a F111L, H169V double mutant. Views are 
parallel (left) or perpendicular (right) to the entrance of the IBC. In this figure the same 
representation and colour coding as in Figure 8 are used. 
 

II.4.5 Effect of mutations on ligand- selectivity and response 

of DntR 

In order to confirm the models of DntR-ligand interactions deduced 
from the various crystal structures alluded to above, the binding specificity of 
wild type and several mutant DntRs was tested for a number of aromatic 
compounds using a whole cell biosensor system (article II). This system is 
based on E. coli DH5 cells expressing a given DntR variant and contains a 
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reporter plasmid encoding a gfp gene under the control of the dnt promoter. 
Measurement of the variation in GFP fluorescence intensity before and after 
incubation of a whole cell expressing a DntR variant with a potential inducer 
present was performed using flow cytometry analysis (article II). The results 
are summarised in Table 1. 

 

 
 

Table 1. Ligand-induced response of DntR variant using a bacterial cell biosensor based on E. 
coli DH5 cells. The following compounds were used as potential inducers: salicylate, 2,4-
dinitrotoluene (2,4-DNT), 2-nitrotoluene (2-NT), 4-nitrotoluene (4-NT), 2-hydroxytoluene (2-HT), 2- 
nitrobenzoate (2-NB), 4-nitrobenzoate (4-NB) and benzoate (BEN) 
 
 As can be seen, and as previously reported by Ng and Forsman40, wild 
type DntR only induces gfp transcription in this whole cell biosensor in response 
to salicylate. All mutants suggested as a result of our crystal structure analyses 
showed a decrease in salycilate response, the single F111L and double Y110S, 
F111V mutants markedly so (article II). This corroborates the structural 
modifications of the IBC observed in the mutant DntR crystal structures. In 
agreement with the crystallographic data, a broadening of inducer response is 
observed for the Y110S, F111V DntR double mutant which responds 
equivalently to both salicylate and the smaller benzoate (article II). These 
changes in ligand response of the DntR mutants confirm the precise 
identification of the IBC of DntR and validate the model of DntR-salicylate 
interactions reported in article I (Figure 8, right).  

Unfortunately, and as predicted from the mutant crystal structures, 
neither the F111L single mutant nor the Y110S, F111V double mutant DntRs 
showed an improved response to 2,4-dnt (article II). In contrast, the F111L, 
H169V double mutant as well as showing a significantly broader inducer 
response also exhibits a small, but significantly increased response to 2,4-dnt 
(article II). The fact that this mutant gives a similar response to salicylate as the 
wild type DntR and also responds to 2,4-dnt strongly suggests that the F111L, 
H169V mutation combination favours an equilibrium between the two side 
chain rotamers of H206 observed in the F111L and wild type DntR crystal 
structures with one rotamer being preferred when salycilate is bound, the other 
when 2,4-dnt is present. This idea is reinforced by the data obtained with the 
single mutant H169V. This mutant does not respond to 2,4-dnt suggesting that 
this single mutation is not sufficient to induce the change in the side chain 
conformation of H206 similarly to F111L DntR mutant.  

Interestingly, NtdR and NbzR homologs of DntR (see section II.2) have 
been shown to respond to 2,4-dnt with lower efficiency than salicylate using a 
whole cell biosensor based on either Comamonas sp. or Acidovorax sp. cells 
respectively.41 In the IBD, these proteins differ from DntR in primary sequence 
by only 4 amino acids. Amongst the differences is the replacement of His169 by 
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a leucine residue. This suggests that substitution of H169 by an aliphatic side 
chain is one of the factors required for the binding of 2,4-dnt within the IBC of 
these homologous proteins and that a single H169L mutation in DntR may lead 
to a rearrangement within the IBC that allows the flipping of the side chain of 
H206. However, when using NtdR and NbzR-based whole cell biosensor 
systems transferred into E. coli cells, the two DntR homologs only show a 
response to salicylate.41 That the F111L, H169V double mutant of DntR does 
respond to 2,4-dnt in E. coli whole cell biosensors suggests that binding of 2,4-
dnt by this mutant DntR also produces the correct conformational repsonse to 
allow transcription in E. coli cells. This DntR mutant can thus be used as 
starting point for new rounds of direct mutagenesis or “direct evolution” 
methods to improve the selectivity of the response with the goal of obtaining an 
efficient bacterial cell biosensor for 2,4-dnt. 

 

II.4.6 Insights into the allosteric activation mechanism in 

LTTRs 

II.4.6.1 DntR crystal structures reflect a possible activated state 

of the protein 

The activation mechanism of monomeric periplasmic binding proteins 
(PBPs) has been well studied. It has been shown to depend on allosteric 
conformational changes upon small molecule binding.66 PBPs are in equilibrium 
between two conformations, “open” and “closed”, with the passing from the 
open to closed states being the result of a hinge-bending motion between its two 
regulatory domains that modulates the access of the ligand. Binding of a ligand 
at the interdomain interface alters the intrinsic equilibrium of the protein 
favouring a closed state at the expense of an “open state”. In the open state, the 
interdomain cleft is solvent exposed and often filled up with water molecules. 
The specificity of a given ligand for a particular PBP comes from its capacity of 
the compound to dehydrate itself upon binding and to expel the water molecules 
filling the binding cavity. This contributes entropy favourable to protein-ligand 
formation. The ligand affinity and kinetics of binding then appear to be strongly 
correlated in PBPs to the number of specific hydrogen bonds favoured in the 
ligand-protein interactions. 

Interestingly, a similar activation mode has been observed in OxyR 
crystal structures containing reduced (open state) or oxidised (closed state) 
C199Sγ-C208Sγ' disulphide bridges65 (Figure 13, A). Oxidation of this disulfide 
bridge in OxyR provokes an interdomain-hinge motion in each IBD that 
modifies the orientation and the positioning of one monomer with respect to the 
other thus producing a different head-to-tail dimer interface. In the reduced 
(inactive) form of OxyR α8 of RD2 from one monomer intercalates between β4 
and α5 of RD1 from the adjacent monomer (Figure 13 B, upper-left). Activation 
of the protein via the formation of disulphide bridges in RD2 induces a rotation 
of RD2 with respect to RD1. This effect is reflected at the dimer interface such 
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that α8 now stacks against α5 from RD1 and β4 now stacks against the β10-α8 
loop of RD2 (Figure 13, B, upper-right). This capacity of OxyR to form a 
disulphide bridge in RD2 suggests that LTTRs may adopt a continuum of 
conformations ranging from open (inactivated) to closed (activated) forms in the 
absence of inducer molecules. The stabilisation of the closed form by an inducer 
molecule would certainly result in a functional LTTR. 

 
 

 
 

Figure 13: Comparison of crystal structures of CbnR and DntR with the reduced (inactive) 
and oxidised (active) forms of OxyR. A) Ribbon representation of the IBD dimer of OxyR in 
reduced (left) and oxidised (right) forms. The activation of OxyR via formation of intramolecular 
disulphide bridges in RD2s modifies the  dimer interface resulting in a closed form of the dimer. The 
two monomers in the OxyR dimers are coloured in blue and red. B) Comparison of dimer interfaces 
in open and closed forms of OxyR with those seen in crystal structures of apo-CbnR and acetate-
bound DntR. Interactions between secondary structure elements at the head-to-tail interface are 
shown by black arrows. 

 
A comparison of the dimer interfaces seen in crystal structures of CbnR 

and DntR with those of the open and closed forms of OxyR shows that DntR 
with either acetate or thiocyanate bound in the IBC adopts a similar dimer 
interface to activated oxidised OxyR (Figure 13, B, lower-right) whereas the 
dimer interface in apo-CbnR ressembles that of inactivated reduced OxyR 
(Figure 13, B, lower-left). This comparison supports that binding of either 

 23 



acetate or thiocyanate in the IBCs of DntR has favoured a DntR conformation 
close to that of its activated state by comparison to CbnR. This idea is reinforced 
by a superposition of monomers of apo-CbnR and acetate-bound DntR (Figure 
14) in which a rotation of RD1 relative to RD2 is clearly apparent in acetate-
bound DntR. The conformational changes observed between apo-CbnR and 
acetate-bound DntR also strongly resemble those described earlier for PBPs 
upon binding of a small-molecule in their interdomain regions.66 This supports 
that the actetate and thiocyanate bound DntR crystal structures obtained reflect 
an active state of a LTTR. The closed state conformation may explain why the 
salicylate inducer could easily be modelled in the IBC of DntR thus reinforcing 
the inducer-DntR models proposed in article I. 
 

 
 

Figure 14: A superposition of IBD monomers observed in apo-CbnR and acetate-bound DntR 
structures. The IBDs of the two proteins were superimposed using RD2 of CbnR as a reference. This 
figure reveals an interdomain hinge motion between apo-CbnR and acetate-bound DntR similar to 
that observed during the allosteric regulation of PBP by small molecules and the activation of OxyR 
as a result of disulphide bridge formation. 

II.4.6.2 Comparison of full length DntR and CbnR crystal 

structures 

As introduced above (§II.3.1), a tetrameric arrangement of LTTRs is 
required for the specific binding of DNA. In article I, the homotetrameric state 
of DntR in solution was confirmed using size exclusion chromatography. 
Examination of the packing between asymmetric units in our crystals reveals 
that acetate and thiocyanate bound DntR are also homotetramers. DntR 
homotetramers consist (Figure 15, A) of a dimer of dimers resulting in a “head-
tail-head-tail” organisation of the IBDs similar to that seen in the crystal 
structures of CbnR. However, the quaternary structure of the IBD tetramer core 
differs significantly between the two proteins. In particular, and as can be seen 
in Figure 15, B, the tetrameric core of CbnR is much more curved than that of 
acetate bound DntR. 
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Figure 15: Comparison of the homotetrameric cores of CbnR and acetate-bound DntR. A) A 
ribbon representation of the tetrameric core of acetate-bound DntR in a view parallel to the two-
fold axis as found in the unit cell. The DntR homotetramer is the result of the interaction of two 
head-to-tail homodimers related by a two-fold crystallographic axis. B) A ribbon representation of 
the tetrameric cores of apo-CbnR (left) and acetate-bound DntR (right) in a view perpendicular to 
that shown in (A). A comparison shows that both homotetramers result from a head-tail-head-tail 
organisation of IBDs but that different quaternary structures are produced. This figure uses the 
same representation and colour coding as Figure 6. C) Superposition of the compact monomers 
making the dimer-dimer interface shows that the different stacking interactions between helices 
involved in dimerisation induces a different tilt between head-to-tail dimers in the two proteins. 
 
 

 
 

Figure 16: The structure of full-length acetate-bound DntR. A ribbon representation of the full 
length model of acetate bound DntR. In this figure the same representation and colour coding as in 
Figure 6 are used. 
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The dimer-dimer interfaces seen in the two homotetramers observed 
results from the association of RD2 domains from different IBD dimers. In 
CbnR, the RD2s associate via the perpendicular stacking of two α-helices 
whereas in DntR the dimer-dimer interface is formed by the antiparallel stacking 
of the same seconadry structure elements. Structural superposition of CbnR and 
DntR using one monomer involved in the dimer-dimer interface shows that the 
difference in stacking interactions between the helices at the dimer interface 
induces a 60° tilt between planes made by head-to-tail dimers of CbnR and 
DntR (Figure 15, C). The secondary structure elements making the dimer-dimer 
interface in apo-CbnR and acetate-bound DntR are also involved in the 
formation of the IBC or the interdomain hinge motion which support that 
LTTRs, in response to inducer molecules, may modulate their quaternary 
structures via modification of both their head-to-tail and dimer-dimer interfaces. 

As has been mentioned earlier (section II.4.1), in the crystal structures 
of acetate and thiocyanate bound DntR described so far, no electron density was 
visible for the DBDs of the protein. Eventually, however, X-ray diffraction data 
collected from crystals of DntR obtained in a third crystallisation condition 
allowed a model of the structure of the full-length acetate bound DntR to be 
proposed (article I). In this crystal structure, three helices from the N-terminal  
domain including the linker helix and the DNA recognition helix from the HTH 
motif could be fitted in the electron density but could not be refined (Figure 16). 
Similarly to apo-CbnR, each of the two DBD dimers flanking the IBD core of 
DntR results from antiparallel stacking of two linker helices (each from a head-
to-head dimer). Consequently, the full-length acetate-bound DntR model 
confirms the general structural organisation of functional tetrameric LTTRs. 
Additionally, given the arguments above, our model also represents a good 
model for a full-length LTTR in its active conformation. 

 

 
 

Figure 17: Models of full length apo-CbnR and acetate-bound DntR in complex with DNA. A 
ribbon representation of full length apo-CbnR and acetate bound DntR model showing potential 
interactions with a 22 bp DNA motif. These models show that the orientation and positioning of the 
DBD dimers flanking the core IBD tetramer will induce a different DNA bend angle and would 
require the recognition a much longer DNA motif by DntR. In this figure the same representation 
and colour coding as in Figure 6 for CbnR and DntR are used. DNA fragments are displayed as 
sticks with a cartoon tube tracing the sugar/phosphate backbone. 
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Comparisons of the apo-CbnR cystal structure and acetate-bound DntR 
full length model show that both proteins adopt “V” shapes (Figure 17) but have 
different orientation and positioning of the two DBD dimers relative to the IBD 
core. This would lead to DNA bend angles of ~60° and ~100° for CbnR and 
DntR respectively when the proteins are complexed with DNA. In article I, we 
hypothesised that this difference in DNA bending between CbnR and DntR may 
reflect a full length LTTR passing from inactive to active forms upon binding of 
a small-molecule within the IBC since head-to-tail dimers of CbnR and DntR 
were found in open and closed conformations respectively (see II.3.2). 
However, such an increased DNA bending angle contrasts with previous 
observations of DNA bend relaxation induced by LTTRs in the presence of 
inducer molecules.20, 23, 43, 56-59 

In the presumed active conformation of full length DntR that we 
observed, the dimeric DBDs are further apart than for CbnR. This suggests that 
DntR would recognise a longer DNA motif (60-70 bp) than does CbnR (about 
50-60 bp motif). The LTTR family is characterised by a large variation in size 
and sequence of DNA recognised by its members.23, 55 Also, the effect of 
inducers on DNA-protein complex strength varies within the family either 
increasing or reducing the affinity of the protein for the promoter region.43, 47, 53 
Thus, the differences in expected DNA bending and in DNA size recognition 
between CbnR and DntR lead us to propose that the two proteins may belong to 
different LTTRs subgroups that differ either in their DNA recognition mode or 
in the allosteric mechanism that leads to up-regulation of transcription.  

Interestingly, the structural elements that compose the dimer-dimer 
interface in the LTTR homotetramers are involved in both the signal integration 
mechanism via conformational changes induced by small-molecule binding and 
in defining the quaternary structure of the tetrameric core through a direct role 
in the multimerisation of the protein. Examination of the packing between 
molecules in OxyR crystal structures have revealed a potential dimer-dimer 
interface between RD2s that differs from the ones observed for CbnR and 
DntR.65 Furthermore, the CysB crystal structure displays an extended C-
terminal region composed of two α-helices stacked against the RD1 near the 
interdomain region (Figure 5) that would certainly participate in the formation 
of a dimer-dimer interface when the protein is a functional tetramer. This C-
terminal extension may also contribute to the formation of a different tetrameric 
core in comparison with CbnR and DntR. The structural data obtained for DntR 
in article I suggest that the signal propagation in LTTRs upon binding of given 
inducer is conserved at the level of a head-to-tail dimer interface but non-
conserved at the dimer-dimer interface. This may explain the complexity and 
variability of the allosteric mechanisms that induce modification of promoter 
region topology and translocation of the LTTR along DNA that have been 
observed in the LTTR family. 

II.5 Summary 

DntR is a LTTR from Bulkhoderia sp. strain DNT that has adapted to 
be able to specifically degrade synthetic and toxic 2,4-dnt compounds via the 
newly acquired dnt operon. This 1CSTS controls the transcription of the dntA 
gene, the first step in the degradation of 2,4-dnt by the dnt pathway, and was 
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believed to recognise 2,4-dnt as a specific inducer molecule. However, the 
construction of a whole cell biosensor based on DntR revealed that it only 
responded to salicylate. The thesis work described in this chapter was carried 
out with the aim of improving the affinity and specificity of DntR for 2,4-dnt 
using the rational design of the inducer binding cavity of the protein.  

Structural characterisation of full length DntR (article I) allowed the 
precise identification of the inducer binding cavity of the protein and confirmed 
that the cleft observed at the interface of the two regulatory domains of DntR is 
involved in the binding of inducer molecules.  

Acetate and thiocyanate-bound DntR crystal structures helped the 
mapping of the amino acids implicated in ligand selectivity and the proposal of 
models of salicylate and 2,4-dnt binding to DntR. These models explain the 
affinity of salicylate for the IBC of DntR and why the wild type IBC does not 
favour the binding of 2,4-dnt (article I). Based on the wild type crystal 
structures and the models resulting from these, several DntR mutants designed 
to enhance 2,4-dnt binding were proposed (article II). Crystal structures of two 
of these mutants were solved giving insights as to how IBC of DntR reacts upon 
mutation (article II). These crystal structures showed that mutations within the 
IBC can, in particular, alter the positions of two histidines residues (H169 and 
H206) that were hypothesised to be involved in the specific binding of salycilate 
to DntR and allowed the proposal of futher mutations designed to increase the 
affinity of 2,4-dnt for DntR. 

In vivo experiments performed in the article II, on DntR mutants 
produced using a whole cell biosensor showed that mutation of amino acids 
implicated in inducer binding modify the salicylate induced transcriptional 
response and/or broaden the ligand response of DntR. Of the mutants proposed, 
the F111L, H169V double mutant showed a small but significant increase in 
2,4-dnt-induced response. This indicates that this mutant can bind 2,4-dnt and 
and induce conformational changes compatible with an actived state of the DntR 
protein and provides a good starting point for further mutational studies. 

Comparisons of the structure of DntR with those of other LTTRs 
suggest that, as is also observed in structurally homologous PBPs, signal 
propagation by LTTRs depend on allosteric conformational changes within the 
IBD upon ligand binding. Indeed the actetate and thiocyanate bound DntR 
crystal structures reflect a possible active state of a LTTR as deduced from the 
homodimer interface and the closed state conformation of each IBD. 

The work described in article I confirms that full-length DntR is a 
homotetramer both in solution and in the crystals analysed. Using a third 
crystallisation condition, a crystallographic model of full-length activated DntR 
could be built. Although this adopts a similar “head-tail-head-tail” quaternary 
arrangement as does full length apo-CbnR, the quaternary structure of the two 
LTTRs differ significantly. Both proteins adopt a different “V” shapes and have 
a different orientation and positioning of the two DBD dimers relative to the 
tetrameric IBD core. A comparison of the full length structures of DntR and 
CbnR suggests that these proteins may belong to different subgroups within the 
LTTRs superfamily that recognise different DNA operator lengths and induce 
different DNA bending angles. This is not surprising since an important 
variation in DNA-protein complex strength, DNA bending effect and in DNA 
size recognition has been observed within LTTRs. 
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III  NikR from Helicobacter pylori 

III.1 Introduction 

III.1.1 Nickel in prokaryotes 

Metal ions, particularly transition metal ions, are essential components 
of the biological processes that sustain life. Biological systems have taken 
advantage of their rich and varied reactivity that depends on the coordination 
geometry and oxidation state of the ion. Incorporated into protein structures that 
control their reactivity, transition metals are used in pleiotropic functions such 
as structuring protein folds, catalysing enzymatic reactions, promoting 
interactions between intracellular elements, enabling electron pathways and 
transmitting environmental signals.  

Recently nickel has been shown to be an essential nutrient for 
prokaryotes67 following the identification and characterization of many enzymes 
that use this metal in their active sites. Such enzymes include [Ni/Fe]-
hydrogenase, urease, carbon monoxide dehydrogenase, acetyl-coA synthase, 
methyl-CoM reductase, superoxide dismutase, glyoxylase-1 and aci-reductone 
dioxygenase.68, 69 To supply these enzymes with nickel, prokaryotes have 
acquired various metal uptake transport systems including CorA, MgtE, MgtA, 
MgtB (low specificity), HoxN, UreH, HupN, NixA and the multicomponent 
ABC transporter (NikABCDE)68 (high specificity). The incorporation and 
maturation processes of nickel-dependant active sites are often complicated and 
require accessory proteins. The nickel metallo-chaperones hypA/hypB 
specifically insert nickel into [Ni/Fe]-hydrogenases68 and the UreE, UreF, UreG 
and UreH proteins are needed to produce a functional urease enzyme.68 

Despite their essential nature, an uncontrolled excess of transition metal 
ions is detrimental for cells. Transition metal ions catalyse the formation of 
damaging radicals that can react non-specifically with lipids, proteins and 
nucleic acids resulting in the inhibition of cell growth and catalytic or biological 
activity.70 Cells thus tightly control the transition metal homeostasis to prevent 
harmful intracellular levels. Some organisms have evolved nickel storage 
proteins such as the Hpn proteins from H. pylori which supply or detoxify 
nickel ions depending on the conditions encountered. Another strategy consists 
of metal efflux pathways that remove surplus Ni2+ from the cytoplasm.71, 72 
Nickel ion homeostasis in prokaryotes has been shown to be controlled 
essentially by TRs from the 1CSTS that can sense intracellular nickel levels and 
provide appropriate gene transcription responses. Activation of such nickel-
response TRs generally leads to the repression of nickel-uptake and/or 
activation of nickel-resistance pathways. Currently identified TRs belong to 
three families: NmtR73 (ArsR/SmtB family), NuR74 (Fur family) and more 
importantly NikR.75  
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III.1.1.1 NikR and nickel homeostasis in Escherichia Coli 

Transcriptional regulation of the nickel ABC transporter in E. coli 

E. coli is capable of three different modes of energy conversion 
depending on oxygen availability and oxygen-substitutive molecules (that 
includes nitrate): aerobic respiration, anaerobic respiration and fermentation. 
Under anaerobic conditions, E. coli ferments carbon sources and requires 
hydrogen gas as a source of energy.76, 77 The uptake and reversible oxidation 
reaction of H2 is catalysed by three essential [Ni/Fe] bimetallic hydrogenase 
isoenzymes.78 Supplying these with Ni(II) cofactor is mainly carried out by the 
nickel-specific NikABCDE permease.79-82 This Ni-uptake device, encoded by 
the nikABCDE-nikR operon, is tightly regulated via the control of the Pnik 
promoter by at least three different signal transduction systems83: 1) sensing of 
nitrate by NarLX (2CSTS), 2) sensing of O2 level by FNR (1CSTS) and 3) 
sensing of Nickel by NikR (1CSTS). These three systems are intricate and in 
constant cross talk resulting in a complex transcriptional network, involving 
both 1CSTS and 2CSTS, that act mainly on the nik operon and hydrogenase 
associated proteins (Figure 18). This complex transcriptional regulation 
provides a fine tuning of intracellular nickel availability by both ensuring the 
cofactor requirement of hydrogenases (positive regulation by FNR) while 
preventing from deleterious effects caused by excess nickel concentration under 
low oxygen tension (negative regulation by NarLX and NikR).77 
 

 
 

Figure 18: A schematic representation of nickel homeostasis in E. coli involving the nickel-
responsive regulator NikR. Black dashed lines show nickel uptake through the inner membrane of 
E. coli. Black arrows represent direct association of a ligand to its specific target protein (box). Up- 
or down-regulation (+ and – respectively) of specific genes are represented by coloured arrows 
which the colour depends on the each signal transduction system. Coloured dashed arrows link 
operons to the proteins they express.  
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The biochemical properties of EcNikR 

EcNikR has been extensively studied over the last few years. Database 
sequence alignments revealed that EcNikR is a 1CSTS composed of two 
domains: a N-terminal domain (47 amino acids) involved in DNA binding 
(DBD) and a C-terminal domain (86 amino-acids), containing conserved 
histidine-rich patches that may bind Ni2+ ions.84, 85 The DNA binding domain 
contains a ribbon-helix-helix (RHH) motif similar to the DNA-binding motif 
found in the Arc/MetJ transcriptional regulator family.84, 85 

Constructs of EcNikR containing only the DBD bind weakly to two 
different sequences the Pnik promoter, suggesting that the C-terminal domain is 
needed for stable operon-regulator complex formation.84 Ultracentrifugation 
analysis of both wild type EcNikR and the C-terminal domain alone revealed 
the formation of homotetramers in either the presence or absence of nickel ions. 
This showed that the C-terminal domain of EcNikR is responsible for the 
tetrameric state of the protein.86 The tetrameric C-terminal domain (TD) was 
hypothesised to bind Ni2+ which is required to form a fully activated 
transcriptional repressor.87 Nickel ion titrations, using wild type EcNikR and the 
C-terminal domain alone revealed the presence of a high affinity Ni2+ (Kd ≈ 1-7 
pM) with stoichiometric binding .86-88 Characterisation of this site by UV-visible 
spectroscopy and X-ray Absorption Near Edge Structure (XANES) showed that 
Ni2+ adopted a square planar coordination geometry86-89 and was coordinated to 
a cysteine and three histidines.86, 87, 89 Such a coordination for Ni2+ is rare in 
metalloproteins18, 90, as this ion usually prefers an octahedral coordination 
geometry90, and it was proposed that this square-planar coordination may confer 
nickel specificity for NikRs over other bivalent metal ions.90 

Comparison of apo and stoichiometric nickel-bound EcNikR using 
circular dichroism suggested a slight secondary structure enhancement in the 
TD induced by nickel ions.86 Chemical and thermal denaturation of EcNikR also 
showed a fold stabilisation between subdomains when the high affinity sites are 
occupied by nickel ions.88 These results were confirmed by limited proteolysis 
experiments. Upon nickel binding the TD was less sensitive to specific protease 
digestion and this effect was propagated to the DBD.91 Taken together, these 
results suggest that nickel binding to the high affinity sites induces 
conformational changes in the TD domain of EcNikR, leading to an allosteric 
control of the conformation of the DBD. 
 

The DNA interaction properties of EcNikR  

The activation of EcNikR by nickel was demonstrated by DNase 1 
footprinting and in vivo mutagenesis assays on the Pnik promoter.87 EcNikR 
specifically binds to a 28 bp palindromic dyad sequence (5’-GTATGA-
(N)16TCATAC-3’) located symmetrically around the -10 region of the Pnik 
promoter only in presence of nickel.87 Half-maximal protection of the 
NikABCDE promoter was observed in the presence of 5 to 30 nM of 
stoichiometrically nickel-bound EcNikR.86, 92 However, despite the high affinity 
for the Pnik promoter, no mobility shift complexes were observed in 
electrophoretic mobility shift assays (EMSA) carried out using oligonucleotides 
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containing the operator sequence and a stoichiometric Ni-EcNikR complex.87, 92 
This finding suggested that the high affinity Ni2+ binding site is necessary but 
not sufficient to produce a stable DNA-protein complex. Further experiments 
with an excess of Ni2+ in the gel and running buffer of the EMSA experiment 
resulted in EcNikR binding cooperatively the Pnik operator sequence with a Kd 
range of 10 to 20 pM.86, 87, 92 This 1000-fold increase in the affinity of EcNikR 
for the nik operator sequence suggested the existence of a second nickel binding 
site that had previously not been detected by UV/Visible spectroscopy on 
EcNikR in the absence of DNA. Under nickel saturation conditions Chivers and 
Sauer86 observed an extended DNA protection by EcNikR with DNA protection 
increasing from 40 bp to 65 bp. They also reported a Kd for the low affinity site 
of 30 μM.86 However, using different techniques Zamble and co-workers 
reported the Ni2+ affinity of this second site to be around 30 nM.92 

XANES and EXAFS studies were also carried out using stoichiometric 
nickel-bound EcNikR in presence of oligonucleotides encompassing the nik 
operator sequence. These studies revealed a modification in the coordination 
geometry of Ni2+ from square planar to octahedral.89 The environment of the 
Ni2+ in this octahedral coordination sphere was composed of six N-O donor 
ligands implying the removal of the cysteine ligand seen in the square-planar 
coordination upon DNA binding.89  

Altogether, these data suggest that binding of Ni-EcNikR to DNA 
generates a structural rearrangement of the protein that favors the binding of 
nickel at a low affinity site which in turn further strengthens the protein DNA 
complex. This evidence supports a nickel concentration dependant repression 
mechanism of the Pnik promoter by EcNikR based on two nickel binding steps, 
using intrinsic nickel chemistry properties. 

 

Metal ion selectivity in EcNikR 

Zamble and co-workers showed that other physiologically important 
divalent metal ions such as Cu2+ , Zn2+, Co2+, Cd2+ and Mn2+ can also occupy the 
high affinity nickel binding site of apo-EcNikR, in some cases with higher 
affinity than nickel.88, 92 Indeed, the relative affinity for divalent metal ions of 
EcNikR follows the Irving-Williams series (Mn2+ < Co2+ < Ni2+ < Cu2+ > Zn2+) 
that is observed for small molecule chelators.88 Thus, nickel selectivity within 
EcNikR may arise from a selective allosteric effect associated with the square 
planar geometry of the high affinity site rather than being dictated by the 
strength of the metal-TD complex in the absence of the DNA operator 
sequence.88 To confirm this hypothesis, DNA binding assays were performed 
with EcNikR in the presence of stoichiometric quantities of various divalent 
transition metal ions (Me2+).92 These led to Me2+-EcNikR-DNA complexes with 
moderate or similar affinity to those obtained with Ni2+. However, similar 
experiments carried out with of excess Me2+ demonstrated that Ni2+ induces the 
tightest nik promoter-protein complex.92 This observation supports the idea that 
nickel-selectivity of EcNikR is complex and depends on the combination of 
both high and low affinity site effects in the protein-DNA complex. 
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III.1.1.2 The role of nickel and NikR in the acid adaptation of 

Helicobacter pylori 

Acid survival and adaptation properties of H. pylori 

 Helicobacter pylori is a gram-negative, spiral-shaped and flagellated 
bacterium that colonises the gastric/duodenum mucus layer of approximately 
half of the world’s human population.93 In contrast to other gastrointestinal 
microorganisms such as pathogenic and non-pathogenic strains of E. coli94, that 
can only tolerate acidity long enough to pass through the stomach lumen95, 96, H. 
pylori has developed an unique ability to survive and to grow in the highly 
acidic stomach environment.97 The human stomach is a poor medium for a 
neutralophilic bacterium because in the gastric lumen the pH oscillates between 
1 during starvation and 5 in the digestive phase.94 H. pylori has been shown to 
survive extreme pH (pH < 3) for short periods of time and to be able to multiply 
at mildly acidic pH (pH 5-5.5).98 The pH resistance mechanism used by H. 
pylori is more complex than those used by other bacteria. In response to acidic 
conditions H. pylori, modifies: its cell envelope composition, its motility and 
chemotaxis, its metabolism of energy, fatty acids, amino acids and nucleotides, 
its expression of DNA repair and general stress-response factors, its metal and 
pH homeostasis, its expression of virulence factors and signal transduction 
regulators.98 Transcriptome experiments performed on H.  pylori in different 
acidic growth conditions have identified around 429 genes (from 1500 open 
reading frames approximately) that are positively or negatively regulated, in 
response to low pH,.22, 99-106 Acidic variation thus acts as a stimulus regulating 
the expression of a large number of genes, implying a global, acidic-adaptive 
response in H. pylori. Despite the large number of genes regulated, the H. pylori 
genome contains only a limited number of signal transduction devices.107 This 
suggests that H. pylori has developed an important regulatory cross-talk based 
on a few transcriptional regulators that have adapted to sense and respond to 
multiple environmental signals.107 Strikingly, these gene profiling studies also 
revealed that several of the differentially regulated genes were either related to 
metal metabolism or regulated by metal availability.22 Since the low pH in the 
human stomach could favour release of metal ions from ingested nutriments and 
increases their solubility, it was hypothesised that some metal ions may 
therefore serve as an indirect intracellular pH signal. Indeed three TRs were 
found to be central in the response of H. pylori to acidity: the ArsRS (acid 
responsive signalling R and S)106 and two pleiotropic metal-response TRs NikR 
(HpNikR)22, 102 and the ferric uptake regulator Fur103 that control partially 
overlapping regulons108 (Figure 19). An intricate regulatory interplay between 
these three sensors exists on gene promoters of the acid stimulon that has been 
well characterised for genes involved in ammonia-production, nickel and iron 
homeostasis. 

Unlike its orthologue EcNikR, HpNikR is not limited to repression of 
the nickel import and is a transcriptional activator and repressor that acts 
directly or indirectly in the virulence, colonization and persistence of the human 
pathogenic H. pylori bacterium.108 In the presence of excess nickel, HpNikR 
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affects the transcription of 38 genes, 25 of which were identified in 
transcriptome studies investigating the effects of pH variation.22, 104, 109 In 
response to acidity, HpNikR regulates, either directly or indirectly, genes 
involved in nickel and iron metabolism, ammonia metabolism, respiration, 
stress-response, motility and cell envelope composition suggesting that the 
protein is an important regulator of the acid protective response evolved by H. 
pylori.102 Thus, the role played by nickel and HpNikR appear to be a central 
element of the acidic adaptive mechanism evolved by the H. pylori. 

 

 

Figure 19: Schematic representation of the transcriptional regulation network involving ArsRS, 
Fur and NikR signal transduction systems in H. pylori. Black and dashed arrows show nickel ions 
uptake through the inner membrane. Black arrows link small molecule signals to specific signal 
transduction systems (square box). Direct transcriptional regulation of specific genes by one 
component and two component systems are represented by coloured arrows where the colours 
depend on each specific signal transduction system or TF. Indirect transcriptional gene regulation 
by these regulators is represented by dashed and coloured arrows including another step of 
regulation which is not yet defined. The positive or negative effect on gene transcription (+ and - 
symbols, respectively) by this transcriptional regulatory system is compared to transcriptome 
studies (bottom) performed at pH 5.22, 109 
 

Urease expression and activity: a link between nickel and acidic 

response? 

H. pylori resistance to pH critically relies on the massive production of 
ammonia.98 The release of ammonia buffers the excessive periplasmic proton 
content and maintains the inner membrane potential at correct level. The 
production of ammonia is mainly ensured by the essential and highly expressed 
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urease enzyme (up to 6% of its total protein content)110, 111 which catalyses a 
simple reaction converting urea to ammonia and carbon dioxyde.112 In addition 
to urease , H. pylori expresses a battery of enzymes such as essential α-carbonic 
anhydrase (α-CA)113 and arginase (rocF)114 which modulate urease activity, 
amidase (amiE), formamidase (amiF)115 which also directly produces ammonia. 

A functional urease is encoded by the ureABIEFGH gene cluster 
composed of the ureAB and ureIEFGH polycistronic operons controlled by their 
respective PureA and PureI promoters.116, 117 ureAB codes for the cytoplasmic and 
multimeric apo-urease while functional urease is achieved by transcription of 
ureIEFGH. Specific import of the urea substrate is mediated by the proton-gated 
urea transporter UreI while UreE, UreF, UreG and UreH act as 
metallochaperones inserting the nickel co-factor into apo-urease.118, 119 Nickel is 
an essential co-factor of H. pylori as matured urease requires 24 nickel atoms 
per enzyme unit.111 Therefore, in the case of nickel the link between acidity and 
metal regulation is striking because of the urease requirements. In fact, the gene 
expression and activity of the urease is tighly controlled by the three TRs, 
ArsRS, Fur and HpNikR. 

At acidic pH, ArsRS up-regulates the transcription of urease by binding 
to operator sequences upstream of the PureA.120 In addition, an increase of the 
expression of the UreA and UreB subunits has been observed in response to 
mild acidic pH120 and in conditions of Ni2+ excess.102, 121, 122 Although an 
operator sequence similar to that of EcNikR has not been detected upstream of 
the PureA promoter, this nickel-responsive induction of apo-urease expression 
was not observed in a nikr-inactivated strain. In fact, HpNikR controls urease 
expression by binding specifically to a 31 to 36 bp motif nearby the PureA 
promoter.123-125 In a H. pylori mutant deficient in Fur protein the nickel-
responsive induction of the urease gene, observed in response to nickel excess, 
was reduced by a factor of two compared to wild type strain.121 Furthermore, 
urease expression has been shown to be modified in a H. pylori transcriptome 
experiment in response to iron starvation, leading to the identification of a Fur 
box on the PureA promoter.126 However, the role mediated by the Fur repressor in 
the urease expression is not clear for the moment, since a direct interaction with 
the PureA promoter and Fur has not been reported yet.  

The combination of TRs and of DNA binding sites for each provides an 
elaborate control of urease expression when metal is available and/or the acidity 
drops below dangerous treshold. 

 

Post-transcriptional regulation of urease acivity  

In addition to urease, several genes controlling urease activity are up or 
down regulated in response to pH or nickel. The essential periplasmic α-CA 
converts CO2 produced by the urease to bicarbonate which modulates the 
buffering effect of ammonia in the cytoplasm and periplasm of H. pylori.113 The 
pH activation of the proton-gated urea transporter UreI allows increased urea 
transport only at low pH inducing the rapid elevation of internal and periplasmic 
pH via urease activity. Inactivation of UreI at neutral pH  and α-CA activity 
prevents the lethal alkylinization of the H. pylori cytoplasm that may occur from 
excess of ammonium production by the urease. By binding to PureI and Pα-CA, 
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ArsRS up-regulate the expression of UreI and α-CA that control indirectly 
urease activity level in response to acidity.105 

Urease activity is absolutely essential to the acidic response. H. pylori 
cells therefore depend on specific nickel uptake devices to scavenge sufficient 
nickel from the surrounding environment to satisfy apo-urease requirements. In 
H. pylori nickel transport is performed mainly by an inner membrane permease, 
named NixA.127, 128 A feed-back mechanism is also needed to prevent 
intracellular toxic accumulation of nickel ions in the cell.129 Similarly to E. coli, 
nickel-uptake in H. pylori is under the specific control of HpNikR.102, 125 In 
addition to nickel uptake mechanisms, the intracellular availability of nickel also 
depends on the expression and activity of other proteins that use or store nickel 
ions. Results from transcriptome study performed by Contreras and co-workers 
has revealed that the nikr gene product from H. pylori participates in the down-
regulation of the [Ni/Fe] hydrogenase subunit expression in response to nickel 
excess.102 This suggests that HpNikR not only regulates the expression of apo-
urease but also prevents the formation of nickel-deficient urease by redirecting 
nickel from hydrogenase to urease via  the HypA and HypB proteins.130 
HpNikR is also responsible for the up-regulation of hpn and hpn-like genes and 
the down-regulation of hspR which encodes the transcriptional repressor of the 
hspA gene.102 These genes encode two major types of nickel -storage and carrier 
proteins (HspA131, 132 and Hpn133) to contribute to the nickel feeding of urease. 
Therefore, HpNikR not only controls the expression of urease but also regulate 
the availability of its nickel co-factor.  

The genes regulated by both the ArsRS and HpNikR signal 
transduction systems confer the advantage of inducing urease expression when 
its activity is required by the bacteria at low external pH and in conditions in 
which nickel co-factor and substrate intracellular availability allows maximum 
activity.  

 

 
 
Figure 20: primary sequence alignment between NikR proteins. Amino acid sequence alignments 
of NikR homolog proteins with the corresponding secondary structure elements superimposed (see 
below). Residues shaded in black and grey indicate identical and conserved residues respectively. 
The blue dashed lines highlight regions of amino acid extension or insertion in H. pylori. The DNA 
recognition β-sheet of HpNikR is shown in red. The GI accession numbers of the sequences used for 
the alignment are 2314505 (Helicobacter pylori strain 26695), 15612322 (Helicobacter pylori strain 
J99), 16131353 (Escherichia coli), 14590497 (Pyrococcus horikoshii), 56415483 (Salmonella 
enterica), 17988831(Brucella abortus). 
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The biochemical and primary sequence properties 

 HpNikR shows low sequence similarity with EcNikR (21% identity 
and 54% similarity) and has also been less well characterised both 
biochemically and biophysically. Nevertheless, it has been confirmed that 
HpNikR is a homotetramer in solution at neutral pH.123 Also like other NikRs, 
each HpNikR monomer contains a nickel-specific high affinity binding site (Kd 
≈ 3.5 pM) allowing stoichiometric nickel binding.123 However, primary 
sequence alignment of NikRs has revealed a number of features that distinguish 
HpNikR from the other NikRs (Figure 20). In particular, the amino acid 
sequence of HpNikR displays an extra nine residues at the N terminus (the 
DBD) and a three residue insertion between the DBD and the TD.  
 

 
Table 2: Promoter sequences identified upstream of genes regulated by HpNikR. Different 
sequences bound by HpNikR as deduced using the DNAse 1 footprinting method are shown. 
Important bases for specific recognition of the ureA or nikr-2 operator sequences by HpNikR as 
identified by scanning mutagenesis are coloured in red and blue respectively. Subsite sequences that 
are thought to be bound specifically by HpNikR are shown in bold. 
 

As outlined above and shown in Figure 19, HpNikR is involved in the 
Ni2+-dependent regulation of a multitude of genes. Identification of HpNikR 
operator sequences from the genes it regulates has revealed both a 28 bp 
palindromic sequence identical to the EcNikR box and a AT-rich sequence with 
no clear consensus (Table 2). The DNA recognition β-sheet of the DBD 
displays a high primary sequence similarity (Figure 20) between NikRs and 
strongly suggests that the EcNikR box may be recognised by other NikRs. 
Indeed, EMSA experiments showed that binding of the EcNikR box, identified 
upstream the nikr gene, by HpNikR was possible but only with micromolar 
concentrations and an excess of nickel ions.123 The operator sequences 
characterised in the promoters of other genes regulated by HpNikR do not 
resemble the EcNikR box. Based on sequence alignment and scanning 
mutagenesis, Delany et al124 proposed a consensus operator sequence of 25 bp 
for HpNikR (5’-TATNATT-(N)9-11-AATAATA-3’).124 However, Zamble and 
co-workers showed that the consensus sequence from the ureA promoter is not 
enough to promote HpNikR binding which requires that the sequence is flanked 
by 12 bases both 3’ and 5’ to the operator sequence suggesting HpNikR 
recognises a longer sequence than that described by Delany and collegues.123 
Interestingly binding of sequences containing the ureA promoter by NikR has 
not been observed with tEcNikR indicating that the ability to recognise AT-rich 
sequences is not a conserved attribute among NikRs. HpNikR binds the PureA 
promoter with a Kd ≈ 9 nM in presence of stoichiometric nickel123, however, an 
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increase in nickel concentration does not lead to a higher DNA binding affinity 
of HpNikR suggesting that the low affinity nickel binding site, observed in 
EcNikR, may not be needed or may only have a minor role in the interaction 
with the AT-rich sequence.123 

The positive or negative effect on gene transcription by HpNikR is 
believed to arise from the position of the operator sequence relative to the 
transcriptional start site rather than the sequence recognised. Indeed, the 
HpNikR binding sequence in the ureA gene locus is found 50 bp upstream of the 
transcription start site which may favour the recruitment of the transcription 
machinery or alteration of the structure of the promoter resulting in the 
induction of transcription.125 In contrast, HpNikR operator sequences of nikR, 
nixA and exbB genes have been found overlapping the -10 region of each 
promoter which may prevent the recognition and/or the good positioning of the 
RNA polymerase.124, 125 The available evidence points towards the idea that 
HpNikR has evolved new DNA-binding properties while preserving the 
capacity to bind NikRs consensus DNA sequence.134, 135 
 

III.2 Some important structural features of NikR 

family proteins 

 
NikR proteins (NikRs) have been identified as first metal-responsive 

members of the ribbon-helix-helix (RHH) superfamily of transcription factors.84 
Two full length structures of apo-NikR and five full length nickel-bound NikR 
structures from E. coli (EcNikR)135, 136 and P. horikoshii (PyroNikR)134 have 
been determined using X-ray crystallography. Recently the Ni-NikR operator-
bound structure from E coli has been reported revealing how EcNikR recognises 
specifically the nik operator sequence.136 These structural data have given 
insights on how nickel ions regulate NikR function.  

 

III.2.1 Overall structure of apo-NikR proteins 

NikR sub-domain folds 

The solution of the crystal structure of apo-EcNikR confirmed the 
biochemical and bioinformatic data (see section III.1.1.1) that had suggested 
that NikR monomers comprise two domains: a N-terminal RHH domain with a 
βαα fold and a C-terminal, ferredoxin-like domain (Figure 21, A). The two 
domains are connected by a conformationally variable linker region. The crystal 
structure also confirmed that NikR oligomerises as a homotetramer associating 
NikRs as a dimer of dimers with a quaternary structure in which four ferredoxin 
domains associate to form a central tetrameric domain (TD) responsible for Ni2+ 
binding (see below) which is then flanked by two dimeric RHH DNA binding 
domains (DBD)135 (Figure 21, B). 
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There are several distinct sets of interactions upon tetramerisation of 
NikR (Figure 21, B). The largest interface is formed by the dimerisation of two 
ferredoxin domains ((Figure 21, B, left). This is essentially hydrophobic in 
nature and the quaternary structure of this “core dimer” consists of a four-
stranded β-sandwich flanked by four helices. This dimerisation also results in 
the formation of one of the core-flankings DBDs. Here, a twisted two-stranded 
antiparallel β-sheet formed through single strand pairing protrudes from the 
hydrophobic core of the DBD. Tetramerisation (Figure 21, B, right) occurs via 
the association of two core dimers that come together to form the central TD 
comprising a two-layer eight-stranded anti-parallel β-sandwich decorated by 
eight α-helices. Interactions between the β3 strands of the four monomers 
provide the central hub of the tetramer and constitute the only junction between 
monomers in the tetrameric core of NikRs. The formation of the TDs also 
results in the creation of two clefts on the surface of the tetramer that are 
covered by amino-acid side chains from the C-terminus of α3 from one subunit 
and the β3α4 and β2α3 loops from an adjacent monomer. 

The C-terminal sub-domain of NikRs is structurally homologous to the 
ACT regulatory small-molecule binding domain observed in a variety of 
proteins and particularly in several classes of enzymes involved in amino acid 
and purine synthesis.137, 138 The ACT regulatory domain is believed to be an 
evolutionarily conserved module that has been independently fused to a series of 
enzymes and has made them susceptible to allosteric regulation by their 
ligands.137, 138 These ligands generally bind in the region between the two first 
strands and the first helix of the ACT domain (Figure 21, C, left). Interestingly 
in structures of NikR, the conserved histidine-cysteine-rich patch thought to be 
involved in nickel binding is found in the same region as is ligand binding by 
ACTs. Additionally, in some cases, ACTs can form homodimers139, 140 (Figure 
21, C, left).When such dimerisation occurs two ligands are bound and the pair 
of ACT domains form an eight-stranded antiparallel β-sheet reminiscent of 
NikRs linked through the half-tetramerisation interface (Figure 21, C, right). 
Such a structural similarity suggests that the tetrameric core of NikRs can best 
be described as two pairs of ACT-type allosteric regulatory domains which 
could potentially bind four Ni2+ ions at the tetramerisation interface. 

Quaternary structure of NikR depend on the DBD conformation 

The structure of apo-EcNikR and its homologue from P. horikoshii 
(apo-PyroNikR), in the absence of DNA, have both the DBDs arranged around 
the central TD in what has been termed an “open” conformation134, 135 (Figure 
22, A). The relative positions of the DBDs to the central TD in the two NikR 
apo-structures available have revealed interesting structural and functional 
features. In both NikR apo-structures the N-terminal β-ribbons from DBDs 
(thought respectively to be in contact with the major groove of an operator 
subsite141-143) are placed in a position incompatible with DNA binding (Figure 
22, A) suggesting a required role for nickel in NikR-DNA complex formation. 
These structures also explain the relatively large operator subsite spacings seen 
for NikRs. 
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Figure 21: Structural properties and quaternary arrangement of apo-NikR. A) Ribbon diagram of 
a NikR monomer. Secondary structure elements of each subdomain are coloured in red, yellow and 
green for α-helices, β-sheet and loops, respectively. B) (left) Ribbon diagram representation 
showing the association of two monomers to form a core dimer. (right) The association of two core-
dimers produces a tetrameric NikR via the core-dimer and tetramerisation interfaces respectively. 
The characteristic domains of the NikR family of proteins are designated as DBD (DNA Binding 
Domain) and TD (Tetramerisation Domain). C) Structural comparison of the TD of apo-PyroNikR 
with the ACT-dimer regulatory domain of the 3-PGDH enzyme of E. coli that binds 2 L-ser ligands 
at the dimer interface.144 This figure shows that the TD from NikRs consists of the association of two 
ACT-like pairs that will bind fourNi2+ ions.  
 

In the open conformation the α2 helices of the DBDs do not pack 
against the TD. However, as can be seen from Figure 22, A, the orientations of 
the two DBDs in the structures of apo-EcNikR and apo-PyroNikR are different. 
The different orientations of the DBDs are the result of differences in the 
conformations of the linker regions on each side of the tetrameric core (Figure 
22, A). Indeed, in the structures of apo-EcNikR and apo-PyroNikR the C-
terminus of α2 is observed in several different conformations. This flexibility 
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suggests NikR tetramers can adopt a number of different conformations, a 
hypothesis supported by the observation of NikR tetramers with the dimeric 
DBDs trans to each other in the structure of a Ni2+-bound NikR from P. 
horikoshii134 (Figure 22, A). Based on the observations of PyroNikR in both 
“open” and trans-conformations, it was postulated that NikR may exist in 
equilibrium between three different conformations: “open”, “closed trans” and 
“closed cis”134 with the latter conformation required for simultaneous binding of 
the DBDs to the operator sequence (Figure 22, B). 
 

 
 

Figure 22: The Overall quaternary structure of NikRs depends on the positioning of the DNA 
binding domain with respect to the TD. A). Ribbon representations of Ni-PyroNikR, apo-EcNikR 
and apo-PyroNikR structures shown in green, brown and yellow respectively. Apo-EcNikR and apo-
PyroNikR adopt open conformations with different positioning of the DBDs while Ni-PyroNikR is in 
the closed trans-conformation. In the open conformation, structural elements at the tetramerisation 
are disordered or unstructured. Comparison of the apo structures shows the flexibility of the DBDs 
and that in these conformations NikR cannot bind to DNA. B) Schematic representation of the 
equilibrium between closed and open conformation of NikRs as proposed by Chivers and Tahirov.134 
TDs and DBDs are coloured in orange and blue, respectively.  
 

In the closed trans-conformation one of the α2 helices of each DBD is 
in close contact with the TD (closed) while the other α2 helix is half unfolded 
(Figure 22, A). In this conformation, the antiparallel β-ribbons of the two DBDs 
are located on different sides of the TD (trans). The proximity between the α2 
helices and the TD induces two new DBD/TD interfaces, in which α1 and α2 
from each DBD contribute. The postulated closed cis-conformation of the DBDs 
of apo-NikR would consist in the formation of two DBD/TD interfaces (closed) 
but with N-terminal β-ribbons being on the same side of the TD (cis). Apo-
NikR in a closed cis-conformation has not been observed. 
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III.2.2 Nickel binding in NikR 

High affinity sites 

The crystal structure of the TD of EcNikR with Ni2+ bound confirmed 
the presence of four high affinity Ni2+ binding sites with a square-planar 
geometry.86, 89 Identical sites are also observed in Ni2+-bound structures of full-
length NikR from P. horikoshii.134 The nickel ions bind across the 
tetramerisation interface very close in space to the allosteric ligand binding sites 
observed in ACT-like pair domains (Figure 23; upper). In these high affinity 
sites, Ni2+ is coordinated as predicted by XANES studies89 by three histidine and 
one cysteine residues, all of which are conserved in the amino acid sequences of 
known NikRs. The nickel ions in each of the ACT-like pairs making up the 
tetramer are linked by a network of hydrogen bonds134, 135 (Figure 23; lower). 

 

 
 

Figure 23: Overview of the locations of nickel binding sites and DBDs conformation observed in 
EcNikR and PyroNikR structures.134-136 Top: Structural comparison of the crystal structures of Ni-
bound EcNikR (left) and PyroNikR (middle and right) showing that Ni-bound NikR can adopt both 
open and closed trans-conformations. Symmetry related Cα chains are coloured in gold and blue 
respectively. Ni atoms are represented by spheres coloured orange, white and red for high affinity, 
auxiliary and low affinity sites respectively. High affinity and auxiliary nickel sites are located at the 
tetramerisation interface whereas low affinity sites are found at the TD/DBD interfaces. Bottom: the 
square planar coordination geometry of high affinity sites from the same ACT-like pair and the 
hydrogen bond network linking the two Ni2+ atoms. Side chains of the residues are shown in stick 
representation and are coloured by atom type (carbon in silver, oxygen in red, nitrogen in blue and 
sulfur in yellow). Nickel coordination and hydrogen bonds are represented by yellow and green 
dashed lines respectively. 
 

Comparisons between apo and nickel-bound structures of NikRs reveal 
slight nickel induced conformational changes (Figure 24). In all the Ni-bound 
structures, ions occupying the high affinity sites rigidify structural elements in 
the tetramerisation interface. Particularly, the α3 helices and β2α3 loops that are 
highly flexible in apo structures are better ordered.134, 135 Additionally, binding 
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of Ni2+ to the high affinity sites alters the relative positions of α3 from one 
subunit and the distal parts of β3, β4 and β2 strands from the adjacent subunit in 
the ACT-like pairs. Consequently the relative positions of the core-dimers are 
slightly shifted changing the overall shape of the TD. The nickel-induced 
conformational changes described above would thus appear to represent the first 
common step required to generate a TD suitable for DNA recognition. 

 

 
 

Figure 24: Overview of the specific conformational changes induced by nickel-binding at the 
high affinity site. The crystal structures of apo-PyroNikR (yellow) and Ni-PyroNikR (green) in open 
conformation were superimposed using apo-PyroNikR tetramer as a reference. This figure 
highlights the relative shift from one core-dimer relatively to the other as well as the unwinding and 
modification in the positioning of the α3 helices induced by the occupation of the high affinity site 
by nickel ions. Cα chains and nickel ions are shown in ribbon representation and as orange sphere 
respectively 

DBD conformation and low affinity sites 

Surprisingly, NikRs that are known to bind DNA operator sequence 
exclusively in the presence of nickel ions effectors have, in Ni-bound crystal 
structures, displayed quaternary structures that do not allow simultaneous 
binding to both operator subsites. Similarly to the apo-NikR structures, the 
nickel-bound crystal structures in the absence of DNA obtained for EcNikR136 
show EcNikR in an open conformation (Figure 23, upper-left). For 
stoichiometric Ni-PyroNikR in absence of DNA two crystal forms were 
obtained in which the DBDs adopt either an open-conformation or a closed 
trans-conformation neither of which are suitable for binding an operator 
sequence (Figure 23, upper-center and right). The orientation of the two Ni-
PyroNikR crystal structures strongly suggest that the DBDs are highly 
dynamical domains, and that in the absence of the DNA operator sequence are 
in equilibrium between “open” and “closed” conformations.134 The full length 
nickel-bound structure of EcNikR in the open conformation could not be 
obtained in an ordered crystal form without the addition of a cyclohexyl-propyl-
β-D-maltoside detergent during crystallisation. The detergent molecules are 
believed to have stabilised the DBDs flexibility by connecting both DBD and 
TD sides involved in the DBD/TD interface together.136 The localisation of the 
detergent molecule in Ni-EcNikR structure suggests that the DBD/TD interface 
might play an important functional role in NikRs dynamic (Figure 23, upper -
left).  
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As described in section III.1.1.1, a low affinity Ni2+ binding site needs 
to be occupied before EcNikR can bind tightly to its operator sequence. In order 
to get insight in the localisation of the “low affinity” nickel binding site, 
stoichiometric nickel-bound NikR crystals were soaked with an excess of nickel 
ions. Interestingly only the Ni-PyroNikR structure in the closed trans-
conformation revealed a potential low affinity site with binding of one 
additional nickel per dimer134 (Figure 25). This site is located in a highly 
conserved region of the DBD/TD interface, generated by the closed trans-
conformation. In this potential low affinity site, Ni2+ binds between the N-
terminus of α2 (DBD) and the α4β5 loop of the TD. The nickel ion adopts an 
intermediate geometry interacting with the side chains of the conserved residues 
E32 and D36 from the DBD (Figure 25, left). 

 

 
 

Figure 25: The geometry of the low affinity Ni2+ binding sites in crystal structures of the closed 
trans-conformer of PyroNikR.134 Left, in the absence of phosphate Ni2+ binds to the side chain 
residues of the conserved Asp36 and Glu32 from the extended α2 of the DBD. Right: in the presence 
of a phosphate ion the Ni2+ migrates adopts a square-pyramidal coordination sphere involving 
residues from both sides of the DBD/TD interface. In this figure the same representations and 
colour coding as in Figure 23 are used. 

 
Addition of 5 mM of sodium phosphate (to try to mimic those in a DNA 

backbone) to the soaking solution that produced Ni2+ occupancy of the potential 
low affinity site led to significant changes in the nickel binding properties of the 
site. A phosphate molecule is bound by R35 and a movement of the side chain 
of E32 and of the Ni2+ ion results in the nickel adopting an incomplete 
octahedral coordination sphere composed of the carboxyls of E32 and D36, and 
the main chain carbonyls of L118, L120, V123 from the α4β5 loop of the TD 
(Figure 22, right). That, following EcNikR binding to DNA, the Ni2+ occupation 
of the low affinity site is required to produce a picomolar EcNikR-DNA binding 
constant can be explained as follows: First Ni2+ pre-bound to NikR (Figure 25, 
left) will, in the presence of the operator sequence, migrate to the low affinity 
site (Figure 25, right) and lock NikR into the closed cis-conformation required 
for operator binding.  

Site-directed mutational studies performed on the residues that could 
contribute to a potential “low affinity” site in the E. coli protein have shown that 
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EcNikR could still bind the operator sequence, however the second level of 
activation leading to a picomolar affinity was suppressed.134 

 

 
 

Figure 26: Auxiliary sites in Ni-PyroNikR.134 Auxiliary sites strengthen conformational changes 
induced by previous binding nickel at high affinity sites. Auxiliary nickel binding sites are found at 
the extreme edge of the tetramerisation interface (1 per monomer) and involve residues from α3 of 
one subunit (gold) and β2α3 from the adjacent subunit (blue). In this figure the same representation 
and colour coding as in Figure 23 are used. 

Auxiliary nickel binding sites 

Surprisingly, nickel soaking experiments performed on crystals of Ni-
PyroNikR revealed an additional and unpredicted set of Ni2+ binding sites close 
to the high affinity sites described above. These were termed “second high 
affinity sites” or “auxiliary sites”.134 The occupancy of these sites depends 
exclusively on prior binding of Ni2+ to the high affinity nickel binding site 
(Figure 26). Similar sites have not been observed in any of the Ni-EcNikR 
structures available suggesting these auxiliary sites are not a conserved attribute 
among NikRs. 

In Ni-PyroNikR the auxiliary high affinity site adopts a distorted 
trigonal pyramidal coordination and links the β2α3 loop from one monomer in 
an ACT-like pair to the α3 helix from the adjacent monomer.134 It thus appears 
that nickel binding at the auxiliary site strengthens and finalises the 
conformational changes induced by nickel incorporation at the high affinity site, 
specifically those of the α3 helices and β2α3 loops. In their model of the Ni-
PyroNikR-DNA complex, Chivers and Tahirov proposed that the β2α3 loop 
interacts with the DNA backbone of the operator sequence134, thus, the presence 
of auxiliary sites in certain NikRs may be involved in the modulation of NikR 
function in a species specific fashion.  

III.2.3 Structural studies of EcNikR-DNA complex 

Schreiter et al have solved the structure of stoichiometrically bound Ni-
EcNikR  in complex with its DNA operator complex structure (Figure 27).136  

The crystal structure confirmed, as postulated by Chivers and 
Tahirov134, that the closed cis-conformation of the DBDs was needed for 
specific binding of NikR to DNA. It also provided details as to how NikR uses 
the β-ribbon of its dimeric RHH domains to specifically recognise its operator 
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sequence. In particular it shows that the side chains of Arg3 and Thr5 from the 
β-ribbon provide specific hydrogen binding interactions to the major groove of 
the operator sequence subsites. This confirms observations made in mutational 
studies.87 Non-specific interactions between NikR and the DNA 
sugar/phosphate backbone involve the side chains of T7, N27, R28, S29 and 
R33 residues from the DBD. Many of these residues are conserved or highly 
homologous in sequences of NikRs from other organisms. As described in 
section III.2.2, nickel binding to the high affinity site results in the ordering, and 
the displacement of the β2α3 loop. The side chains of residues K64 and R65 
from this loop interact with the DNA phosphate backbone (Figure 27).  

 
 

 
 
Figure 27: Stoichiometric Ni-bound-EcNikR-DNA complex structure.136Left, a ribbon 
representation showing the stoichiometric Ni-bound EcNikR–DNA complex crystal structure which 
confirms the closed cis-conformation being that suitable for DNA binding136. Monomers belonging 
to different core-dimers are coloured gold or blue. Nickel and potassium ions are shown as orange 
and purple spheres, respectively. The dsDNA used for NikR co-crystallisation includes the EcNikR 
box. Right, the potassium ion binding site and the principal interactions between EcNikR and DNA. 
R33 is in a conformation similar to that identified in the Ni-phosphate-bound PyroNikR structure 
previously discussed (Figure 26). Nucleotide bases and important side chains from EcNikR are 
shown using line representation and sticks representation, respectively. Side chains are coloured by 
atom type (carbon are coloured in gold and blue depending on the chain, oxygen are in red and 
nitrogen are in blue). Nickel coordination and hydrogen bonds are represented by yellow and green 
dashed lines respectively.  
 

From the crystal structures it appears, the Ni2+ in the affinity nickel 
binding site maintains a square planar geometry and is not, as predicted by 
XANES/EXAFS experiments89 octahedrally coordinated. Furthermore, a 
potassium ion occupies the putative low affinity nickel binding site at the 
DBD/interface previously detected by Chivers and Tahirov134 (Figure 27). As 
with nickel ion observed by Chivers and Tahirov, the K+ ion links the α4β5 loop 
to α2, provoking correct positioning of R33 (via a hydrogen bonding network) 
to the potassium such that it can also interact with DNA. In this structure, the 
conserved R119 side chain from the β4α5 loop points in the direction of the 
DNA minor groove and is part of the hydrogen bonding network stabilising the 
R33 conformer via DNA-backbone mediated hydrogen bonds. The binding of a 
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metal ion in the low affinity site is proposed to be critical for DNA binding by 
contributing to the formation of better interactions between NikR and the DNA. 

The authors suggested that the Ni-EcNikR-DNA structure obtained is 
the fully activated form and that K+ occupies the low affinity site under 
physiological conditions. The huge increase in EcNikR DNA binding affinity 
observed in conditions of excess nickel86  was explained by proposing that 
binding of additional nickel ions to non-conserved sites occurred. These ions 
would modify the electrostatic properties of the protein surface and result in a 
better interaction with DNA. These additional nickel binding sites may be a 
species specific characteritic that may serve to tune the activity of the protein 
depending on the organism. However, in vitro and in vivo assays on EcNikR 
with mutations in the low affinity sites showed that it is the occupation of these 
sites by Ni2+ that is crucial for the repressor function of EcNikR.134 These 
experiments showed that E30A Ni-EcNikR binds DNA with a Kd of 25 nM 
irrespective of the presence of excess nickel ions. In contrast, the picomolar 
affinity of wild type EcNikR for its operator sequence is restored in the presence 
of 50 μM nickel. Additionally, mutations within the low affinity site of EcNikR 
have been shown to inhibit the repressor function of the protein even in 
conditions of high extracellular nickel concentration.134 

In many prokaryotic TF, signal propagation from the input domain to 
the output domain following the binding of an allosteric ligand results in a 
change of the distance between two DNA binding domains reinforcing their 
interactions with operator subsites along the DNA. From the different EcNikR 
structures obtained, Drennan and co-workers suggested a different mechanism 
for NikRs.135, 136 They concluded that nickel activated EcNikR is not pre-
arranged to bind specifically the DNA operator sequence. Binding of nickel ions 
to the high affinity site does not alter the conformation of the DBD but induces 
essential short-range conformational changes in the tetramerisation interface 
leading to a TD surface compatible with DNA binding. This nickel-modified 
TD surface position the protein on DNA, while cooperative binding of the two 
flexible DBDs in the two major groove subsites occurs when the specific 
operator sequence is recognised. Ion such as potassium then locks NikR in a 
conformation suitable for DNA interaction by binding to the DBD/TD interface. 

III.3 Results and discussion  

III.3.1 The main topics of the present work 

Current knowledge of NikRs provides information on the 
oligomerisation state of the protein, the localisation and affinity of nickel 
binding sites and the conformation of DNA binding domains required for 
specific interaction with the DNA operator sequence. However, the mechanism 
of NikR nickel-induced activation remains obscure. Despite the biochemical and 
biophysical characterization of EcNikR that strongly supports the allosteric 
regulation of the DNA binding domain by the metal-sensing domain, structural 
data have not provided any evidence of allosteric cooperativity between the 
protein subdomains. Additionally, the metal-specificity of NikRs is still unclear 
since the protein binds others divalent metals with similar or stronger affinity as 
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nickel. Biophysical characterization of NikR from H. pylori has led to further 
complexity within the family. HpNikR is involved in a more complex nickel 
homeostasis, which is closely linked to the adaptive acid response evolved by 
the bacterium to survive and colonise the human stomach. This member of the 
NikR family seems also to have acquired an unique additional DNA binding 
mode despite the fact that the high affinity nickel binding sites are strictly 
conserved. The work carried out during this thesis centered on the structural and 
further biochemical characterization of HpNikR and its comparison with NikR 
orthologs.  
 Analysis of apo and intermediary Ni-bound HpNikR crystal structures 
is described in article III. This study provided the first evidence of the allosteric 
effect of Ni2+ ions on the DNA binding domains of NikRs suggesting that the 
activation of the protein occurs as a result of both short and long-range nickel 
induced conformational changes. Analysis of the closed trans-conformation of 
apo-HpNikR structure revealed a coupling between the TDs and the DBDs of 
NikRs in the absence of Ni2+ while a route for nickel incorporation at the high 
affinity sites of NikRs has been deduced from the intermediate Ni2+-bound 
structures. The identification of signal propagation between the TDs and DBDs 
upon nickel binding and the different nickel binding sites observed in the 
intermediate Ni2+-bound structures has allowed the proposal of a NikR 
activation mechanism that confers insight into the nickel selectivity of NikRs. 
This mechanism suggests that Ni2+ incorporation at the high affinity site induces 
a cooperative uncoupling of the movement of the DBDs with those of the TDs 
favouring a cooperative binding of the protein to a specific operator sequence. 

In order to gain insight on how the activity of NikRs is tuned in 
different organisms, the stability in the presence of excess Ni2+ and the influence 
of pH on Ni2+ binding of both EcNikR and HpNikR have been investigated 
(article IV). These experiments showed the existence of additional nickel 
binding sites in both of these NikRs and revealed different behaviours of 
EcNikR and HpNikR in conditions in which the sites are occupied. Based on the 
HpNikR structures obtained and the data accumulated on other NikRs, we could 
also explain how HpNikR is able to bind to two distinct operator sequences even 
though it has the same Ni2+ binding sites as other NikRs that do not share this 
ability. 

III.3.2 The influence of the DBD conformation on the TD 

interface and vice-versa 

The molecular replacement method failed in attempts to solve the 
structure of apo-HpNikR using either full length or C-terminal domain 
(monomers or dimers) of apo-EcNikR, apo-PyroNikR, Ni-PyroNikR crystal 
structures134, 135, suggesting that in the crystals obtained, apo-HpNikR adopted a 
different conformation from its homologues. Eventually the SAD phasing 
technique was used to solve the structure of Hg-derivative HpNikR crystals 
obtained by co-crystallisation. The refined structure of Hg-HpNikR then was 
used as a probe for molecular replacement to solve the structure of apo-HpNikR 
from native crystals.  
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Figure 28: Closed trans-conformation of the DBDs induces an asymmetric tetramerisation 
interface of apo-HpNikR. Left: An overview of the two asymmetrical sides of apo-HpNikR in a 
closed trans-conformation. HpNikR is represented as a ribbon in a view perpendicular to the 
crystallographic two fold axis. Symmetry related Cα chains are coloured in gold and blue, 
respectively. The black and red circles indicate the two main areas of different interaction between 
the DBDs and TD that generate asymmetry. Right: A schematic representation of the apo-HpNikR 
TD, using the same colour coding, summarises the interactions between secondary structure 
elements involved in the tetramerisation interface. 
 

 
 
 
 
 

 
 

Figure 29: Detailed comparison of the two asymmetrical sides of the tetramerisation 
interface in apo-HpNikR in the closed trans-conformation. Left: at the locked side, 
amino acid residues from the edge of the tetramerisation interface are buried due to the 
positioning of α3 and β3β4. Right: at the unlocked side, similar amino acids residues are 
solvent accessible and form a nickel basket. Cα chains and side chains of the residues 
from apo-HpNikR are represented by ribbon and sticks respectively. Side chains of 
residues are coloured by atom type (carbon in green (left) or purple (right), oxygen in 
red, nitrogen in blue and sulfur in yellow). 
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Apo-HpNikR displays a fold similar to that of other NikR proteins 
(Figures 28 and 21, A). However, it differs in that it adopts the closed trans-
conformation seen for Ni-bound PyroNikR structures (Figures 22 and 23). The 
closed trans-conformation observed for apo-HpNikR supports the hypothesis of 
Chivers and Tahirov, that NikR adopts a continuum of conformations between 
the open and closed forms.134 In apo-NikR structures that adopt the open 
conformation, the structural elements at the tetramerisation interface (β3α4 and 
β2α3 loops and α3 helices) are either unstructured in (EcNikR) or partially 
disordered (PyroNikR) in comparison with nickel-bound structures (Figures 22, 
A and 24). In the structure of apo-HpNikR we observe all these structural 
elements (Figure 28). 

In the closed trans-conformation, the DBD/TD interface (Figure 28) 
the DBDs pack asymmetrically against the α4 helices of the TD through 
contacts made by the C-terminus of the extended α2 helix, the α1α2 loop and 
the N-terminus of the extended α2 helix (Figure 28). These interactions 
indirectly restrain the freedom of movement of the α3 helices at the 
tetramerisation interface of NikR (Figure 28). As described in article III in the 
closed trans-conformation the DBDs also generate different orientations and 
positions of the α3 and α4 helices in each of the two ACT-like pairs making up 
the tetramer. This induces an asymmetrical TD arrangement leading to the 
modification of the surface properties of the tetramerisation interface displaying 
“locked” and “unlocked” conformations perpendicular to the two fold axis of 
the TD (Figures 28 and 29). This asymmetry at the tetramerisation interface is 
well illustrated by the distance between the β3 strands in symmetry related 
monomers (i.e. AC, BD; Figures 28 and Table 3). On the locked side (AC), the 
C96Sγ−C96Sγ' distance is 2.8 Å, whereas on the unlocked side (BD) it is 3.7 Å. 
The opening of the interface, at the unlocked side, results in the formation of a 
“nickel basket” (composed of H74, H75, H101, E104 and H105 from one 
monomer and Q87, and H93 from the adjacent monomer) capable of binding 
nickel ions (Figure 29, right). At the locked side, the residues coming from 
β3α4 bury H74, H75, H88 and H101 side chains, thereby reducing the solvent 
accessibility of these residues (Figure 26 and article I). This asymmetry at the 
tetramerisation interface is not observed in the crystal structure of apo-
PyroNikR which has an open-conformation of the DBDs (Table 3).  
 
 
Structures apo-HpNikR 

locked/unlocked 
Hg-HpNikR 

unlocked/unlocked 
apo-PyroNikR 
locked/locked 

Chain A B C D A B C D A B C D 
A   85 760   52 681   110 738 
B   761 40   679 38   830 100 
C 85 761   52 679   114 811   
D 760 40   681 38   739 97   
 
Table 3: Buried surface calculation between monomers at the tetramerisation interface. A 
summary of the calculated buried surface between subdomains in apo-HpNikR, Hg-HpNikR and 
apo-PyroNikR showing the asymmetry of the tetramerisation interface in apo-hpNikR. 
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Comparison of mercury-bound HpNikR and apo-HpNikR revealed that 
β3-β3 interactions between symmetry related monomers are involved the 
subdomain cooperativity (unpublished data). Binding of Hg at the C96 Sγ−Sγ' 
interface of the locked side of the tetramer increased the Sγ−Sγ' to 3.4 Å) 
whereas Hg binding at the same interface on the unlocked side did not change 
the β3-β3 distance (Figure 30). In addition to an increase of the β3-β3 distance 
upon Hg binding at the (previously) locked side of the tetramer, a movement of 
the α3 helices is also observed resulting in HpNikR moving from a 
locked/unlocked state to an unlocked/unlocked conformation of the TD (Figure 
30 and Table 3). The movement of the α3 helices would normally be coupled 
with a different conformation of the DBDs. Unfortunately, changes in both  
DBDs position and/or conformation cannot be observed due to crystal packing 
constrain. Indeed, in the crystal form in which the structures of apo-HpNikR and 
Hg-HpNikR were solved, the DBDs actively participate in the crystal packing 
which favours an adoption of a closed trans-conformation. However, the 
subdomain linkers were found to be disordered and secondary structure 
modifications were observed in the α1 helices of the DBDs. 

 
 

Figure 30: Structural superimposition of apo-HpNikR and Hg-HpNikR structures revealing the 
allosteric coupling of subdomains. The conformational changes and the opening of the 
tetramerisation interface undergone at the locked side by Hg-HpNikR upon binding of mercury ions 
to sulfur atoms of the symmetry related cysteine 96. This highlights the coupling between the 
tetramerisation interface and DBDs. The structures were superimposed using apo-HpNikR tetramer 
as a reference. Cα chains from apo-HpNikR (gold) and Hg-HpNikR (green) are shown in ribbon 
representation. The C96 residues are represented in sticks.  
 

The Hg-apo-HpNikR and apo-HpNikR structures suggest that binding 
of nickel ions to the high affinity site at the tetramerisation interface and DBD 
conformation of NikR are governed by an allosteric mechanism. In agreement 
with this idea, a three-fold increase of the Ni2+ dissociation constant for the high 
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affinity site was observed for full length NikR when compared to that of a 
DBD-truncated mutant. Furthermore, the impotance of  the locking/unlocking of 
the tetramer interface in the activation of HpNikR is supported by in vivo studies 
using a C96S mutant. This mutation resulted in a considerably reduced growth 
of H. pylori in response to nickel ions by comparison to wild type suggesting 
that the mutation modified the functional response of HpNikR (article III).  

III.3.3 Nickel incorporation in HpNikR  

 Previous studies have tried to understand how NikR becomes 
functional through the binding of nickel ion effectors. Several approaches have 
been used to determine the localisation and influence of the high and low 
affinity binding sites of NikR using either crystallisation of stoichiometric Ni-
bound NikR complexes (EcNikR) or crystallisation of stoichiometric Ni-bound 
NikR complex associated with nickel ion soaks of the crystals (PyroNikR). 
However none of these studies have provided information on how nickel ions 
access the buried high affinity site nor have they explained how nickel ion 
binding affects and stabilises DBDs. These studies have also given no structural 
understanding concerning the metal selectivity of NikRs. Therefore a different 
methodology has been applied to HpNikR consisting of the crystallisation of 
apo-HpNikR followed by nickel ion soaks. In article III, the crystal structures 
of two intermediate nickel-bound states of HpNikR that give insights to Ni2+ 
access, Ni2+ selectivity and nickel-induced allosteric effects in HpNikR are 
described. 

III.3.3.1 Nickel allosteric effect on DBD upon nickel incorporation 

The Ni2-HpNikR structure, obtained from an apo-HpNikR crystal 
soaked for one hour in mother liquor solution complemented with 20 mM nickel 
chloride indicated (article III) the first step of nickel ion incorporation. 

Ni2-HpNikR contains one Ni2+ ion per monomer. These do not occupy 
the high affinity sites and are located in similar positions on both sides of the 
TD in an unexpected situation given the asymmetrical TD interface of the apo-
HpNikR structure (Figure 31, A). The Ni2+ ions interact only with H88 from α3 
helix of one monomer and H74 from β2α3 loop of the adjacent monomer 
(Figure 31, B). The distal location of the sites and their coordination geometry 
(nickel coordination distances between 2.1–2.9 Å ; angles 81–95°) suggest they 
are representative of the first step of nickel incorporation into apo-HpNikR. 
Both H88 (that normally forms part of the high affinity site) and H74 are 
conserved among NikRs suggesting a common point of nickel entry via the α3 
helix and β2α3 loop secondary structure elements of the tetramerisation 
interface.  

On the unlocked side of the tetramerisation interface, the presence of 
Ni2+ has no effect on the conformation of structural elements. In contrast, Ni2+ in 
the “entrance” site at the locked side of apo-HpNikR causes a slight opening of 
the tetramerisation interface and conformational changes in the DBD and at the 
DBD/TD interface (Figure 31, C). Signs of Ni2+ entry into NikR thus appears to 
be propagated from the tetramerisation interface to the DBD. At the locked side  
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Figure 31: Nickel binding and conformational changes induced upon occupation of the entrance 
binding sites in Ni2-HpNikR crystal structure. A) Overview of the nickel binding sites observed in 
Ni2-HpNikR crystal structure. Ni2+atoms are shown as yellow sphere. B) Comparison of the 
entrance nickel binding sites at the locked (left) and unlocked (right) sides of the TD. A) and B) use 
the same representation and colour coding as Figure 23. C) Detailed comparison of apo-HpNikR 
(yellow) and Ni2-HpNikR (green) crystal structures, and the deduced movements of the secondary 
elements upon nickel binding at the entrance sites. The structures were superimposed using apo-
HpNikR tetramer as a reference. Upon nickel binding the α3 helix (chain A) moves away from the 
TD interface, affecting the position of the entire DBD. Cα chains are shown in ribbon 
representation. 
 
of the TD, nickel binding to H88 induces a movement of the α3 helices away 
from the tetramerisation interface. In comparison with Hg-HpNikR, the spacing 
between β3 strands remains unchanged indicating that the distal part of the 
tetramerisation interface may not have achieved a complete opening at the 
locked side of the tetramer. While movements of the α3 helices away from the 
tetramerisation interface are restrained by the stacking of the DBD against α4 
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helices (Figure 31, B). It is clear that such movements affect the entire DBD as 
suggested by the higher overall B factor and the conformational changes 
observed in the DBD and DBD/TD interface secondary structures elements such 
as the β1, α1α2 loop, α1 helix and the interdomain linker. This observation may 
constitute the first evidence of allosteric regulation of the DBDs by the metal 
binding domain. The opening of the distal part of the tetramerisation interface 
upon nickel binding facilitates transmission of nickel ions from the entrance site 
to interior of NikRs by rendering accessible side chains involved in the high 
affinity site that are buried in the crystal structures of apo-HpNikR and apo-
PyroNikR (Q77, H91). Indeed, in the Ni2-HpNikR structure, the side chains of 
the conserved H101 and Q87, involved in the high affinity Ni2+ site and the 
hydrogen bonding network that links the two high affinity site in an ACT-like 
pair are found close to this “entrance site” pointing in the direction of the nickel 
ion on both sides of the TD (Figure 31, B). Protonation of these solvent 
accessible amino acids H74, H88 and H101 when the tetramerisation interface is 
unlocked would certainly affect nickel binding within the high affinity site and 
nickel binding competition with other proteins or metal chelators. Our 
crystallisation conditions containing an excess of metal ion chelators (100 mM 
sodium citrate) at pH 4 may have delayed incorporation into HpNikR despite 
the picomolar dissociation constant of the high affinity nickel binding site of 
NikRs. 

III.3.3.2 Characterisation of the intermediary nickel binding site 

The Ni1-HpNikR structure, obtained from apo-HpNikR crystals soaked 
for one day in mother-liquor complemented with 100 mM nickel sulphate 
presents an asymmetric nickel binding arrangement and has revealed a second, 
new Ni2+, which we have termed the intermediary site (I) binding site in NikR 
(Figure 32, A and B). At the locked side of the TD, Ni2+ ions occupy both the 
high affinity site and an auxiliary site (detail in section III.2.3) also seen in the 
structure of Ni-PyroNikR (Figures 23, 26 and 32, A).  

At the unlocked side of the tetramerisation interface we observed Ni2+ 
binding at the I sites, involved residues belonging to neither the high affinity nor 
the entrance sites. In the I site, Ni2+ adopts an octahedral geometry in which the 
equatorial plane is formed by the conserved H74 and H101 from one monomer, 
H88 from an adjacent monomer and a water molecule which interacts with 
amino acids from this adjacent monomer (Figure 32, A). The two axial ligands 
are water molecules. All the residues involved in Ni2+ binding at the I site are 
conserved in NikRs. This site must therefore also exist in other NikRs during 
nickel incorporation. The I site seems to be the continuation of the entrance site 
since the newly coordinated H101 and Q87 were found nearby and are likely to 
interact with the metal ion in Ni2-HpNikR. Accommodation of Ni2+ at the I site 
displaces vertically α3 from one monomer and induces movement of the β3 
strand and conformational changes in the loop β2α3 of the adjacent monomer.  

At the locked side of HpNikR, nickel ions occupied both the high 
affinity sites and the two auxiliary sites equivalently to those found in the Ni-
PyroNikR structures (Figures 23, 26 and 32, A). Those Ni-binding sites lead to 
the closure of the tetramerisation interface passing from almost open in Ni2-
HpNikR to closed in this structure. Conformational changes already seen in 
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other Ni-bound structures were also observed unwinding of the α3 helix from 
one monomer; and the movements and stabilisation of following structural 
elements: β2, β3 and β4 strands and β2α3 and β3β4 loops (Figures 24 and 32, 
C).  

 
 

Figure 32: Nickel binding in Ni1-HpNikR: identification of the intermediary site. A) Left: A 
ribbon representation of the Ni1-HpNikR structure in the same orientation as apo-NikR structure 
presented in Figure 28. Right:, detailed comparison of the nickel atom coordination in HpNikR of 
the intermediary site and high affinity site respectively. Ni atoms are indicated as spheres with 
anomalous difference Fourier map contoured at 3σ in orange (high affinity site) and yellow 
(intermediary site). B) A stick representation of nickel atom coordination and hydrogen bond 
network between the high affinity sites and intermediary site from the same ACT-like pair. A) and B) 
use the same representation and colour coding as Figure 23. C) Overall view of the TD movements 
by superimposition of apo-HpNikR (yellow), Ni1-HpNikR (red) and Ni2-HpNikR (green) using apo-
HpNikR tetramer as a reference. The conformational changes undergone by the α3 and α4 helices, 
and the β2α3 and β3β4 loops during the transition between apo-, Ni2- and Ni1-HpNikR. The 
movements are indicated by arrows and coloured according to the different HpNikR structures. 

  
That the I sites are not observed at the locked side of the 

tetramerisation interface in HpNikR, suggests that the restrained opening of the 
tetramerisation interface on the locked side did not favour nickel binding to the I 
site. However, experimental evidence suggests that the I site may exist in 
solution (article IV). Nickel titration studies as a function of different pH on 
EcNikR revealed that the incorporation of Ni2+ at the high affinity sites is pH 
dependant (article IV). The best fit of these data assumed two protonation 
events with pKa of 4.1 and 6.1 respectively. These are close to the pKa of 
glutamate and histidine side chains and supports the proposition that protonation 
of histidine residues from the entrance and high affinity sites as well as Glu97 
(E109 in HpNikR) from the hydrogen bonding network affect the nickel 

 56 



incorporation. The protonation of these residues, found deep inside the 
tetramerisation interface, would require an opening of the tetramerisation 
interface upon nickel incorporation as identified with the Ni2-HpNikR structure. 
The large opening of the interface would certainly favour the passage of nickel 
to the intermediary site before reaching its final position at the high affinity site.  

Surprisingly, increasing crystal soaking time and soaking concentration 
did not result in a crystal structure in which all four HpNikR high affinity sites 
are occupied. Crystal packing may prevent nickel ions passing from the I sites to 
the high affinity sites on the unlocked side of the molecule. In the Ni1-HpNikR 
structure the interdomain linkers are disordered whereas DBDs are 
superimposed with those of the apo-HpNikR structure suggesting that absence 
of freedom of the DBDs may be responsible for the occupation of the 
intermediary sites in HpNikR (Figure 32, A).  

III.3.4 Nickel route within HpNikR: activation and metal 

selectivity mechanism  

III.3.4.1 Nickel binding mechanism 

Mutagenesis and in vivo complementation studies (article III) 
confirmed that residues identified as participating in the entrance and high 
affinity sites play an important role in HpNikR function that enables the nickel 
response in H. pylori. However, the existence and importance of the putative I 
sites could not be verified by direct mutagenesis since this site consists of 
residues involved either in the high affinity site or the hydrogen bonding 
network that stabilise these. Nevertheless, the different sites identified in these 
studies and the movement of the secondary structure elements of the 
tetramerisation interface upon nickel binding in HpNikR have suggested that the 
high affinity Ni2+ binding sites are dynamically assembled and that Ni2+ passes 
through the entrance and I sites before finally occupying the high affinity site. 
Furthermore, analysis of different NikR structures revealed that the 
tetramerisation interface is coupled with the dynamics of the DBDs that are 
known to adopt several conformations. Based on these observations a nickel 
activation mechanism for HpNikR can be proposed (Figure 33).  

In this model, apo-HpNikR is in equilibrium between the closed trans-
conformation and the open conformation (Figure 33, a). Nickel entrance would 
be favoured in the closed trans-conformation of HpNikR since the 
tetramerisation interface is open and residues involved in nickel binding are 
solvent accessible on the unlocked side. Two Ni2+ ions could be obtained from 
the surrounding by the “nickel basket” and then be transmitted to the entrance 
site (Figure 33, a). Following this, the small conformational changes described 
above are needed to promote Ni2+ binding to the I sites (Figure 33, b). Binding 
of a second pair of Ni2+ nickel at the locked side of the TD would induce the 
opening of the tetramerisation interface by binding to the entrance site as 
identified in the Ni2-HpNikR structure (Figure 33, c). The nickel-induced 
movement of the DBD from one closed trans to the other closed trans-
conformation would, as a consequence, lock the opposite tetramerisation 
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interface favouring the passage of nickel ions from the intermediary site to the 
high affinity site finalising the conformational changes (Figure 33, c). 
Consequently, at the newly-created unlocked side, nickel ions would pass from 
the entrance to intermediary sites to produce a protein resembling the Ni1-
HpNikR structure (Figure 33, d). The closure of the interface during the 
transmission of nickel ions from the intermediary sites to the high affinity sites 
might achieve an increase of metal affinity by favouring both good positioning 
of the residues involved in the high affinity sites and the formation of the 
conserved hydrogen bonding network made by the side chains of Y72, Q89, 
H99 and E109 residues. The proximity and accessibility of the residues involved 
in the high affinity site in combination with the dynamic movement of the 
DBDs (that was sterically hindered in the Ni1-HpNikR structure) would release 
the constraint and allow the transmission of nickel ions from the intermediary 
site to the high affinity site at the unlocked side leading to the final activated 
HpNikR molecule (Figure 33 e). Additionally, the excess nickel ions would bind 
preferentially to the protein at the auxiliary sites. This stabilises the 
conformational changes induced by occupation of the high affinity site and 
prevents loss of nickel ions (Figure 33 f). 

 

 
 

Figure 33: schematic representation of nickel incorporation and activation 
based on HpNikR structures solved  

 
Binding of nickel to the high affinity sites of the TD reinforces 

interactions between structural elements of the tetramerisation interface. 
Therefore, asymmetric binding of two nickel ions these sites would result 
initially in the allosteric uncoupling of movements of the DBDs with those of 
the tetramerisation interface. A full uncoupling of these movements would occur 
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in the fully activated HpNikR, which would thus allow cooperative binding of 
the nickel-bound HpNikR to its specific operator sequence.  

Although the residues in the secondary structure elements involved in 
signal propagation between subdomains in HpNikR (α3 and α4 helices, 
interconnected β strands, interdomain linkers) are not conserved, accumulated 
data supports the idea that EcNikR functions in a similar way to HpNikR in 
binding nickel to high affinity sites. The pH-dependant formation of the high 
affinity site in EcNikR identified in article IV suggests an opening of the 
tetramerisation interface during nickel binding. In agreement with the proposed 
allosteric regulation of DNA binding, a modification of the dynamics of the 
DBDs in EcNikR was observed using analytical ultracentrifigation.86 Even 
though apo- and Ni-EcNikR differ only slightly in secondary structure, different 
sedimentation profiles were obtained for the two proteins.86 This difference 
must arise from differing dynamics of the DBDs and illustrates that DBD 
dynamics can be affected by nickel binding within the TD even though the 
separation between the high affinity Ni2+ site and the DBDs is more than 20 Å. 
The cooperative nature of the DBD binding to operator subsites was proposed 
by Drennan and co-workers as a result of their analysis of the stoichiometric-
nickel-EcNikR-DNA structure.136 Moreover positive cooperativity has been 
identified during titration of DNA-protein interactions for both EcNikR and 
HpNikR in several studies and adds further support to this mechanism of DNA 
binding activation.86, 123 Interestingly, allosteric regulation using asymmetric 
ligand binding in HpNikR resembles that identified in the two ACT-pair 
regulatory domains of the 3PGDH enzyme (see section III.2.1 and Figure 21, 
C). The binding of allosteric L-Serine (L-Ser) effectors at the ACT-pair 
interfaces follow two distinct cooperative processes.144, 145 Asymmetric binding 
of two L-Ser effectors displays a positive cooperativity whereas the binding of 
two extra L-ser effectors are subjected to negative cooperativity in the pair of 
ACT regulatory. The binding of L-Ser effectors in the ACT regulatory domain 
induces conformational changes that lead to the allosteric inhibition of the 
activity in the catalytic subdomains of the 3PGDH enzyme.144, 145 The resulting 
allosteric inhibition of the activity of the 3PGDH enzyme through binding of L-
Ser binding effectors occurs in cooperative manner. 

 

III.3.4.2 The metal selectivity of NikR proteins 

The activation mechanism proposed for HpNikR (Figure 33) confers 
insights into the nature of the metal selectivity of the NikR family. Indeed, the 
dynamic assembly of the high affinity binding site and the conformational 
changes induced at each step along the metal incorporation route goes hand in 
hand with metal specificity. Although many transition metal ions could bind at 
the entrance site identified in the Ni2-HpNikR structure, the octahedral 
coordination of the intermediate site will favour the incorporation of cobalt, 
copper and nickel.90 Any Me2+ ion binding in the I site will then have to adopt a 
square-planar coordination in the high affinity site. Examination of the 
Cambridge Structural Database reveals that, of common transition metals, only 
Ni2+ and Cu2+ are found in almost equivalent numbers in octahedral and square 
planar coordination geometries90 suggesting that only these metals ions have the 
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capacity to pass through the I site en route to the high affinity site. This 
observation is corroborated by results showing that nickel and copper have 
greater affinity for the high affinity sites than other divalent metal ions88 (Table 
4). Interestingly, the high affinity site is thought to pass from square planar 
geometry to octahedral coordinations arrangement in the presence of specific 
DNA operator sequences.89 The rearrangement of Me2+ coordination geometry 
upon DNA binding may represent the third level of nickel selectivity in the 
NikR family as the conformational changes it induces may be required to 
generate the final, functional NikR repressor complex86, 89, although such change 
in coordination has not been confirmed by the structure of the stoichiometric 
nickel-bound EcNikR-DNA complex.136  

 

 
 
Table 4: Me2+ binding and Me2+-induced DNA binding with EcNikR.88, 92 A summary of estimated 
dissociation constants either between metal(II) ions and the high affinity nickel binding sites of 
EcNikR or between Ni-bound EcNikR and specific DNA operator sequence such as measured by 
Zamble and co-workers.88, 92 KMe represents the free metal concentration at half-maximal binding 
estimated using competition with chelators. KDNA represents the protein concentration needed for 
half maximum binding to the specific NikR operator sequence estimated by MSA.  
 

Recent XAS studies suggest that the high affinity nickel binding site of 
HpNikR also exhibits a change in Ni2+coordination upon DNA binding similar 
to that of EcNikR.146 Such a change in metal-coordination upon specific 
operator DNA binding is thought to induce the release of a cysteine side chain 
from the high affinity site. As metal-sulphur distance is shorter for copper than 
for nickel90, a change in the coordination of the former at the high affinity site 
may not induce the correct conformational changes within the TD to provide the 
highest affinity Ni-NikR-DNA complex. Indeed, the stronger Me2+-S 
coordination when Cu2+ is bound at the high affinity site may90, in fact, not 
favour the release of the cysteine after specific DNA binding in the nik operon. 
Results obtained by Zamble and co-corkers are in complete agreement with this 
hypothesis92 (Table 4). Binding of a metal ion within the low affinity site in Ni-
EcNikR-DNA complex appears to rely on specific conformational changes 
induced by the prior binding of nickel high affinity sites. In presence of metal 
excess, nickel ions occupying high affinity sites induce a 10-fold higher affinity 
of EcNikR for the nik operator sequence than cupper ions in similar conditions, 
although copper ions bind high affinity sites with a stronger affinity than 
nickel92 (Table 4). Altogether those structural data support a strong metal 
selective response achieved by NikRs based on nickel chemistry and the 
dynamical conformational changes induced by metal ions upon incorporation to 
the high affinity sites and DNA binding interaction. 
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III.3.5 Terminal domain surface properties related to specific 

organism functions. 

Nickel soaking experiments performed on apo-HpNikR crystals have 
shown, in the in Ni1-HpNikR crystals, the occupation of auxiliary sites (named 
external (X) in article III). These sites are similar but not identical to the 
auxiliary sites found in the crystal structure of Ni-PyroNikR. The X sites have 
octahedral geometry with Ni2+ coordinated by the side chains of H74, H75, and 
the carbonyl oxygen of E104 and three oxygen atoms of a citrate ion. The 
presence of the Ni2+ in the X sites rigidifies the β2α3 and β3β4 loops and allows 
direct and Ni-mediated interactions between these and α3 of the TD (Figure 34). 
Chivers and Tahirov134 have proposed that such a rigidification of the β2α3 loop 
may be important in certain non E. coli NikRs to optimise non-specific 
interaction of NikRs with the DNA backbone of the EcNikR box. Despite the 
fact that the residues involved in Ni2+ coordination in the X sites of Ni1-HpNikR 
structure and those seen in the Ni-PyroNikR structure present only a weak 
conservation in primary sequence and that the Ni2+ coordination is different, the 
X sites in the two structures share two similarities. 1) The occupancy of the X or 
auxiliary sites depends exclusively on the prior binding of nickel to the high 
affinity site. 2) Nickel binding at the X sites or the auxiliary sites strengthens 
and finalises the conformational change induce by the incorporated nickel at the 
high affinity site by linking residues in the β2α3 loop from one subunit to 
residues in α3 helix from the adjacent subunit (Figure 34).  

 

 
 

Figure 34: Detailed comparison between auxiliary sites found at the edge of the tetramerisation 
interface of Ni-PyroNikR and Ni1-HpNikR crystal structures. Auxiliary nickel binding sites 
observed in Ni1-HpNikR (left) and Ni-PyroNikR (right) are shown as white spheres. Anomalous 
difference Fourier map contoured at 3σ (in grey) is shown for the auxiliary site of Ni1-HpNikR 
crystal structure.In this figure the same representation and colour coding as in Figure 23 are used. 
These sites are found at the extreme part of the tetramerisation interface (1 per monomer) and 
involve distal secondary structure elements such as α3 from one subunit (gold) and β2α3 and β3β4 
loops from the adjacent subunit (blue).  

 
An excess of nickel does not modify the binding properties of HpNikR 

to AT-rich operator sequences suggesting that the X sites observed in the Ni1-
HpNikR crystals may not be needed for this task in H. pylori. A high 
intracellular concentration of nickel ions is needed in this organism to either 
feed or to promote nickel-induced expression by HpNikR of the essential urease 
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enzyme that allows acid survival and adaptation in the human stomach. 
Furthermore, the intracellular pH of H. pylori strain was measured between 5.3 
and 6.5 in response to an extracellular pH 4.5 in absence or presence of urea 
respectively suggesting that the intracellular pH varies as a function of the 
external conditions.109 Histidine residues are sensitive to protonation which 
could seriously affect nickel coordination and uptake by HpNikR. In HpNikR, 
the X sites are mainly composed of histidine residues and could participate in 
tuning HpNikR activity depending on the nickel and pH homeostasis 
encountered in the cytoplasm of H. pylori. Therefore, in article IV the influence 
of nickel excess at different pH was investigated in both EcNikR and HpNikR in 
the absence of the DNA operator sequence. 

The two proteins behave differently in an excess nickel environment 
(Figure 35). At pH 8, EcNikR tends to aggregate after stoichiometric nickel 
binding with complete nickel-induced mass aggregation occurring at 1.5 Ni2+ 
equivalents per monomer. In contrast, HpNikR stays stable in solution until the 
Ni2+ concentration reaches 3 equivalents per monomer (Figure 35). At pH 6 
(similar to the intracellular pH in H. pylori in response to an external acidic 
stress109) HpNikR is not affected by nickel-induced mass aggregation whereas 
EcNikR still aggregates suggesting that HpNikR is more stable in conditions of 
excess nickel and that the nickel binding properties of the two proteins differ 
significantly. 
  
 

 
 
Figure 35: Nickel-induced mass aggregation in EcNikR and HpNikR at pH8. Ni2+ binding by 
EcNikR and HpNikR followed by UV-Visible spectroscopy at 302nm. The measured Δ absorbance at 
302 nm as a function of Ni2+ added reflects binding of a nickel ion to the sulphur atom of the high 
affinity site. After saturation of specific nickel binding sites, unspecific nickel binding occurs leading 
to nickel induced mass-aggregation.  
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The results at pH 8 support the idea that each HpNikR monomer binds, on 
average, two Ni2+ ions. In the Ni1-HpNikR crystal structure, unlike EcNikR, 
HpNikR was shown to bind an additional Ni2+ per monomer in the X sites. In 
vivo mutagenesis on HpNikR performed in article III has revealed that 
mutations of amino acids involved in the X sites resulted in phenotypes that are 
much less viable at high nickel concentration. Interestingly, the non-conserved 
H93 in HpNikR, located at the surface of the tetramer interface close to the 
auxiliary site, is prone to non-specific binding of nickel ions as detected using 
different nickel soaking conditions on apo-HpNikR crystals (unpublished). The 
His93Ser HpNikR shows a similar phenotype to the wild-type after in vivo 
complementation also shows a better resistance in response of nickel excess 
(article III.) It would thus appear that in conditions of excess nickel the 
occupation of X sites delays the onset of non-specific Ni2+-induced mass-
aggregation. This suggests that specific binding of nickel ions in the auxiliary 
site at the surface of HpNikR is important for the nickel response avoiding the 
nickel-induced mass-aggregation when the intracellular nickel concentration is 
increased and the intracellular pH varies. 

Interestingly EcNikR nickel-induced aggregates remain capable of 
binding further 4 to 7 Ni2+ ions with micromolar affinity (article IV). These 
additional binding sites in EcNikR almost certainly involve histidine side chains 
as the measured pKa of the aggregation is 5.4. This aggregation can be rapidly 
reversed upon addition of nickel ion scavengers suggesting that these additional 
sites are solvent accessible. The crystal structure of EcNikR shows two clusters 
of non conserved histidine residues protruding from either site of the interface 
of the ACT-like pairs (Figure 36) and it is likely that, even after aggregation, 
some of these clusters will still have considerable affinity for nickel and are the 
Ni2+ binding sites in EcNikR aggregates. Recent evidence has confirmed that 
these residues are capable of nickel binding.147 That EcNikR aggregates remain 
capable of binding a significant number of additional nickel ions and that this 
aggregation can be rapidly reversed are properties required for a protein 
involved in the storage of nickel. It is thus a plausible and interesting notion that 
EcNikR could be involved in nickel homeostasis, both at the level of the 
regulation gene expression and as a storage protein reacting in changes in nickel 
comcentration in more direct manner. The advantages to the cell are obvious, as 
a storage system consisting of NikR aggregates is capable of immediate release 
of Ni2+ when required and also capable of absorbing excess Ni2+ rapidly.  

The histidine clusters seen in EcNikR are not present at a similar extent 
in HpNikR (Figure 36) and aggregates will not bind a significant number of 
additional nickel ions. HpNikR cannot therefore act as a nickel storage protein. 
This observation should not be surprising. H. pylori express high quantities of 
the Hpn protein that is thought to be involved in reversible metal storage and 
detoxification. No homologue to Hpn exists in E. coli which might explain the 
fact that EcNikR appears also to act as a Ni storage protein. This reflects the 
adaptive mechanisms evolved by H. pylori to ensure the specific control of 
nickel homeostasis by HpNikR through the modification of its protein surface 
properties.  
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Figure 36: Surface exposed histidines in HpNikR and EcNikR. Structural comparison between 
HpNikR (left) and EcNikR (right) shows an important number of solvent exposed histidine clusters 
in EcNikR that would certainly be involved in nickel-induced mass aggregation in the absence of 
DNA. Cα chains and side chains of the residues are represented by ribbon and sticks respectively. 
 

III.3.6 Hypothesis on HpNikR DNA operator recognition  

In comparison with NikR orthologs, HpNikR has two unique insertions 
in its primary sequence. A nine residue insertion at the N terminus is attached to 
the DNA recognition β-strand of the DBD and HpNikR also contains an 
extended DBD/TD interdomain region. These insertions could affect the DNA 
operator sequence recognition of HpNikR by modifying DNA-protein 
interactions or/and changing the relative position of the TD and DBDs. HpNikR 
has evolved an ability to bind two distinct operator sequences (see III.1.1.2). It 
binds the conserved “EcNikR box” with low affinity and only in the presence of 
nickel excess. For high affinity binding of the AT-rich sequence a nickel excess 
is not required. This strongly supports the existence of a conserved, but as yet 
unobserved, low affinity binding site in HpNikR that provides one of the 
differences between the two modes of DNA sequence recognition. 

The low affinity nickel binding site identified by Chivers and Tahirov 
in Ni-PyroNikR (Figure 22), assigned as K+ in the Ni-EcNikR-DNA structure 
(Figure 27), is a possible low affinity binding site in HpNikR. The residues 
involved in cation binding at this site are conserved among NikRs and their 
location at the DBD/TD interface could help tune HpNikR-DNA operator 
sequence interactions. Comparison between Ni-PyroNikR and Ni-PyroNikR 
soaked with 5 mM phosphate also suggests that any cation in the low affinity 
site would be pre-bound to the DBD and that its coordination would be finalised 
only in presence of the specific nik operator sequence locking the closed cis-
conformation of HpNikR and increasing therefore the specificity and affinity of 
the protein for the DNA sequence. Occupation of the low affinity site in the 
crystal structure of Ni-PyroNikR soaked with 5 mM phosphate provoked a 180° 
flip of the guanidinium group of the conserved R35 (Figure 25). In the 
stoichiometric Ni-EcNikR-DNA operator complex structure the equivalent 
residue adopts the same conformer and is part of a hydrogen bond network 
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involving the conserved Thr7, the DNA phosphate backbone and the carboxyl 
group of E30 (Figure 26). This latter residue forms part of the coordination 
sphere of the cation in the low affinity site and the rotamer it adopts (held in 
place by interaction with the cation) serves to correctly orient the conserved R33 
(R35 in PyroNikR). The occupation of the low affinity site seems to properly 
orientate and locate both the N-terminal β-ribbon and R119 side chain from 
α4β5 loop so they can interact respectively with a specific operator subsite in 
the DNA major groove and the sugar/phosphate backbone of the DNA minor 
groove nearby the subsites bases (Figure 27).  

Cation binding at the low affinity site thus allows an increase in the 
binding affinity of NikRs to the “EcNikR box” operator sequence. Its absence, 
however, would give more freedom to the DBDs to move and recognise another 
operator sequence. It may therefore be that the DNA binding characteristics of 
HpNikR can be explained in terms of full and empty low affinity sites. 

 
 

 
 

Figure 37: Detailed comparison between Ni1-HpNikR and Ni-PyroNikR crystal structures at the 
DBD/TD interface. This figure shows that packing of the DBDs against the TD in the Ni1-HpNikR 
crystal structure (left) differs from the one observed in Ni-PyroNikR crystal structure which is also 
in closed trans-conformation. Nickel ions bound to the low affinity sites are indicated by red 
spheres. In this figure the same representation and colour coding as in Figure 23 are used.  The 
orientation and positioning of the α2 helices do not favour the occupation of the low affinity sites by 
nickel ions in Ni1-HpNikR in closed trans-conformation observed.  
 

In article III a detailed comparison of the TD/DBD interfaces between 
apo-HpNikR and Ni-PyroNikR crystal structures both in the closed trans-
conformation revealed that the DBDs are packed differently against their 
respective TDs with, in particular, a different positioning of α2. The Ni1-
HpNikR crystal structure shows a similar TD/DBD interface conformation to 
apo-HpNikR. The different DBD/TD interface observed in the HpNikR crystal 
structures does not allow cation binding in the low affinity sites at the DBD/TD 
interfaces (Figure 37). However, the extended α2β2 loop in HpNikR gives more 
freedom on the movement and positioning of the α2 helices in the DBDs and 
the crystal structures do not rule out that cations bind to the low affinity site of 
HpNikR under certain conditions.  

Scanning mutagenesis in combination with DNase 1 footprinting on the 
32 bp AT-rich urea gene operator sequence have revealed that HpNikR 
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specifically recognises a 25pb region encompassing two 7 bp long specific 
subsites separated by a 9 bp non-specific linker (5’-TAACACT-(N)9-
AATAATA-3’)124 this is slightly shorter than the EcNikR box (5’-GTATGA-
(N)16TCATAC-3’).87, 102, 123 However, Zamble and co-worker have shown that 
this AT-rich sequence was not enough to promote formation of a specific 
HpNikR-DNA complex and that flanking regions on both side of sequence were 
required.123 Taking this information into account, a model for HpNikR binding 
to DNA can be proposed (Figure 38). The closed-cis conformation of HpNikR 
was generated following the method used by Chivers and Tahirov134 using the 
crystal structure of Ni1-HpNikR. 

 

 
 
Figure 38: Model of AT-rich operator sequence by HpNikR compared with Ni-EcNikR-DNA 
crystal structure. Ribbon representation of the Ni-EcNikR DNA complex structure solved by 
Drennan and co-workers136 (left) and Ni-HpNikR-DNA model (AT- rich operator sequence; right). 
Monomers belonging to a core-dimer are coloured in red and green. DNA is displayed as sticks with 
a cartoon tube tracing the sugar/phosphate backbone. The dyad-related operator subsites are 
coloured in yellow. Nickel ions bound to high affinity sites and potassium ions bound to the low 
affinity sites are indicated by orange and purple spheres, respectively. This model shows that the 
longer linker interdomain loop in combination with the absence of metal bound to the low affinity 
site allows the DBDs of HpNikR to adopt a different orientation in comparison with EcNikR. This 
allows the unique N-terminus from the HpNikR to bind the major groove of the DNA locking 
HpNikR in the closed cis-conformation and generating specific base recognition.  

 
This model provides a plausible explanation as to how HpNikR can 

recognise a longer DNA sequence with a smaller consensus operator sequence. 
It shows that in the closed cis-configuration of Ni-HpNikR the spacing between 
the two sets of β-ribbons that bind to DNA would be further apart than is seen in 
either the Ni-EcNikR-DNA crystal structure136 or a model of the Ni-PyroNikR-
DNA complex134 (Figure 38) when the low affinity sites are not occupied. 
Firstly, the spacing between the dimeric DBDs in this closed cis-Ni-HpNikR 
model would require a higher bend of the DNA operator sequences in order that 
specific recognition in the DNA major groove could occur. Such a situation 
would probably favour binding to A-T rich operator sequences as these are more 
prone to bending.148 Secondly, the β-ribbons of the DNA-binding motifs would 
interact differently and less specifically with the major groove of DNA 
compared to Ni-EcNikR and Ni-PyroNikR. The absence of an occupied low 
affinity site in Ni1-HpNikR allows the interdomain linker/α2 helix, and the 
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DNA binding motifs to adopt a different orientation (Figures 37 and 38). 
Additionally, the extended N-terminus of HpNikR, disordered in our crystal 
structures could point in the direction of, and interact with, the major groove of 
the operator subsites thus providing specific base recognition (Figure 38). This 
model agrees with recent studies suggesting that the extended N-terminus is 
important for the AT-rich recognition by HpNikR.146 It would also explain how 
HpNikR can stabilise the closed cis-conformation to interact on AT-rich 
operator sequence without using the low affinity metal binding site used by 
EcNikR for the nik operator. After cooperative interaction of DBDs on AT-rich 
operator sequences, the extended N-terminus would achieve specific subsite 
recognition and lock the closed cis-conformation of the protein generating a 
functional protein-DNA complex. 

In order for Ni-HpNikR to bind the “EcNikR box” operator sequence a 
reorientation of the DBDs would be required. This would explain why, under 
normal circumstances, HpNikR binds this sequence with lower affinity than 
EcNikR. Based on the structures of Ni-PyroNikR and the NikR in the Ni-
EcNikR-DNA complex, HpNikR with the low affinity site occupied would 
certainly have the correct quaternary structure to bind the “NikR box”. 
Furthermore in HpNikR, the auxiliary sites would be occupied in presence of 
excess nickel as suggested by the article IV. These auxiliary sites are believed 
to further stabilise the β2α3 loop that provides non-specific interactions with the 
phosphate backbone of the DNA subsites of the “EcNikR box” spacer in certain 
NikRs134. Hence the need for a nickel excess for “EcNikR box”-binding by 
HpNikR.  
 

III.4 Summary  

 
EcNikR is a nickel-responsive transcriptional repressor that is involved 

in the down regulation of the NikABCDE permease that plays an important role 
in feeding essential hydrogenase enzymes with Ni2+ cofactor under anaerobic 
conditions. Binding of four nickel ions to the EcNikR high affinity Ni2+ site 
induces allosteric conformational changes of the nickel-sensing domain 
allowing EcNikR to bind a specific nik operator sequence while binding of 
additional nickel ions to low affinity sites insure a thigh EcNikR-DNA 
repression complex. By sensing nickel concentrations, EcNikR provides 
efficient regulation of the NikABCDE-nikR operon, preventing toxic nickel 
levels in E. coli cells, without stripping apo-hydrogenase from its co-factor in 
condition in which the activity of mature hydrogenases are essential. In contrast, 
H. pylori seems to use nickel ions as a secondary signal that reflects the 
temporal/spatial environment of the bacterium in the stomach. Thus, H. pylori 
uses the HpNikR as pleiotropic transcriptional activator and repressor that is 
involved directly or indirectly in the virulence, colonization and persistence of 
the bacterium. To fullfil its functions, HpNikR appears to have adapted a 
different DNA binding mode while, in its fully active form, preserving only the 
high affinity nickel binding sites. The structural and biochemical 
characterisation of HpNikR and its comparison with other NikRs described in 
this thesis has allowed us to highlight the common functional features in the 
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NikR family while, at the same time, providing insights in the peculiarities of 
the HpNikR protein.  

The crystal structure of apo-HpNikR shows that the protein has a 
global fold similar to that of its homologues but adopts a closed trans-
conformation, never previously observed for apo-NikR. This suggests that apo-
NikRs are highly dynamical assemblies. The asymmetric tetramerisation domain 
(TD) observed in the apo-HpNikR structure in a closed trans-conformation 
suggests that changes in the conformations of the tetramerisation interface 
(which is involved in the binding of the high affinity Ni2+ binding sites) are 
coupled with the movements of the DNA binding domains (DBDs). This 
implies a strong cooperativity between the subdomains of NikRs that is 
important in their activation process.  

From the analysis of the crystal structures of apo-EcNikR and 
stoichiometric Ni-EcNikR, Drennan and co-workers concluded that the high 
affinity Ni2+ binding sites are not pre-organised in NikRs and that the form of 
NikR that interact with the DNA operator sequence is also not pre-organised. 
The structural and biochemical data presented here supports these ideas. Nickel-
bound intermediary structures of HpNikR obtained have helped to identify 
entrance and intermediary nickel binding sites that are composed of conserved 
amino acid. Conformational changes induced by the occupation of these sites 
have been observed and described and have allowed the unravelling of the route 
that nickel ions follow in NikR and the proposal a nickel incorporation 
mechanism for high affinity sites. This mechanism supports a cooperative 
incorporation of the nickel ions effectors in the TD and a metal selectivity based 
on the intrinsic chemical properties of nickel, but also suggests the dynamic 
assembly of high affinity sites as the nickel effectors bind at the tetramerisation 
interface of NikRs leading to fully activated NikR. From previous studies on 
EcNikR and PyroNikR, short-range conformational changes leading to 
activation of NikRs have been elucidated. In the studies described here, the 
observation, in HpNikR being in the closed trans-conformation, supports the 
presence of long-range allosteric conformational changes affecting the DBDs 
and DBD/TD interface by occupation of the nickel high affinity sites that results 
in the activated protein.  

Activation of HpNikR appears to arise from the cooperative uncoupling 
of the movements of the DBDs with those of the tetramerisation interface upon 
nickel incorporation at the high affinity sites. This change of subdomain 
dynamics may allow cooperative interaction of  β-ribbon from the RHH of the 
DBD with the specific operator sequence subsites using the closed cis-
conformation.  

Nickel binding titrations at different pH in the absence of DNA has 
revealed that non-conserved surface exposed histidines from EcNikR are 
involved in reversible nickel-induced mass-aggregation of EcNikR. EcNikR 
aggregates are capable of storing 20-30 nickel ions per tetramer in the absence 
of DNA. This suggests that EcNikR aggregates could participate in nickel 
detoxification of the E. coli cytosol. Similar experiments carried out on HpNikR 
have shown that this is less prone to nickel-induced mass aggregation than 
EcNikR in conditions of nickel excess and low pH. This characteristic appears 
to arise from the low content of surface exposed histidines in HpNikR and the 
presence of auxiliary sites found at the edge of the tetramerisation interface that 
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prevent nickel-induced mass-aggregation by comparison with EcNikR. This 
different surface property has been shown to be important for the H. pylori in 
conditions of excess nickel concentrations. 

Using the nickel-bound Ni1-HpNikR crystal structure as a template a 
model for how HpNikR might specifically binds to longer AT-rich operators 
while still preserving the capacity to bind the 28 bp EcNikR box is proposed. 
The two DNA binding modes proposed result from a difference in the way that 
the closed cis-conformation required for tight DNA interactions is locked and 
stabilised. In the model presented, tight binding to the EcNikR box results from 
a nickel-activated closed cis-conformation, which is locked by metal ions 
binding in the low affinity sites similar to those identified in NikR crystal 
structures. However, the presence of an extended interdomain linker in HpNikR 
does not favour binding of a metal ion to the low affinity site and when this site 
is not occupied (in the closed trans-conformation of HpNikR) the distance 
between β-ribbons of the DBDs favours binding of a longer DNA motif longer. 
Interactions between the extended N-terminus of HpNikR with the DNA major 
groove may then lock the closed cis-conformation of the protein and provide 
specific subsite recognition.  

Work has been started to verify the hypothesis from the models 
presented in this thesis and attempts to produce crystals of HpNikR in complex 
with its AT-rich operator sequence are underway. 
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