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ABSTRACT

Transition metals are crucial components of several metabolic pathways and are
critical for DNA, RNA and protein synthesis. However, when found in excess, these
metal ions are toxic. To maintain the physiological concentration of metal ions at non-
toxic concentration, bacteria rely on members of the Ferric uptake regulator (Fur) family
of metalloregulators. Intriguingly, despite being coined as “metalloregulator”, specific
members of the Fur family activate and repress gene expression in presence or absence of
regulatory metals. Based on these observations, we hypothesized that the ability of these
transcription factors to adopt different structural conformations underlies their ability to
display different functions in presence and absence of metal ions. To address this
important question, we solved the crystal structure of apo-Fur protein from
Campylobacter jejuni. Structural analysis revealed that the protein adopts a V-shaped
conformation harboring an evolutionary conserved cluster of positively charged residues
on the surface. Using an extensive library of mutants and electrophoretic mobility shift
analysis, we found that substituting residues forming the positively charged surface is
detrimental for Fur interaction with DNA. Furthermore, our in vivo studies suggest that
these positively charged residues are important for the regulation of CjFur target genes
and that different mechanisms modulate the activity of Fur family of metalloregulators
depending on the number of occupied metal binding sites. We showed that the disruption
of metal binding sites of CjFur significantly reduces DNA binding in vitro and is
deleterious for the repression of Fur target genes and gut colonization by C. jejuni.
Finally, based on initial findings that adding a tag at the N-terminus of CjFur

significantly reduces its ability to incorporate regulatory metal ions and bind DNA, we
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developed a new protocol for the purification of a highly active untagged CjFur protein.
Overall, our studies shed new lights on the mechanistic basis controlling Fur gene

regulatory activity in C. jejuni.
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CHAPTER 1. INTRODUCTION

1.1 Campylobacter jejuni and its pathogenesis

Campylobacteriosis is an infectious disease caused by members of the bacterial
genus Campylobacter (Coker et al., 2002). Campylobacters are small, Gram-negative,
curved or spiral rod-shaped bacteria that commensally colonize the gastrointestinal tract
of an extensive number of animals (Percival and Williams, 2014; van Vliet and Ketley,
2001). Campylobacter species are microaerophilic bacteria and require an oxygen
concentration and carbon dioxide concentration of 3-15% and 3-5%, respectively (van
Vliet and Ketley, 2001). They possess a polar flagellum at one or both ends of the cell
which confers high motility to the bacteria and constitutes an important factor for
Campylobacter colonization and virulence (Dasti et al., 2010; van Vliet and Ketley,
2001).

All avians including domestic poultry namely chickens, turkeys, ducks and geese,
as well as wild birds constitute a natural reservoir for Campylobacter species that include
predominantly Campylobacter jejuni (C. jejuni) and Campylobacter coli (C. coli) strains
(Golz et al., 2014; Lee and Newell, 2006; Sahin et al., 2002, 2015; Shane, 1992). While
considered as commensals in birds, C. jejuni and C. coli species are responsible for more
than 90% of all human Campylobacter enteric infections (Dasti et al., 2010) and are the
principal pathological organisms causing gastroenteritis worldwide (Kaakoush et al.,
2015). In addition to human, other mammals are susceptible to Campylobacter infection.
For example, contamination by Campylobacter was linked to epizootic abortion in cattle

and sheep (Skirrow, 2006; Smith, 1918; Zilbauer et al., 2008). C. jejuni has a low



infective dose and consumption of as low as 500 to 800 organisms induces disease in
humans (Black et al., 1988; Robinson, 1981). Asymptomatic carriage, mild diarrhea or
severe gastroenteritis can follow infection with C. jejuni. In both developed and
developing countries, young children are the most susceptible to infection (Dasti et al.,
2010; van Vliet and Ketley, 2001; Zilbauer et al., 2008). C. jejuni infection is generally a
self-limiting disease causing acute symptoms such as fever, vomiting and headaches
which last between 1-3 days. These initial symptoms are typically followed by episodes
of watery or bloody diarrhea as well as severe abdominal pain (Dasti et al., 2010;
Kaakoush et al., 2015) which disappear 3-7 days after the beginning of the infection.

In addition to directly causing gastroenteritis, campylobacteriosis is considered an
important risk factor for the development of a more serious and debilitating condition; the
Guillain-Barré Syndrome (GBS) (Gibney et al., 2014; Godschalk et al., 2004; Mishu et
al., 1993; Nachamkin et al., 1998; Platts-Mills and Kosek, 2014; Rees et al., 1995). GBS
is a severe, life-threatening autoimmune condition that causes an ascending paralysis of
the limbs and impairment of the peripheral nervous system (Dash et al., 2014;
Nachamkin et al., 1998). Approximately 30% of all GBS cases are preceded by C. jejuni
infection and these are more commonly diagnosed in men than in women (Nachamkin et
al., 1998; Rees et al., 1995). Patients with preceding C. jejuni infection have a more
severe form of GBS since the number of deaths, the necessity for mechanical ventilatory
support and long-term neurological damage are higher in this group of patients
(Nachamkin et al., 1998). Associations of Campylobacter enteritis with other chronic
diseases have also been established. For instance, C. jejuni is implicated in the

development or exacerbation of irritable bowel syndrome (Qin et al., 2011), reactive



arthritis (Pope et al., 2007) and the Miller-Fisher Syndrome (Salloway et al., 1996),
among others.

Since C. jejuni infections are self-limiting, most humans recover without
therapeutic treatment other than rehydration and replacement of fluids and electrolytes
administered orally or intravenously (Bolton, 2015). However, in more severe cases or in
immunocompromised patients, antimicrobial treatments are recommended. Macrolide
antibiotics such as erythromycin are the first choice of treatment when it comes to C.
Jjejuni infections. Ciprofloxacin, which belongs to the fluoroquinolone class of antibiotics,
is also widely used for the treatment of gastroenteritis in humans (Kaakoush et al., 2015;
Zilbauer et al., 2008). However, the resistance of C. jejuni to these groups of antibiotics
has increased during the last two decades which compromises the efficacy of such
treatments (Bolton, 2015; Engberg et al., 2001; Gibreel and Taylor, 2006; Kaakoush et al.,
2015; Zilbauer et al., 2008). Macrolides bind to 23S rRNA and inhibit protein synthesis
by blocking the translocation step and by inducing the premature dissociation of the
peptidyl-tRNAs from the ribosome (Engberg et al., 2001; Gibreel and Taylor, 2006;
Kaakoush et al., 2015). In C. jejuni, resistance to erythromycin is chromosomally
mediated by target mutations of one of two adenines at the erythromycin binding-site in
the 23S rRNA gene (Engberg et al.,, 2001; Kaakoush et al., 2015). In contrast to
macrolides, the resistance to fluoroquinones is mediated through mutations of the genes
encoding subunits of DNA gyrase (gyr4) and topoisomerase IV, two enzymes that are
essential for DNA replication, transcription, recombination and DNA repair (Engberg et
al., 2001; Jacoby, 2005; Kaakoush et al., 2015). The use of other antibiotics such as

tetracycline, gentamycin or kanamycin has also been recommended for the treatment of



Campylobacter infections. However tetracycline-resistant as well as multidrug-resistant
Campylobacter isolates, i.e. resistant to three or more antibiotics, have recently been
reported (Kaakoush et al., 2015). The antibiotic resistance is mainly a consequence of the
use of antimicrobials in animal production, urging the need for limiting and controlling
the usage of such agents in agriculture (Engberg et al., 2001; Gibreel and Taylor, 2006;
Kaakoush et al., 2015). The increase in antibiotic-resistant Campylobacter species is
recognized as emerging public health problem (Engberg et al., 2001) since the infection
with antibiotic-resistant Campylobacter species has been linked with longer duration of
the illness and higher risk of deaths in immunocompromised patients (Engberg et al.,
2001; Kaakoush et al., 2015). Therefore, the development of new therapeutic strategies
towards the prevention and treatment of Campylobacter enteric infections is greatly

needed.

1.2 Transition metals

To colonize, survive and replicate in the gastrointestinal tract, pathogenic bacteria
such as Campylobacter must obtain several nutrients including transition metals from the
human host. Transition metals are crucial components of several metabolic pathways and
are critical for DNA, RNA and protein synthesis (Troxell and Hassan, 2013). They are
omnipresent in all organisms as components of metalloproteins and important cofactors
for many enzymes and are therefore essential for the survival of all living organisms.
However, when their intracellular concentrations become too high, these metal ions
display significant toxicity and can mediate the formation of reactive oxygen species

(ROS) (Ball et al., 2000) which can potentially damage proteins, lipids and DNA (Imlay,



2003; Imlay et al., 1988). Interestingly, while an excess of some transitions metal ions
such as zinc, can lead to cell death in vitro (Bozym et al., 2010), the molecular basis of
such toxicity remains poorly defined. To prevent toxicity and control their intracellular
availability, the concentration of metal ions is tightly controlled (Fillat, 2014; Giedroc
and Arunkumar, 2007) by a large group of metal-sensing transcription factors in bacteria.
These metalloregulators are important for the detection of the six biologically essential
transition metals including, but not limited to, Mn**, Fe**, Co*", Ni*', Cu'" and Zn*"
(Giedroc and Arunkumar, 2007). These proteins are divided in seven different families,
which include the metal-releasable repressors ArsR, CsoR and CopY families, the metal-
inducible repressors Fur, DtxR/MntR and NikR families and the single metal-responsive

repressor-activator family MerR (Summers, 2009).

1.3 Iron homeostasis in C. jejuni

Like almost all forms of life, C. jejuni has an absolute requirement for iron. Iron is
an essential constituent of various proteins such as heme-proteins and iron-sulfur cluster
proteins and confers them the appropriate redox potential necessary for proper protein
function (Andrews et al., 2003). The cellular processes in which iron is involved in
bacteria are numerous and include energy metabolism, DNA biosynthesis, oxygen
transport and redox reactions (Andrews et al., 2003; Braun, 2001; Fillat, 2014; Troxell
and Hassan, 2013). Iron is important for host-pathogen interactions, as iron has been
demonstrated to play a crucial role in the expression of important virulence factors
affecting protein glycosylation, flagellar motility, chemotaxis and adhesion in C. jejuni

(Palyada et al., 2004; Van Vliet et al., 2002).



The bioavailability of iron in the gastrointestinal tract is highly variable and
correlates with the changes in pH, oxygen levels, and redox status of this complex
environment (Wooldridge and Vliet, 2005). Under oxidizing conditions, iron exists
mostly in the ferric form (Fe’*) which is virtually insoluble and therefore not accessible
to living organisms (Wooldridge and Vliet, 2005). Furthermore, hosts are known to
restrict the concentrations of free iron in order to prevent the survival and proliferation of
undesirable microorganisms (Butcher et al., 2010; Parrow et al., 2013).

To overcome the challenges associated with the low, but variable bioavailability
of iron, multiple iron uptake systems rely on the chelation or reduction of insoluble ferric
iron to increase its solubility in bacteria (Andrews et al., 2003). In particular, C. jejuni
employs a variety of transmembrane transporters that allow the uptake of iron conjugated
to a variety of exogenous siderophores; low molecular weight chelating agents that have
the ability to bind and solubilize Fe’* to facilitate its transport into the cell (Miller et al.,
2009). More specifically, C. jejuni relies on siderophores produced by the intestinal
microflora which include enterobactin and enantioenterobactin (Abergel et al., 2009) as
well as lactoferrin and members of the transferrin family (Miller et al., 2008). C. jejuni
also scavenges iron by internalizing heme-bound iron (Ridley et al., 2006).

Although iron is indispensable in C. jejuni, its intracellular concentrations must be
tightly regulated in order to avoid iron toxicity. Similar to most Gram-positive and Gram-
negative bacteria, the regulation of iron homeostasis is achieved by Fur protein in C.

jejuni.

1.4 Fur family of metalloregulators

The Ferric Uptake Regulator (Fur) family of metalloregulators is involved in the



regulation of iron, manganese, zinc and nickel homeostasis through the activity of Fur,
Mur (manganese uptake regulator), Zur (zinc uptake regulator) and Nur (nickel uptake
regulator) proteins, respectively. In addition to these members, the Fur family of
metalloregulators also includes the peroxide response regulator (PerR) and the heme-
dependent iron response regulator (Irr) (Ahn et al., 2006; Bsat et al., 1998; Diaz-Mireles
et al., 2004; Gaballa and Helmann, 1998; Hamza et al., 1998; Patzer and Hantke, 1998;
Platero et al., 2007). Depending on the availability of metal cofactors, the Fur
superfamily regulates the expression of proteins involved in metal acquisition, storage
and consumption in order to maintain metal homeostasis and ensure that levels of free
metals do not reach toxic levels. Moreover, members of Fur superfamily play a role in the
expression of virulence factors in most pathogens and therefore are important factors
contributing to bacterial pathogenicity. This is supported by previous study showing that
deletion of fur, perR or zur diminishes or abolishes bacterial survival and/or virulence
(Dowd et al., 2012; Dubbs and Mongkolsuk, 2012; Troxell and Hassan, 2013; Wen et al.,

2011).

1.5 Ferric uptake regulator (Fur)

Fur is the founding member of the Fur family of metalloregulators. The strain
defective in iron regulation, named fur mutant (for iron (Fe) uptake regulation), was first
isolated in Salmonella typhimurium (S. typhimurium) in 1978 (Ernst et al., 1978). Three
years later, the fur mutant, which constitutively expressed several high-affinity iron
assimilation systems, was isolated in Escherichia coli (E. coli) (Hantke, 1981). The fur

gene from E. coli was subsequently mapped (Bagg and Neilands, 1985; Hantke, 1984),



cloned (Hantke, 1984) and sequenced (Schéffer et al., 1985), and for the first time, the
gene product referred to as Fur protein was shown to act as a repressor of the iron
transport operon employing Fe*" as a corepressor (Bagg and Neilands, 1987). Since then,
homologues of the E. coli fur gene have been characterized in a wide-range of Gram-
negative bacteria such as Acinetobacter baumannii (Daniel et al., 1999), Bordetella
species (Brickman and Armstrong, 1995), C. jejuni (Vliet et al., 1998; Wooldridge et al.,
1994), Haemophilus ducreyi (Carson et al., 1996), Helicobacter pylori (H. pylori)
(Bereswill et al., 1998), Legionella pneumoniae (Hickey and Cianciotto, 1994), Neisseria
species (Berish et al., 1993; Thomas and Sparling, 1994; Thomas et al., 1996),
Pseudomonas putida (Venturi et al., 1995), S. typhimurium (Ernst et al., 1978), Shigella
dysenteriae, Vibrio cholerae (V. cholerae) (Litwin et al., 1992), Yersinia pestis (Staggs
and Perry, 1991). Fur proteins have also been described in Gram-positive bacteria such as
Bacillus subtilis (B. subtilis) (Bsat et al., 1998) and Staphylococcus epidermidis (Heidrich
et al., 1996) and in cyanobacteria e.g. Anabaena (Bes et al., 2001), Synechocystis

(Kaneko et al., 1996) and Synechococcus (Ghassemian and Straus, 1996).

1.5.1 Fur: a master gene regulatory factor

Fur is considered a global transcriptional regulator of iron homeostasis. The
transcription factor directly regulates the expression of genes important for iron uptake in
environments scarce in iron as well as of the proteins important for iron storage and
metabolism in iron rich conditions (Lee and Helmann, 2007). Fur also regulates the
production of siderophores in Pseudomonas aeruginosa (P. aeruginosa) and several other

iron acquisition systems including the ferrichrome uptake operon and siderophore



transport system in Staphylococcus aureus (S. aureus), heme and transferrin uptake
systems in Vibrio vulnificus (V. vulnificus) and Neisseria species, hemoglobin binding
protein in Haemophilus ducreyi, as well as ferritins in Listeria monocytogenes (L.
monocytogenes) and H. pylori (Agarwal et al., 2005; Biegel Carson et al., 1996;
Carpenter et al., 2009a; Delany et al., 2001; Fiorini et al., 2008; Horsburgh et al., 2001;
Prince et al., 1993; Xiong et al., 2000). In addition to the regulation of intracellular iron
concentration, Fur regulates the expression of proteins implicated in DNA synthesis,
energy metabolism, acid and oxidative stress defense, tricarboxylic acid cycle, protein
glycosylation, flagella biogenesis and biofilm development (Butcher et al., 2012; Seo et
al., 2015). Collectively, these studies demonstrate that Fur is an important transcription
factor and serves as a master regulator of gene expression. Unsurprisingly, Fur, through
its ability to control the expression of virulence factors, is directly involved in the
colonization and virulence of pathogenic bacteria such as Vibrio spp. (Kim et al., 2013;
Mey et al., 2005), P. aeruginosa (Ochsner et al., 1995), Legionella pneumophila (Allard
et al., 2006) and the toxigenic cyanobacterium Microcystis aeruginosa (Sevilla et al.,
2008). Moreover, deletions of fur gene in S. aureus (Horsburgh et al., 2001), L.
monocytogenes (Rea et al., 2004), Edwardsiella tarda (Wang et al., 2008) and
Pseudomonas syringae (Cha et al., 2008) result in a decreased virulence in animal models.
Similarly, deletion of the fur gene in H. pylori abolishes its ability to infect animal
models (Bury-Moné et al., 2004; Gancz et al., 2006) and removal of the fur gene in C.
Jjejuni significantly impacts the colonization of chicken’s gastrointestinal tract (Palyada et
al., 2004). In addition to its gene regulatory functions of virulence factors, H. pylori

(Bijlsma et al., 2002; Gancz et al., 2000), C. jejuni (Askoura et al., 2016) and S.



typhimurium (Foster, 1991) Fur control the expression of genes involved in survival
mechanisms to resist to acid stresses. Moreover, Mycobacterium species (Pym et al.,
2001), Yersinia pestis (Gao et al., 2008), Staphylococcus aureus (Horsburgh et al., 2001),
P. aeruginosa (Hassett et al., 1996) and C. jejuni (Butcher et al., 2012) rely on the gene
regulatory functions of Fur to cope with oxidative stresses such as ROS. Mechanistically,
Fur regulates the expression of genes such as catalase (kaf) and superoxide dismutase
(sod) to convert ROS species such as peroxide into water and oxygen (Carpenter et al.,
2009a). Overall, these studies demonstrate that Fur is not only a simple repressor of iron
uptake genes but is a global regulator integrating several biological cues and controlling

several underlying pathways which contributes to the virulence of bacterial pathogens.

1.5.2 The paradigm of Fur

Several studies have shown that mutation of fur gene results in constitutive
expression of iron uptake systems indicating that Fur protein acts as negative regulator of
operons involved in iron transport (Bagg and Neilands, 1985; Ernst et al., 1978; Hantke,
1982). In addition, it has been shown that the level of aerobactin transcripts was directly
regulated by the availability of iron (Bindereif and Neilands, 1985). Based on these
findings, Bagg and Neilands have proposed a model for the regulation of iron transport
where Fur acts as repressor and binds iron as corepressor (Bagg and Neilands, 1987).
However, the mode of interaction of Fur with DNA has been subject to controversy. In E.
coli, iron bound (holo) Fur binds a conserved palindromic 19-bp consensus sequence
known as Fur box with the sequence 5’-GATAATGATAATCATTATC-3". This Fur box

overlaps the -35 and -10 sites at promoters of Fur-repressed genes (Andrews et al., 2003).
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For several years, it was assumed that one Fur dimer would bind to each Fur box and
generate 31 bp long footprints. However, this model was not in agreement with the
tendency of Fur to oligomerize and DNA footprinting analysis showing that Fur binding
does not generate protected fragments of only 31 bp (Lee and Helmann, 2007). The re-
examination of the Fur-DNA interaction mode revealed that the Fur box is composed of a
minimum of three repeats of the hexameric motif GATAAT rather than by a palindromic
19 bp target sequence (Escolar et al., 1998). However, it is not clear if each 6 bp motif
represents the proposed binding site for one monomer or one dimer. In addition, Baichoo
and Helmann revised the Fur-DNA interaction from B. subtilis wherein each 19 bp
sequence is recognized by two Fur dimers, each interacting with one of two inverted
overlapping 7-1-7 motifs (Baichoo and Helmann, 2002). Despite different models, one
common characteristic of the proposed Fur boxes is the high percentage of A/T
nucleotides. In some cases, like in H. pylori, there is no strong Fur box consensus
sequence suggesting that Fur protein recognizes more than a specific DNA sequence and
that the overall structural conformation of DNA in promoter region of target genes plays

a role in DNA recognition.

1.5.3 Holo-Fur repression and activation

The classical model of Fur regulation specifies that under iron-replete conditions,
iron binds to the iron-free (apo) Fur and induces a conformational change that promotes
the binding of the holo-Fur to its target DNA to inhibit the expression of iron acquisition
genes (Bagg and Neilands, 1987; Lavrrar et al., 2002). While Zn>*, Mn*" and Co®" can

also bind to Fur and activate its DNA binding activity in vitro, only Fe*" is present at
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levels sufficient to activate Fur under physiological conditions (Mills and Marletta, 2005).
Mechanistically, binding of holo-Fur to DNA blocks the binding of RNA polymerase and
thus prevents the transcription of Fur bound genes. However, in contrast to the first
proposed model, the regulatory mechanism of Fur proteins is not limited to holo
repression. Holistic approaches such as Chromatin Immunoprecipitation followed by
annealing on a solid support (Chip) (Chip-Chip) and expression profiling revealed that a
subset of genes bound by Fur are repressed rather than activated in Afur mutants,
suggesting that Fur acts as a positive regulator of gene transcription (Butcher et al., 2012;
Ernst et al., 2005; Miles et al., 2010) (Figure 1.1). Accordingly, Holo-Fur activation was
also reported in H. pylori (Danielli et al., 2006), V. cholera (Craig et al., 2011), S.
typhimurium (Teixido et al., 2011), Anabaena sp. PCC 7199 (Gonzélez et al., 2012),
Neisseria meningitidis (N. meningitidis) (Delany et al., 2006), Neisseria gonorrhoeae (N.
gonorrhoeae) (Yu and Genco, 2012) and C. jejuni (Butcher et al., 2012). Proteins that
require Fur and iron for their expression include iron superoxide dismutase, succinate
dehydrogenase and ferritin (Lee and Helmann, 2007).

Several models of gene activation by Fur protein are proposed but none are fully
understood. The first model suggests that the positive regulation by Fur is indirect
involving the holo-Fur repression of a small anti-sense regulatory RNA RyhB in E.coli
(Massé and Gottesman, 2002), PrrF1 and PrrF2 in P. aeruginosa (Wilderman et al., 2004),
NrrF in Neisseria spp (Ducey et al., 2009; Mellin et al., 2007; Metruccio et al., 2009),
ArrF in Azotobacter vinelandii (Jung and Kwon, 2008) and FsrA in B. subtilis (Gaballa et
al., 2008). In this model, the small RNAs repress target gene expression by forming

mRNA-anti-sense RNA duplexes resulting in the degradation of the mRNAs. These
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Figure 1.1. Regulatory mechanisms of Ferric uptake regulator (Fur)

Fur family of metalloregulators regulates gene expression by four general mechanisms. In
most cases, it is the holo-form, or the iron bound that binds to DNA and represses or
activates gene expression. In Campylobacter jejuni, Helicobacter pylori and Neisseria
gonorrhoeae two additional regulatory mechanisms were observed and the apo-form or
the iron free form of Fur also binds to DNA and acts as a repressor or activator of gene

expression.
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target genes include iron-containing enzymes and iron-storage proteins and thus by using
this regulatory mechanism, also known as “iron-sparing response”, bacteria decrease the
translation of iron-containing proteins and use more efficiently the available iron during
iron starvation (Fillat, 2014; Lee and Helmann, 2007; Troxell and Hassan, 2013). In the
second model, holo-Fur indirectly activates gene expression by preventing the
recruitment of repressors. For example, in N. gonorrhoeae, Fur binds to a region
corresponding to the promoter region of norB. The Fur binding site overlaps with the
putative binding site of a second repressor, the gonococcal ArsR homologue, and can
therefore prevent its binding to DNA (Isabella et al., 2008). In the third model, holo-Fur
physically displaces the histone-like protein H-NS from the promoter region of E. coli
ftnA (Nandal et al., 2010). Considering that H-NS controls DNA conformation and
negatively regulates gene transcription (Rimsky, 2004), its displacement by Fur enables
the access of RNA polymerase to its promoter region and results in the positive
regulation of genes (Nandal et al., 2010). Finally, the last and the most common model
of holo-Fur activation consists in the direct activation of gene expression. In this model,
holo-Fur binds a specific DNA sequence in the promoter region of a target gene enabling
its expression. However, whether Fur recruits the RNA polymerase by directly
interacting with its subunits remains an open question. This type of holo-Fur activation
was observed in P. aeruginosa (Wilderman et al., 2004), V. cholerae (Craig et al., 2011),
S. typhimurium (Foster and Hall, 1992), S. enterica (Teixido et al., 2011), Anabaena sp.
PCC 7199 (Gonzalez et al., 2012), N. meningitidis (Delany et al., 2006; Grifantini et al.,

2003) and H. pylori (Alamuri et al., 2006), suggesting that the positive regulation by Fur
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is a widespread mechanism in prokaryotes. Collectively, these studies highlight the

expanding repertoire of gene regulatory functions of Fur.

1.5.4 Apo-Fur regulation

In addition to Holo regulation, Fur can act as a transcription activator and
repressor in absence of iron. DNase I footprinting analysis and electrophoretic mobility
shift assays (EMSA) demonstrated that the apo form of H. pylori Fur binds to the
promoter regions of two apo-Fur repressed genes sodB and pfr (Delany et al., 2001; Ernst
et al., 2005). In both cases, the Fur binding site spans at least one of the promoter
elements (the -10 or the -35 promoter element) and thus overlaps with RNA polymerase
binding site. A similar mechanism was suggested for Desulfovibrio vulgaris, however
whether apo-Fur directly interacts with its target genes awaits further investigation
(Bender et al., 2007).

Activation of gene expression by apo-Fur has been proposed in Vibrio vulnificus
(Lee et al., 2007), S. typhimurium (Hall and Foster, 1996) and S. aureus (Deng et al.,
2012) among others (Fillat, 2014). Nevertheless, all four modes of regulation were
observed only in H. pylori (Carpenter et al., 2013), C. jejuni (Butcher et al., 2012) and N.
gonorrhoeae (Grifantini et al., 2003).

Since the Fur binding sites are located near the transcriptional start site, these
studies suggest that the mechanism of apo-Fur and holo-Fur repression is similar and
consists of blocking the binding of RNA polymerase to the promoter region of target
genes, (Carpenter et al., 2009a; Fillat, 2014). Conversely, the mechanisms of apo-Fur and

holo-Fur activation are still unclear. The Fur binding sites in both cases are far upstream
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(100-200 bp) from the transcriptional start site, which likely does not obstruct the binding
of RNA polymerase. One proposed model suggests that the binding of Fur to these
regions triggers long range structural reorganization of DNA which alters promoter
structure and facilitates the binding of RNA polymerase to activate transcription

(Carpenter et al., 2009a).

1.6 The structure of the Fur family of metalloregulators

Owing to the critical role of Fur in bacterial pathogenicity, the crystal structures
of several Fur proteins have been determined (Table 1). Collectively, these structures
show that Fur folds predominantly in two domains including a N-terminal DNA binding
domain (DBD) and a C-terminal dimerization domain (DD) (Figure 1.2). The DBD is
typically composed of a helix-wing-helix domain while the DD consists of three
antiparallel B-strands and two a-helices. All these proteins possess two or three functional
metal binding sites (Figure 1.2). The structural site (S1) is close to the C-terminus and is
coordinated by four cysteine residues. The second structural site (S3) is also found within
the DD domain and plays a role in stabilizing the dimeric form of the regulator. The third
metal binding pocket is the regulatory site (S2) and is composed of residues located in a
region, referred to as the hinge, linking the DBD and DD domains. Although the fold of
these proteins is similar, there are several structural differences within the Fur family of
proteins including additional secondary structure elements, such as loops and a-helices,
found on the N- or C-termini of metalloregulators (Dian et al., 2011; Makthal et al.,

2013) and different number, geometry and coordination of the metal binding sites
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Table 1. List of available crystal structures of the members of the Fur family of

metalloregulators
Organism PDB Reference
PaFur Pseudomonas aeruginosa IMZB Pohl et al., 2003
VcFur Vibrio cholerae 2W57 Sheikh and Taylor, 2009
HpFur Helicobacter pylori 2X1G Dian et al., 2011
MgFur Magnetospirillum gryphiswaldense MSR-1 [4RAY, 4RAZ
Deng et al., 2015
MgFur+DNA 4RBO0, 4RB1, 4RB2, 4RB3
DBD of EcFur Escherichia coli 2FU4 Pecqueur et al., 2006
2FE3 Traoré et al., 2006
BsPerR Bacillus subtilis 2RGV Traoré et al., 2009
3F8N Jacquamet et al., 2009
SpPerR (GASPerR) |Streptococcus pyogenes 47H Makthal ct al, 2013
4LMY Linetal., 2014
MtZur Mpycobacterium tuberculosis 2003 Lucarelli et al., 2007
ScZur Streptomyces coelicolor 3IMWM Shin et al., 2011
EcZur+DNA Escherichia coli 4MTD, 4AMTE Gilston et al., 2014
ScNur Streptomyces coelicolor 3EYY An et al., 2009
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Figure 1.2. The overall structure of the dimeric form of the Fur family of
metalloregulators

(A and B) Two views of the representative member of the Fur family of metalloregulators
(HpFur, 2XIG) in ribbon representation. Protomer B is colored in wheat and protomer A
is colored according to the domain boundaries: N-terminal DBD is shown in blue, the C-
terminal DD in green and hinge region connecting these two domains in orange. Zn>" ions
are represented by grey spheres and different metal binding sites are identified (S1 in
yellow, S2 in blue and S3 in red).
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(Dian et al., 2011; Jacquamet et al., 2009; Pohl et al., 2003; Sheikh and Taylor, 2009;
Traoré et al., 2006). These structural differences may explain different regulatory

mechanisms observed between members of the Fur family of metalloregulators.

1.6.1 Secondary structure of metalloregulators

In the majority of Fur members, such as BsPerR (Jacquamet et al., 2009; Traoré et
al., 2006, 2009), SpPerR (Lin et al., 2014; Makthal et al., 2013), HpFur (Dian et al.,
2011), MgFur (Deng et al., 2015), PaFur (Pohl et al., 2003), and EcZur (Gilston et al.,
2014), the DBD is composed of 4 a-helices followed by a two-stranded anti-parallel -
sheet. However, some variations are observed in the DBD of this family of transcription
factors (Figure 1.3). For example, EcFur (Pecqueur et al., 2006), VcFur (Sheikh and
Taylor, 2009) and ScNur (An et al., 2009) DBDs contain an additional short a-helix in
the N-terminal domain between the two f-strands. The same domain in ScZur (Shin et al.,
2011) and MtZur (Lucarelli et al., 2007) contains only three a-helices followed by a two-
stranded anti-parallel -sheet. Finally, the N-terminal al helix is elongated in BsPerR
(Jacquamet et al., 2009; Traoré et al., 2006, 2009), EcZur (Gilston et al., 2014), SpPerR
(Lin et al., 2014; Makthal et al., 2013) and HpFur (Dian et al., 2011) when compared to
other Fur family members.

Similar to the DBD, the dimerization domain is well conserved within the Fur
family of metalloregulators and consists of a o/} domain in which three antiparallel -
strands are covering one long a-helix (Figure 1.4). BsPerR, HpFur, EcZur and ScZur
structures contain an additional o-helix at their respective C-terminus which typically

coincides with the presence of an extra structural Zn binding site coordinated by four
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Figure 1.3 Variations observed in the DBD of the Fur family of
metalloregulators

Cartoon representation of DBDs of BsPerRZnMn (3F8N), SpPerR (417H), HpFur (2XI1G),
HoloMgFur (4RAZ), PaFur (1MZB), EcZur (4MTD), EcFur (2FU4), VcFur (2W57),
ScNur (3EYY), MtZur (2003) and ScZur (3MWM) are represented. All structures were
obtained from the RCSB PDB structure bank (http://www.rcsb.org/pdb/).
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Figure 1.4 Variations observed in the DD of the Fur family of
metalloregulators

Cartoon representation of DDs of BsPerRZnMn (3F8N), SpPerR (417H), HpFur (2XIG),
HoloMgFur (4RAZ), PaFur (1MZB), EcZur (4MTD), VcFur (2W57), ScNur (3EYY),
MtZur (2003) and ScZur (3MWM) are represented. All structures were obtained from the
RCSB PDB structure bank (http://www.rcsb.org/pdb/).
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conserved cysteine residues found within the dimerization domains of corresponding
proteins (Dian et al., 2011; Gilston et al., 2014; Jacquamet et al., 2009; Shin et al., 2011;
Traoré et al., 2006). The dimerization domain of ScNur protein differs moderately from
other Fur family members and these differences originate from the conformation of the
[33-B4 sheet and the kinked form of a6 helix (Figure 1.4). Additionally, instead of having
one long final B-strand covering the a-helix in the C-terminal domain, ScNur (An et al.,
2009) contains two short B-strands similar to SpPerR (Lin et al., 2014; Makthal et al.,
2013) while PaFur (Pohl et al., 2003), MtZur (Lucarelli et al., 2007) and ScZur (Shin et
al., 2011) contain only one short a-helix. In most Fur family members, the three-stranded
B-sheets of DD from each protomer are combined into a six-stranded antiparallel -sheet,
which together with the pair of symmetry related a5 helices stabilize the dimeric form of
the protein. In contrast, in ScNur dimer, two sheets from each protomer do not participate
in the formation of the stable intermolecular sheet. These observations are most likely

due to the binding of Ni ion to the unique metal site of ScNur (An et al., 2009).

1.6.2 Holo-structures

The majority of the crystal structures of the Fur family proteins for which the
regulatory binding site (see below) is metallated adopt the canonical V-shaped
conformation. Such arrangement of the domains is permissive for the interaction of the
transcription factor with DNA wherein the DNA binding a-helices (helix o3 in M¢Zur
and ScZur and helix o4 in all the other crystallized protein members of the Fur family of

metalloregulators) are nearly perpendicular to each other. Such conformation can be
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observed in the structures of HpFur, MgFur, PaFur and BsPerRZnMn (Deng et al., 2015;
Dian et al., 2011; Jacquamet et al., 2009; Pohl et al., 2003). Conversely, in VcFur, the
orientation of the DBD relative to its dimerization domain is slightly different when
compared to other Fur proteins (Figure 1.5A). The conformational change occurs within
the hinge region of VcFur which results in a ~ 30° rotation bringing the DNA recognition
helices closer to each other in space (Sheikh and Taylor, 2009). Similar to VcFur, a
conformational change can also be observed in the hinge region of ScZur leading to a
modest rotation of DBDs and a shorter distance between the DNA recognition helices
(Shin et al., 2011). Furthermore, the structure of ScNur is very similar to HpFur, MgFur,
PaFur and BsPerRZnMn structures and aside the slight rotation of the DBD, the major
difference consists in the conformation of the $1-B2 antiparallel B-sheet, which is fixed to
the DD via the interaction with Ni ion and adopts horizontal conformation in ScNur,
compared to a slant conformation of the flexible B-sheet in other Fur family members
(An et al., 2009). Moreover, MtZur adopts a much wider conformation induced by the ~
77° rotation of the DBDs positioning the DNA binding helices nearly parallel to each
other, suggesting a divergent mode of DNA recognition for M¢Zur when compared to
other members of the Fur family of metalloregulators (Lucarelli et al., 2007). Finally, the
most divergent holo-structure is the structure of SpPerR in which the DBDs are flipped to
the opposite side of the dimerization domain. In this conformation, the protein adopts
quasi-planar conformation that is not suitable for the interaction with DNA. Current
model suggests that two adjacent SpPerR dimers come together and form the DNA
binding platform (Lin et al., 2014; Makthal et al., 2013). Notwithstanding the similar

basic fold adopted by Fur family metalloregulators, there are important structural
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Figure 1.5 Overall structures of Fur family members are similar.

(A) Cartoon representation of Holo-structures of Fur family of regulators in which the
protomer A is highlighted in green (PaFur; 1MZB), marine (VcFur; 2W57), magenta
(HpFur; 2XIG), purple (ScNur; 3EYY), salmon (HoloMgFur; 4RAZ), blue
(BsPerRZnMn; 3F8N), pink (MtZur; 2003), brown (ScZur; 3MWM), and yellow
(SpPerR; 417H).

(B) Cartoon representation of Apo-structures of Fur family of regulators in which the
protomer A is highlighted in sand (BsPerRZn; 2FE3) and dark teal (ApoMgFur; 4RAY).

B-sheets and a-helices of each protomer A are labeled accordingly. Zn, Mn and Ni ions
are represented by grey, purple and green spheres, respectively. Dimerization domains
are shown in the same orientation. All structures were obtained from the RCSB PDB
structure bank (http://www.rcsb.org/pdb/).
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differences, which may explain why some members are simple regulators of metal
homeostasis, while others play a more important role as global regulators with multiple

functions exhibiting a variety of regulatory mechanisms.

1.6.3 Apo-structures

Currently there are only two apo-structures of the Fur family of regulators
available in the protein data bank namely apo-BsPerRZn (Traoré et al., 2006) and apo-
MgFur (Deng et al., 2015) (Figure 1.5B). These structures consist of an N-terminal DBD
and a C-terminal dimerization domain connected by a short hinge region, however the
positioning of the DBDs relative to DDs is different in each structure. In Apo-BsPerRZn
structure, the metalloregulator adopts a nearly flat structure with DBDs positioned beside
the dimerization domain and the hinge region adopting an elongated conformation
(Traoré et al., 2006). Conversely apo-MgFur adopts a V-shaped conformation with a
slightly bent hinge region (Deng et al., 2015). Apo-MgFur structure is the first reported
apo-Fur structure without transition metal ions. The superposition of the apo-MgFur
protomers yielded an overall root mean square (rms) deviation of 4.6A while the
alignment of the each individual DBD and DD domains resulted in rmsd of, 0.4 A and
0.9A, respectively (Deng et al., 2015). These observations demonstrated that the hinge
region is flexible and leads to different conformations of apo-MgFur protomers.
Additional analysis of crystal packing showed that this conformation of apo-MgFur
structure is stabilized by DBDs and DDs from symmetry related molecules. The
conformation adopted by BsPerRZn and MgFur in absence of regulatory metals is

unsuitable for the interaction with DNA and the binding of the regulatory metal ions
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induces large conformational changes and greatly stabilizes both structures (Deng et al.,

2015; Jacquamet et al., 2009; Traoré et al., 2006).

1.6.4 Metal binding sites

The number of occupied metal binding sites varies from zero to three in reported
structures of the Fur family of metalloregulators and their possible roles have been
described. The first metal binding site, S1, is found within the dimerization domain of
several Fur family regulators and is typically composed of four cysteine residues that
tetracoordinate a Zn ion (Figure 1.6). The metallation of the dual CxxC motif plays a
structural role by bringing together three B-strands of the DD in apo-BsPerRZn, holo-
BsPerRZnMn, EcZur, SpPerR, HpFur, MtZur and ScZur structures and likely play a role
in the stabilization of the dimeric form of Fur regulators (Dian et al., 2011; Gilston et al.,
2014; Jacquamet et al., 2009; Lin et al., 2014; Lucarelli et al., 2007; Makthal et al., 2013;
Shin et al., 2011; Traoré et al., 2006). This metal binding site is absent in PaFur, VcFur
and MgFur which can be explained by the lack of one or more cysteine residues (Deng et
al., 2015; Pohl et al., 2003; Sheikh and Taylor, 2009). While PaFur contains only one
cysteine residue in its dimerization domain, MgFur does not contain any; therefore these
metalloregulators do not harbor a S1 site. Despite containing four cysteine residues in its
dimerization domain, the structure of VcFur does not use these cysteines for binding a
metal ion. Instead, two of these cysteine residues (Cys93 and Cys133) form a disulphide
bond. Interestingly, oxidation of the four cysteine residues in EcFur stabilizes the
monomeric form of the metalloregulator while reduction and metallation of this site with

zinc promote protein dimerization (Pecqueur et al., 2006). However, in contrast to EcFur,
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Figure 1.6 Structural site S1 is composed of two CxxC motifs which bind
Zn* ion

Zoomed view on S1 metal binding sites of PaFur (1MZB), VcFur (2W57), HpFur (2XI1G),
ScNur (3EYY), BsPerRZn (2FE3), BsPerRZnMn (3F8N), MtZur (2003), ScZur
(B3MWM), and SpPerR (417H). Zn ions and hydrogen bonds are depicted as grey spheres
and orange dashed lines, respectively. All structures were obtained from the RCSB PDB
structure bank (http://www.rcsb.org/pdb/).
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the oxidation/reduction of cysteine residues in VcFur is not involved in monomer to
dimer transition. This idea is supported by structural studies showing that the oxidized
form of the metalloregulator still forms a dimer, suggesting that other factors are involved
in the stabilization and formation of VcFur dimer. Finally, the presence of CxxC motifs
does not always imply the binding of the zinc ion in Fur proteins. In ScNur (An et al.,
2009), all four cysteine residues are conserved, nevertheless they do not coordinate zinc
ion and the absence of the metal is not due to cysteine oxidation. It is however possible
that the ScNur protein binds a zinc ion at this site in vivo, but that remains to be
confirmed. In conclusion, while in some cases the S1 metal binding site is absent and is
not required for the stability and activity of the transcription factor, its presence is,
nevertheless, crucial for the formation of the dimeric form of several members of the Fur
family of regulators (Gilston et al., 2014; Pecqueur et al., 2006; Shin et al., 2011; Traoré
et al., 2006).

The second metal binding site, S2, is found at the interface between the DBD and
the DD of Fur metalloregulators. Considering its position, this metal binding site is
important for the activation of the transcription factors i.e. the binding of the metal ion at
the S2 site induces conformational changes necessary for the formation of the V-shaped
structure that is characteristic of active metalloregulators. Accordingly, the S2 site was
coined as the regulatory metal binding site of several members of the Fur family of
proteins (An et al., 2009; Deng et al., 2015; Dian et al., 2011; Gilston et al., 2014;
Jacquamet et al., 2009; Sheikh and Taylor, 2009; Shin et al., 2011). The S2 site can be
observed in the crystal structures of holo-BsPerRZnMn, HpFur, holo-MgFur, MtZur,

PaFur, ScNur, ScZur, SpPerR and VcFur (Figure 1.7). The coordination of this metal
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Figure 1.7 Coordination of the S2 metal binding site diverges within the
Fur family of metalloregulators

Zoomed view on S2 metal binding sites of PaFur (1MZB), VcFur (2W57), HpFur (2XI1G),
ScNur (B3EYY), HoloMgFur (4RAZ), BsPerRZnMn (3F8N), MtZur (2003), ScZur
(B3BMWM), and SpPerR (417H). Zn, Mn and Ni ions are represented by grey, purple and
green spheres, respectively. Water molecules (W) and hydrogen bonds are depicted as red
spheres and orange dashed lines, respectively. All structures were obtained from the
RCSB PDB structure bank (http://www.rcsb.org/pdb/).
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binding site shares similarities between metalloregulators such as all Fur, holo-
BsPerRZnMn and ScNur structures. In these proteins, this site is composed of three
histidine residues, two from the DD and one from the DBD, and two negatively charged
residues (two glutamate residues in Fur proteins and two aspartate residues in holo-
BsPerRZnMn). However, there are several important differences in the coordination of
the metal ions in this site. The regulatory metal ions Zn*" and Mn*" in HpFur and holo-
MgFur both have an octahedral geometry and are hexacoordinated by three histidines and
two glutamates, where one of the glutamates binds in a bidentate manner. In regard to the
S2 site, the coordination of Mn*" ion in holo-BsPerRZnMn share similarities with Holo-
MgFur, however, in the latter one, the metal ion is coordinated by two aspartate residues
both binding the metal in a monodentate manner with a water completing the sixth
coordination. In contrast to the octahedral coordination observed in holo-BsPerRZnMn,
HpFur and holo-MgFur, the Zn ions in PaFur and VcFur S2 sites are tetrahedrally
coordinated either by two histidine and two glutamate residues (2H/2E) or 3H/I1E,
respectively. However, all five residues involved in the coordination of the regulatory
metal ions of BsPerRZnMn, HpFur and holo-MgFur are conserved in these two proteins
as well, suggesting that they could possibly be involved in the coordination of the
regulatory Fe®" ion. While these studies provided insights into the metallation
mechanisms underlying the binding of metals in metalloregulator’s S2 site, Zn
substitutions in iron binding proteins can be misleading because Zn>" and Fe*" ions have
different preferred geometries and the structures containing Zn ion in the regulatory metal
site might not accurately represent the coordination observed in the cell. Thus

determining the crystal structure of Fur proteins in complex with iron is needed to fully
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understand the conformational changes induced by the binding of metal cofactor to the
regulatory metal binding site. The Zn ion in ScNur is also tetracoordinated but all the four
ligands are histidine residues with square-planar geometry, one of the preferred
coordination geometries for nickel. The SpPerR structure encompasses a Ni*™ ion in the
S2 metal binding site, which is hexacoordinated in an octahedral geometry by five
histidine residues (three from the DBD and two from the DD) and an asparagine residue
from the DBD domain. Finally, all three Zur structures namely EcZur, MtZur and ScZur
contain a Zn ion in their S2 site which is tetracoordinated by two histidine residues, one
cysteine and one aspartate (MtZur and ScZur) or glutamate (EcZur). The presence of the
cysteine residue in the regulatory metal binding site of Zur proteins explains the
specificity of Zur orthologs for Zn*" cofactor. Overall, in spite of their highly similar
structural architecture these studies highlight the variability and the flexibility of the
regulatory binding site to bind different metal ions, which may explain the specific roles
of different members of the Fur family of metalloregulators.

The third metal binding site, S3, is found within the dimerization domain of Fur
family members and is observed in nearly all Fur and Zur structures. Similar to the S2
site, variation in the coordination and the geometry of metals in the S3 site was reported
(Figure 1.8). First, similar to the Mn*"-bound MgFur, PaFur S3 site hexacoordinates a
Zn®" ion employing a distorted octahedral geometry. Metallation is mediated by two
histidines, one aspartate binding in a bidentate manner, one glutamate and a water-
mediated interaction with a glutamine residue. In contrast, Zn*" ions in VeFur and HpFur
S3 metal binding sites have tetrahedral geometry and are coordinated by two histidines

and two negatively charged residues (one aspartate and one glutamate). Similar to VcFur
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Figure 1.8 Coordination of the S3 metal binding site diverges within the
Fur family of metalloregulators

Zoomed view on S3 metal binding sites of PaFur (1MZB), VcFur (2W57), HpFur (2XI1G),
HoloMgFur (4RAZ), MtZur (2003), and ScZur (BMWM). Zn, and Mn ions are
represented by grey and purple spheres, respectively. Water molecules (W) and hydrogen
bonds are depicted as red spheres and orange dashed lines, respectively. All structures
were obtained from the RCSB PDB structure bank (http://www.rcsb.org/pdb/).
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and HpFur, the S3 site in M¢Zur and ScZur has a tetrahedral geometry wherein three
histidines and one glutamate participate in the coordination of a Zn*" ion. While metal
ion is frequently observed in the S3 site, the role of this metal binding site remains
controversial. In contrast to S2 site, mutation of the S3 site in HpFur (Dian et al., 2011),
ScZur (Shin et al., 2011) and MgFur (Deng et al., 2015) decreases but does not abolish
DNA-binding activity of these proteins while in PaFur (Pohl et al., 2003), this site was
identified as the regulatory site. Overall, these results show the versatility of the S3 site

and suggest that its role may have diverged during evolution.

1.6.5 Structural characterization of protein-DNA complexes

Until recently, the structural basis underlying the binding of metalloregulators to
DNA had remained vague at best with most models relying on computational approaches
to characterize Fur DNA complexes (Dian et al., 2011; Pohl et al., 2003; Tiss et al., 2005).
Recently, the structural determination of the EcZur in complex with DNA (PDB: 4MTD;
4MTE) provided the first insights into the intricate details of the interaction between a
member of the Fur family and DNA (Gilston et al., 2014). The structure shows that
EcZur DBD binds to the major and minor grooves of DNA and that the residues found in
helix-turn-helix (HTH) motif of EcZur’s DBD make over 100 contacts with DNA
nitrogenous bases and phosphate backbone of the DNA molecule. Specifically, in each
protomer, 8 direct interactions are observed between the side chain of Tyr45 and Arg65
and the N7 nitrogen of bases. The role of Arg65, which is highly conserved across
evolution, is supported by previous mutational analysis showing that its substitution into

a histidine blunts EcZur DNA binding activity (Patzer and Hantke, 2000). The same
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crystal structure also shows that two EcZur dimers collaborate for binding to DNA and
that cooperativity relies on a salt bridge between Arg52 and Asp49 that connects two
adjacent independent dimers. Intriguingly, both residues are conserved in gram-negative
Zur proteins but absent in Fur homologs suggesting that this interaction mode between
two dimers is unique to Zur proteins. The crystal structure determination of the EcZur-
DNA complex also enabled the identification of another EcZur regulated gene. In fact,
EcZur was shown to bind the promoter region of the periplasmic lysozyme inhibitor pliG
gene and to repress its expression. The characterization of EcZur interaction with the p/iG
operator revealed a single dimer-DNA intermediate suggesting that the metalloregulator
can bind DNA using a single dimer. Collectively, the study by Gilson et al., demonstrated
that EcZur uses two alternative modes of interactions with DNA wherein a dimer of
dimer or a single dimer interact with DNA.

More recently, two crystal structures of the DNA bound form of
Magnetospirillum gryphiswaldense MSR-1 Fur (MgFur) was reported (Deng et al., 2015).
The authors solved the crystal structures of a single dimer of MgFur in complex with a 25
bp long oligonucleotide corresponding to the feoAB1 operator as well as of a dimer of
dimer of MgFur bound to Pseudomonas aeruginosa Fur box. These structures first
demonstrated the ability of MgFur to bind DNA at different ratios. They also showed that
binding to DNA induces moderate conformational changes in the DBDs that result in the
shortening of the distance between the a4 helices of the two monomers allowing a better
insertion of the DBD in consecutive major grooves. Akin to EcZur-DNA crystal
structure, the majority of the interactions taking place at the interface between MgFur and

DNA are hydrogen bonds and other electrostatic interactions involving the residue side
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chains and the DNA phosphodiester backbone. More specifically, three key residues
make several direct interactions with DNA and these contacts can be clustered in three
different categories. First, the phenyl ring of Tyr56 makes van der Waals interactions
with the methyl groups on T12’ (‘ denotes the non-coding strand) and two consecutive
thymine nucleotides T15” and T16’ in the major groove of the P. aeruginosa Fur box and
the feoABI operator, respectively. These interactions are base specific as the loss of
thymine residue impairs the binding of Fur to DNA. Second, Arg57 guanidium group
forms bidentate hydrogen bonds with the O6 and N7 atoms of a conserved G7 in the
feoABI operator and the G10 of the P. aeruginosa Fur box. An additional hydrogen bond
between Arg57 and T15° of the P.aeruginosa Fur box is also observed. Finally, the third
category of interaction involves the shape readout of a minor groove with enhanced
negative electrostatic potential by a lysine residue. Lys15 forms hydrogen bonds with
A24° of the feoAB1 operator and with T6 and T21’ of the P.aeruginosa Fur box.
Collectively, this study highlighted the role of Tyr56, Arg57 and Lys15 in binding DNA.
Considering that these residues are conserved across evolution, this study also suggests
that the DNA-interaction modes observed in this study are conserved.

In both DNA bound EcZur and MgFur structures, the DNA is slightly bent
leading to the formation of larger major grooves and narrower minor grooves. However,
DNA bending is not induced by Fur binding since the narrower minor grooves were
previously reported in the absence of the Fur protein(Deng et al., 2015). Considering that
Fur operators are A/T rich and that these sequences tend to form narrow minor grooves,
the shape readout mechanism may be a peculiarity for the gene regulatory activity by the

Fur family of metalloregulators.
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1.7 Campylobacter jejuni ferric uptake regulator (CjFur)

C. jejuni Fur (CjFur) is an important transcription factor. Transcriptome
profiling and chromatin immunoprecipitation combined with microarray analysis
approaches (ChIP-chip) using wild type strain or fur deletion mutant in iron-rich or iron-
limited growth conditions (Butcher et al., 2012; Holmes et al., 2005; Palyada et al., 2004)
showed that holo-CjFur represses the transcription of all genes encoding iron-transport
systems including enterobactin, heme and ferric-lactoferrin transporters, to name few.
Moreover, the expression of several genes involved in oxidative stress defense such as
kat4, ahpC, thioredoxin reductase (##xB) and an ankyrin-repeat containing protein
(cj1386) are also repressed by holo-CjFur (Holmes et al., 2005). In addition to repression,
the same studies showed that the holo- form of the metalloregulator can also activate
gene expression and more importantly, the protein maintain gene regulatory activities
(positive and negative) in absence of regulatory metals. While the transcriptomic studies
were unable to distinguish direct from indirect regulation (Holmes et al., 2005; Palyada et
al., 2004), ChIP-chip analysis combined with qRT-PCR identified the genome wide
distribution of CjFur-bound regions and confirmed all four modes of CjFur regulation,
respectively (Butcher et al., 2012). These studies also identified CjFur as an important
regulator of genes involved in flagella and membrane biogenesis, energy metabolism,
non-iron ion transporters and numerous proteins with unknown function (Butcher et al.,
2012; Holmes et al., 2005; Palyada et al., 2004). As previously mentioned, Fur proteins
play an important role in colonization and bacterial virulence. Mutation of the fur gene
significantly affects the ability of C. jejuni to colonize the gastrointestinal tract of chicks,

demonstrating the importance of Fur regulation and iron homeostasis in vivo (Palyada et
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al., 2004). Considering that CjFur regulates genes involved in other key cellular
processes such as oxidative defense and flagellar biogenesis, which are important for cell
survival and motility, it is believed that Fur may play a role in C. jejuni virulence.
Genome-wide profiling of CjFur binding sites was used in order to identify the
consensus sequence recognized by CjFur (Butcher et al., 2012). While the study failed to
define a universal consensus sequence for all CjFur binding sites, the authors identified
consensus motifs for holo-CjFur-activated and holo-CjFur-repressed genes. The

consensus sequence for holo-CjFur-repression (5’-TATTTTGATAATTATTATCA-3’) is

similar to the CjFur consensus sequence previously proposed (Palyada et al., 2004) and
contains the palindromic 7-1-7 (underlined) sequence, feature found in classical Fur box.
Conversely, the consensus sequence for holo-CjFur-activated genes (5°-
TTTGGAACANTTTTTGCT-3") is non-palindromic and is significantly different from
previously reported Fur boxes. Owing to a low number of apo-CjFur regulated genes, the
consensus sequence for apo-CjFur regulation could not be determined. Therefore, this
study suggests that CjFur recognizes multiple DNA-binding elements and the classical

Fur box does not fully represent the target sequences recognized by Fur proteins.

1.8 Rationale and hypothesis

Considering that the Fur family of metalloregulators plays crucial roles in bacteria
and that there are no Fur homologs in human, these proteins constitute excellent targets
for the design of therapeutic molecules for the treatment of Campylobacter mediated
infections. Since the apo-regulation was observed in only few pathogenic bacteria, the

understanding of the mechanism controlling such activity could lead to a development of
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therapeutic molecules targeting only the apo-Fur regulation and thus having a minimal
effect on human microbiota.

Given that the Fur family of metalloregulators regulates gene expression by
four general mechanisms, namely transcription activation/repression in apo-form
and transcription activation/repression in holo-form, I hypothesized that the ability
of Fur family of metalloregulators to adopt different structural conformations
underlies these peculiar functional differences.

To address this hypothesis, I have used structural biology combined with
biochemical approaches to characterize the structure of CjFur and to better understand the
mechanistic basis underlying the binding of Fur family of metalloregulators to DNA in

absence or presence of regulatory metal ions.
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CHAPTER 2. MATERIAL AND METHODS

2.1 Strains and plasmid construction

E. coli DH5a was used as the host strain for DNA amplification and vector
construction. Table 1 in Appendix 1 lists the sequences of all the primers used for

cloning in this study.

2.1.1 Construction of pStrepSUMO (pSS)-CjFur expression plasmid

The gene corresponding to Campylobacter jejuni Fur (Figure 1 in Appendix 1)
was PCR-amplified from Campylobacter jejuni TGH9011 genomic DNA with primers
pair 1 - 2 (Table 1 in Appendix 1) and cloned in a homemade vector referred to as
pStrepSUMO (pSS). The Cj TGH9011 Fur contains a single amino acid substitution
(Thr42Ile) as compared to Cj NCTC11168 Fur and this residue is not evolutionary
conserved across Fur proteins (Figure 3.3C) and is therefore not expected to participate
to its biological functions. The pSS vector is a derivative of the pHis parallel vector
(pHis2) (Sheffield et al., 1999) and was constructed by replacing the hexahistidine Tag
(6XHis) and the Spacer region of pHis2 by a DNA fragment corresponding to a Strep
Tag placed in frame with the sequence encoding the Small Ubiquitin-like Modifier
(SUMO) protein SMT3 from budding yeast (Figure 2 in Appendix 1). The cDNA of
SMT3 was PCR amplified with the primers pair 3 - 4 and S. cerevisiae genomic DNA as
template. The PCR product was subsequently cloned Ndel-Ncol in pHis2. Following

amplification and purification of the vector, the Cjfur gene was cloned, in frame with the
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open reading frame of the Strep-SUMO tag, using the BamHI and Xhol restriction sites.
The insertion of Cjfur gene in pSS vector was confirmed by PCR reactions using the

primers pair 1-2 and by sequencing at the Centre de Recherche du CHUL.

2.1.2 Construction of pStrep (pS)-CjFur expression plasmid

The gene corresponding to CjFur was amplified from pSS-CjFur plasmid with
primers pair 5 — 6 (Table 1 in Appendix 1) and cloned in a homemade vector referred to
as pStrep (pS). Similar to pSS vector, the pS vector is a derivative of pHis2 vector and
was constructed by replacing the 6XHis Tag of pHis2 by a DNA fragment corresponding
to a Strep Tag (Figure 3 in Appendix 1). The Cjfur gene was cloned in frame with the
open reading frame of the Strep tag, using the Ncol and Xhol restriction sites. The
insertion of Cjfur gene in pStrep vector was confirmed by PCR reactions using the

primers pair 5 - 6 and by sequencing at the Centre de Recherche du CHUL.

2.1.3 Construction of pET-CjFur expression plasmid

The Cjfur gene was PCR amplified using pSS-CjFur plasmid as template and a
pair of primers 7 - 8 (Table 1 in Appendix 1) specifically designed to include a Ndel and
Xhol restriction sites on the 5’ and 3’ ends of the PCR product, respectively. The PCR
product and the pET3d vector (Novagen) were digested with Ndel and Xhol, separated on
an agarose gel and gel extracted according to the manufacturer’s instructions (Qiagen).
The digested PCR fragment was ligated to the digested pET3d vector using the T4 ligase
(NEB). The insertion of the PCR product was confirmed by PCR reactions using the

primers pair 7 - 8 and by sequencing at the Centre de Recherche du CHUL.
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2.2 Protein expression

For the expression of ss-CjFur, s-CjFur and untagged CjFur proteins, the plasmids
corresponding to pSS-CjFur, pS-CjFur and pET-CjFur were transformed into competent
E. coli BL-21 Rosetta cells (Novagen) by incubating each DNA construct with bacteria
during 30 minutes on ice and then heated to 42°C during one min. Following a two
minute incubation on ice, Luria-Bertani (LB) broth was added to the cells which were
then allowed to grow in an incubator-shaker (Excella E24, New Brunswick Scientific)
during one hour at 37°C with constant shaking at 250 RPM. The cells were then plated
onto LB agar supplemented with ampicillin (100 pgxmL™) and chloramphenicol (50
ugxmL™). The following day, the transformants were cultured in 500 mL of LB broth
supplemented with the same antibiotics.

The expression of proteins was induced with 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Sigma) at an ODgg of 0.4-0.5 during 3 hours at 37°C for
ss-CjFur protein and 18 hours at 18°C for s-CjFur and untagged CjFur proteins.
Following induction, E. coli cells were centrifuged at 3000 rpm during 30 minutes at 4°C
(J6-MI Centrifuge, Beckman Coulter) and cells corresponding to 1 L cultures were
resuspended in 25 mL of corresponding lysis buffer (Table 2 in Appendix 1). Cell

pellets were stored at -80°C until protein purification.
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2.3 Protein purification

Frozen pellets were thawed in cold water and 75 mL of lysis buffer was added to
the cell suspension. Cells were lysed using three sonication cycles of one minute each
(Misonix Sonicator 3000). The lysates were centrifuged at 31000xg during 30 minutes at
4°C (Beckman Avanti J-25 centrifuge, JA 25-50 rotor) and the supernatant was clarified

by filtration using 0.45 pm filters.

2.3.1 Purification of ss-CjFur protein

Filtered cell lysate containing ss-CjFur was applied onto a Strep-TACTIN affinity
chromatography column (Qiagen) pre-equilibrated by gravity with 10-column volumes
(CV) of PBS buffer. Following the binding of ss-CjFur, Strep-TACTIN beads were
washed with 15-CV of PBS buffer and the fusion protein was eluted from the resin in ~35
mL of PBS buffer supplemented with 2.5 mM D-desthiobiotin (Sigma). The StrepSUMO
tag was removed using the SUMO specific protease, Ubiquitin-like-specific protease 1
(ULP1), during 16 hours at 4°C in a 10 kDa Molecular Weight Cut-Off (MWCO) dialysis
bag (Thermo Scientific) in PBS buffer. CjFur was further purified by ion exchange
chromatography using SP Sepharose Fast Flow Beads (GE Healthcare) equilibrated in 20
mM citrate pH 6.0 and 5 mM B-mercaptoethanol (BMe). Following the binding of the
proteins, the SP sepharose column was washed with 5-CV of 20 mM Citrate pH 6.0 and 5
mM BMe buffer and the bound CjFur protein was eluted using a linear gradient that
progressively increases the concentration of NaCl from 0 to 1 M. Fractions corresponding
to CjFur were concentrated and further purified by size exclusion chromatography using

a preparative grade Superdex S75 column (AKTA FPLC, GE Healthcare) equilibrated in
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20 mM Tris pH 7.0, 250 mM NaCl, 5 mM BMe. CjFur eluted as a single peak at a
molecular weight corresponding to a protein dimer. Fractions corresponding to CjFur
dimer were pooled, concentrated to ~10 mg x mL"' and CjFur concentration was
measured by UV absorbance (NanoDrop ND-1000, Thermo Scientific). The extinction
coefficient (¢) and the molecular weight (MW) of this construct, 13410 M"' cm™” and
18747.7 Da, respectively, were determined using the online ProtParam tool
(https://web.expasy.org/protparam). We used the protein absorbance value for 0.1%
(AbSzgonm ') (=1 g/L) of 0.715 as unit of measure for protein concentration
determination. This purification protocol leads to a CjFurZn, protein used for the
characterization of the apo-form of CjFur and purification from a 2 L culture would yield
approximately 3-5 mg of purified protein. Purification yields of different Fur mutants

were comparable to WT Fur protein.

2.3.2 Purification of s-CjFur

For the purification of s-CjFur, the cell lysate was applied onto Strep-TACTIN
beads equilibrated with 10-CV of 50mM Tris pH 7.0, 100mM NaCl and 5mM BMe.
Following the binding of s-CjFur, Strep-TACTIN beads were washed with 15-CV of
50mM Tris pH 7.0, 100mM NaCl and 5SmM BMe buffer and the fusion protein was
eluted according to manufacturer’s instructions. The Strep tag of s-CjFur was removed
using the Tobacco Etch Virus (TEV) protease during 16 hours at 4°C in 50mM Tris pH
7.0, 250 mM NaCl and 5SmM BMe. Following TEV cleavage, s-CjFur was concentrated
and further purified by size-exclusion chromatography using Superdex S75 pre-

equilibrated in 20mM Tris pH 7.0, 250mM NaCl and 5mM Bme. Fractions
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corresponding to protein dimer were concentrated and the concentration of the protein
was quantified by UV absorbance. The extinction coefficient (¢) and the molecular
weight (MW) of this construct, 11920 M cm™ and 18382.4 Da, respectively, were
determined using the online ProtParam tool (https://web.expasy.org/protparam). We used
the protein absorbance value for 0.1% (Absasonm” ) (=1 g/L) of 0.648 as unit of measure
for protein concentration determination. This protocol was used for the purification of
CjFur protein used for the characterization of holo-form of CjFur regulator and
purification from a 2 L culture would yield approximately 10-13 mg of purified protein.

Purification yields of different Fur mutants were comparable to WT Fur protein.

2.3.3 Purification of untagged CjFur

The supernatant of a cell extract resuspended in 50 mM Tris pH 7.0, 100 mM
NaCl, 5 mM BMe was applied onto a 10 mL Q Sepharose Fast Flow Beads (GE
Healthcare) pre-equilibrated in buffer A (20 mM citrate pH 6.0 and 5 mM BMe). The
proteins were allowed to bind during one hour at 4°C and were centrifuged at 3000 RPM
(Sorvall Legend RT Plus Centrifuge, Thermo Scientific) during 5 minutes at 4°C to
recover the supernatant. The supernatant was then applied onto a 10 mL SP Sepharose
Fast Flow Beads pre-equilibrated in buffer A. The proteins were allowed to bind for one
hour at 4°C and the beads were centrifuged at 3000 RPM during 5 minutes at 4°C. The
supernatant was discarded and the beads were washed during 10 minutes at 4°C with 10-
CV of buffer A followed by the centrifugation of the beads at 3000 RPM. After repeating
the washing step two more times, the beads were incubated at 4°C during 1 hour with 6-

CV of buffer A supplemented with 500 mM NaCl. To remove residual beads, the eluted
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proteins were filtered using 0.45 pm filters. The filtered proteins were dialyzed twice
during 30 min at 4°C in a 10 kDa MWCO dialysis bag placed in 4 L of buffer A. The
dialyzed proteins were subsequently loaded onto an Heparin column (GE Healthcare)
pre-equilibrated with buffer A. Following the loading of the proteins, the heparin column
was washed with 50 ml of buffer A and bound CjFur was eluted using a linear gradient
that progressively increases the concentration of NaCl to 1 M in buffer A. Fractions
corresponding to CjFur, which eluted at ~ 850 mM NaCl, were concentrated and applied
to a preparative grade Superdex S75 equilibrated with 20 mM Tris pH 7.0, 250 mM NacCl,
5 mM BMe. Fractions corresponding to the CjFur dimer protein were pooled,
concentrated to ~100 pL, and CjFur concentration was quantified by UV absorbance. The
extinction coefficient (¢) and the molecular weight (MW) of this construct, 11920 M
cm” and 18066 Da, respectively, were determined using the online ProtParam tool
(https://web.expasy.org/protparam). We used the protein absorbance value for 0.1%
(AbSzgonm ') (=1 g/L) of 0.660 as unit of measure for protein concentration
determination. Purification from a 2 L culture would yield approximately 22-25 mg of

purified protein.

2.4 Protein metallation for crystallization and electrophoretic mobility shift
assays

Purified proteins were incubated with excess manganese chloride (MnCl,) (3:1
metal to protein molar ratio was used for s-CjFur), which was gradually added to the
protein with 5 minutes incubation on ice between each addition. Mn*" was used as
surrogate for Fe*" because ferrous iron readily oxidizes to Fe’". Protein was then
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incubated with metal ions during 16 hours at 4°C. In order to remove the excess of free
metal ions, a second size exclusion chromatography was performed using Superdex S75
column and buffer mentioned above. After the second gel filtration, fractions
corresponding to protein dimer were then concentrated and protein concentration was
determined by UV absorbance. Purified protein was then used for crystallization assays
or was flash-frozen in liquid nitrogen and stored at -80°C until the electrophoretic

mobility shift assay.

2.5 Protein crystallization

Various crystallization screens such as the HT HR2-134 Index Screen, HT HR2-
130 Crystal Screen, HT HR2-136 SaltRx Screen (Hampton Research), JCSG Core Suites
Screens (Qiagen), MCSG Crystallization Suite Screens (Microlytic), Midas Screen
(Molecular Dimensions), as well as several concentrations of purified recombinant CjFur
protein were screened at 4°C and 21°C in order to obtain diffraction quality crystals.
Vapor diffusion by the sitting drop method was used for initial 96-wells screens while the
same approach or the hanging drop method were used for the optimization of lead

conditions in 24-well plates.

2.5.1 ss-CjFur (CjFurZn,) crystallization

Plate-shaped crystals were grown for approximately two weeks at 4°C in 200 mM
MnSOy4 and 10 — 20% PEG 3350 at 10 mg x mL" protein concentration. CjFurZn,
crystals were harvested and soaked in the mother liquor supplemented with increasing

amount of ethylene glycol. Crystals were subsequently soaked in the crystallization

54



solution supplemented with 5%, 10%, 15% and 20% of ethylene glycol. Following the

last soaking step, the crystal was harvested and flash-frozen in liquid nitrogen.

2.5.2 s-CjFur (CjFurZn) crystallization

Following gel filtration and concentration, s-CjFur (7.5 mg x mL™) was
immediately combined, in a 1:1 ratio, with a mother liquor composed of 0.1 M Bis-Tris
pH 5.5, 0.25 M magnesium formate, 25% PEG 3350. CjFurZn crystals were grown for
approximately two weeks. Crystals were soaked and harvested in the mother liquor

supplemented with 7.5% glycerol and flash-frozen in liquid nitrogen.

2.6 Data collection and crystal structure determination

Full datasets for ss-CjFur (CjFurZn,) and s-CjFur (CjFurZn) were collected at the
Life-Science Collaborative Access Team beamline at the Advance Photon Source,
Chicago. Both crystal structures were determined using single-wavelength anomalous

dispersion (SAD) at the zinc peak wavelength.

2.6.1 Crystal structure determination of ss-CjFur (CjFurZn,)

The reflections were processed and scaled using HKL2000 (Otwinowski and
Minor, 1997) and four zinc atoms were identified and refined using the SHELX C/D
programs (Sheldrick, 2010). Phases were calculated using SHELX-E and an initial model
was built with ARP/WARP (Langer et al., 2008). This initial protein structure was used as

a search model for molecular replacement using Phaser (McCoy et al., 2007). The
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missing residues were modeled in the calculated phases using Coot (Emsley and Cowtan,
2004) and the structure was further refined using Refmac (Winn, 2003). The quality of
the model was assessed using MolProbity (Chen et al., 2010; Davis et al., 2007) which
indicates that 97.8% of non-glycine residues are found in the favoured regions of the

Ramachandran plot.

2.6.2 Crystal structure determination of the s-CjFur (CjFurZn)

Dataset collected on s-CjFur were indexed and scaled using xds (Kabsch, 2010a,
2010b) and AIMLESS (Evans and Murshudov, 2013) and the structure of s-CjFurZn was
solved by molecular replacement using ss-CjFur DBD and DD domains (PDB: 4ETS) as
search models and the program Phaser (McCoy et al., 2007). The model was refined
using BUSTER (Bricogne et al., 2011) and manual modifications to the model were done
using Coot (Emsley and Cowtan, 2004). The quality of the model was assessed using
MolProbity (Chen et al., 2010; Davis et al., 2007) with a score of 1.59. The final refined

model has a Rwork of 18.4% and Rfree of 22.9%.

2.7 Comparative metal incorporation

To metallate the untagged CjFur, ss-CjFur and s-CjFur, protein samples were
incubated with one molar equivalent of MnCl, for one hour on ice. MnCl, was added
sequentially to prevent protein precipitation with 5 minutes incubation on ice between
each addition. To remove the excess of MnCl,, the proteins were applied onto Superdex
S75 and the fractions corresponding to the dimer were pooled, concentrated and flash-

frozen. The metal content for each protein sample was analyzed using ICP-MS analysis.
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Each MS spectra were recorded in duplicate using a ThermoFisher X Series II ICP-MS

on 1/100 dilution of metallated protein samples.

2.8 Inductively Coupled Plasma Mass Spectrometry Metal Analysis (ICP-MS)

The metal content of purified ss-CjFur, s-CjFur and untagged CjFur proteins was
determined by the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the
Quantitative Bioelemental Imaging Center, Northwestern University, using a Thermo
Fisher X Series II ICP-MS system. Using two serial dilutions (1/20 and 1/100) of purified
proteins and recording 3 spectra per dilution, a total of six MS spectra per protein sample

were recorded and used for metal content calculations.

2.9 Electrospray ionization mass spectrometry (ESI-MS)

Electrospray lonization Mass Spectrometry (ESI-MS) analysis was performed at
the SPARC BioCentre, The Hospital for Sick Children, Toronto. Prior analysis using a
QSTAR Elite, 500 uM of purified untagged CjFur was first desalted and then applied to

the mass spectrometer.

2.10 Electrophoretic Mobility Shift Assay (EMSA)

To perform EMSAs mirroring the holo-form of the transcription factor, forward
(primer 1) and reverse (primer 2) (Table 3 in Appendix 1) CyS5-labeled primers
(Eurofins MWG operon) corresponding to a 60 bp DNA fragment of the katA promoter

region were annealed by incubation at 95°C for 15 minutes and slowly cooled down to
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room temperature. For the gel shift assays, 2 nM of Cy5-labeled DNA fragment was
incubated with increasing amounts (specified in Figure legends) of purified recombinant
CjFur proteins, metallated with MnCl,, during 1 hour on ice in binding buffer (20 mM
Bis-Tris borate, pH 7.4, 50 mM KCI, 3 mM MgCl,, 5% glycerol, 0.1% Triton X-100, and
50 ¥ M MnCl). 5 ng/uL poly(dI-dC) was used as a non-specific binding competitor.
Samples were separated on a native 6% polyacrylamide gel (19:1) during 1 hour at 100V
at 4°C. Gels were freshly prepared with 100 mM Bis-Tris Borate, pH 7.4 and 100 uM
MnCl, and pre-run for 25 minutes at 150V at 4°C.

To perform EMSAs in conditions mirroring the apo-form of CjFur, the promoter
region upstream of the Cjl345¢ operon (200 bp) was PCR amplified using the
Campylobacter jejuni NCTC11168 chromosomal DNA as a template and the primer pair
3-4 (Table 3 in Appendix 1) (Eurofins MWG Operon) with the forward primer (primer
3) labeled with Cy5. For the gel shift, approximately 2 nM of Cy5-labeled DNA fragment
was incubated on ice with the increasing amounts (0-1000 nM) of purified recombinant
ss-CjFur protein in binding buffer (20 mM Bis-Tris borate, pH 7.4, 50 mM KCI, 3 mM
MgCl,, 5% glycerol, 0.1% Triton X-100 and 0.1 ¥ g poly dI-dC) during 45 minutes.
Samples were then loaded on 5% non-denaturing polyacrylamide gel (19:1) and
electrophoresed during 1 hour at 100V at 4°C. Gels were freshly prepared with 100 mM
Bis-Tris borate, pH 7.4 and pre-run for 25 minutes at 150V at 4°C.

All steps were carried out in the dark to limit the exposure of the Cy5 fluorophore
to light, which results in decreased fluorescence signals. Gels were visualized using a
Typhoon Trio Variable Mode phosphoimager (GE Healthcare) and processed using

ImageQuantTL software to adjust brightness and contrast of images and to quantify the
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bands. Apparent dissociation constants (K4"") values were calculated using the one-site
ligand-binding curve of GraphPad Prism. The experiment was performed with four

technical replicates to allow for calculation of standard deviation values.

2.11 Site-directed mutagenesis

All the CjFur mutants were produced using the QuikChange II Site-Directed
Mutagenesis Kit (Stratagene) and were purified as previously described for the respective
wild type protein. Primers used in site-directed mutagenesis are listed in Table 4 in

Appendix 1.

2.12 Construction of complemented mutant Campylobacter jejuni NCTC11168
strains

The Campylobacter jejuni NCTC11168 Afur deletion mutant was prepared as
previously described (Palyada et al., 2004). The furWT, furR20E, furK25E, furK28E,
JurR30E, furY68A4, furR69E, furAS2 and furAS3 gene regions were PCR amplified from
the corresponding pS-CjFur constructs using primers 9 and 10 (Table 1 in Appendix 1).
Amplified PCR products were then cloned into the pRRK vector (Reid et al., 2008) using
the In-Fusion HD Eco-Dry cloning kit (Clontech). All the mutants were then sequenced
in order to confirm the absence of PCR-induced errors of the inserts. The Campylobacter
jejuni NCTC11168 Afur mutants were then transformed with these pRRK-CjFur WT or
mutant constructs and positive colonies were selected on Mueller-Hinton (MH) agar

lates supplemented with 20 pgxmL™ chloramphenicol and 10 pgxmL™ kanamycin. The
p pp ng p ng
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insertion of different mutant genes was confirmed by PCR and sequencing.

2.13 Western Blot Analysis

Cj NCTC11168, Afur deletion mutant and complemented furWT, furR20F,
JurK25E, furK28E, furR30E, furY68A, furR69E, furAS2 and furAS3 strains were grown to
midlog phase in biphasic MH cultures or in MEM-a medium supplemented with 10 mM
sodium pyruvate under microaerophilic conditions (83% N, 4% H,, 8% O, and 5% COy).
In order to test the expression of different Fur mutant complements in iron-replete
conditions, 40uM of FeSO4 was added to the MEM-o medium supplemented with
sodium pyruvate. The cells were pelleted by centrifugation at 4000 RPM (Sorvall Legend
RT Plus Centrifuge, Thermo Scientific) for 10 minutes and resuspended in RIPA buffer
(150 mM sodium chloride, 1% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris pH8.0) supplemented with PMSF (MP Biomedicals) and protease
inhibitor cocktail (Mini Complete, Roche). Cells were lysed on ice during 10 minutes and
soluble cell content was quantified using Bradford protein assay. 4pug of each cell lysate
was run at 200V for 45 minutes on a 15% acrylamide SDS-PAGE gel and subsequently
transferred to a PVDF membrane at 100V for 1 hour. The membranes were blocked
overnight in tris-buffered saline (TBS) + 0.1% Tween®20 and 5% fat-free milk powder.
Membranes were subsequently incubated with the anti-Fur antibody at a 1:3000 dilution
in the antibody solution (TBST buffer and 2% fat-free milk powder) during 1 hour at
room temperature. Membranes were washed with TBST buffer, incubated with HRP-
conjugated anti-rabbit secondary antibody at a 1:10000 dilution during 1 hour at room

temperature in the antibody solution. Membranes were subsequently washed with TBST
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buffer and incubated in ECL solution (Pierce’™ ECL Western Blotting Substrate, Thermo
Scientific) according to manufacturer’s instructions. Western blots were analyzed using

an Odyssey Fc Imaging system (LI-COR Biosciences).

2.14 RT-qPCR analysis

Cells were grown under microaerophilic conditions to midlog phase in MEM-a
medium supplemented with 10 mM sodium pyruvate and with or without 40 uM FeSO..
10% of cold stop solution (10% buffer-saturated phenol in absolute ethanol) was added to
cell cultures and the cells were harvested by centrifugation at 4000 RPM during 10
minutes. Cell pellets were resuspended in TE buffer (10 mM Tris-HCL, pH 8.0, 1 mM
EDTA) and the RNA was extracted using the hot phenol-chloroform method (Tong et al.,
1996). RNA precipitation was performed by an overnight incubation in absolute ethanol
at -80°C. RNA pellets were subsequently washed four times with 80% cold ethanol and
were resuspended in RNase-free water. RNA was then treated with RNase-free DNase |
(Invitrogen) to remove contaminating genomic DNA and was further purified using
RNeasy Mini Kit (Qiagen). Absence of contaminating genomic DNA was confirmed by
PCR and the quality of RNA was assessed on agarose gel. Reverse transcription was
carried out using the QuantiTect Reverse Transcription Kit (Qiagen). RT-qPCR was
performed with the MX3000P platform (Stratagene) using the Syber Green quantification
method and ROX normalization. The relative expression levels of kat4 and cfrA, and
Cj1345¢ and Cj0948c, holo-Fur-regulated and apo-Fur-regulated genes, respectively,
were analyzed by RT-qPCR. The relative expression level of each gene was normalized

to slyD (endogenous control) and to fur. The primers sets used for katA, cfrA, Cj1345¢
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and Cj0948c are listed in Table S in Appendix 1. The comparative Cr (AACt) method
was used to determine the relative gene expression. All experiments were performed in
triplicates and statistical significance was determined using the Student’s t-test. P values

<0.05 were considered significant.

2.15 Disc inhibition assay

Campylobacter jejuni NCTCI11168, Afur deletion mutant and complemented

JurWT, furAS2 and furAS3 strains were grown on MH agar plates supplemented with
required antibiotics (chloramphenicol, kanamycin or both) for three days under
microaerophilic conditions. Several colonies from each strain were cultured overnight in
MH biphasic flasks. The overnight cell cultures were diluted in MH broth to an optical
density at 600 nm of 1.0. For each strain, 4 mL of this diluted bacterial suspension was
added to 90 mL of melted MH agar (cooled to approximately 50°C) and the mixture was
poured in equal volumes in three Petri dishes. After solidification, paper discs (6 mm
diameter) were placed on the surface of the agar and 10 uL of 3% hydrogen peroxide
(H20,) was added to each paper disc. MH agar plates were subsequently incubated under
microaerophilic conditions during 20 hours and the diameter of growth inhibition was
measured in millimeters for each strain. All experiments were performed in triplicates
and statistical significance was determined using the Student’s t-test. P values <0.05 were

considered significant.
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2.16 Chick colonization assay

The chick colonization assay was performed as described previously (Palyada et
al., 2004). Briefly, Campylobacter jejuni NCTC11168, complemented furWT, furAS2 and
furAS3 strains were grown to mid-log phase in biphasic flasks under microaerophilic
conditions at 37°C. Bacterial suspensions were then diluted in fresh MH broth to an
optical density at 600 nm of 0.13, which corresponds to approximately 10° CFU/mL.
Water and food were withheld for 2 hours prior to inoculation. Three days old chicks
were inoculated orally with 300 puL of the diluted bacterial suspension. Each bacterial
suspension was serially diluted and plated on MH-agar plates to confirm that all the
chicks received approximately the same number of viable C. jejuni. The chicks were
euthanized seven days post inoculation and their ceca were collected and weighed. The
cecal contents were extracted and homogenized in MH broth. The cecal contents were
then serially diluted and plated onto selective Karmali agar (Oxoid) supplemented with
chloramphenicol and kanamycin for the complemented strains. The Karmali plates were
incubated under microaerophilic conditions during 48 hours at 42°C and the resulting
colonies were counted and expressed as CFU per gram of ceca. The data were
statistically analyzed with a nonparametric Mann-Whitney rank sum test. P values below

0.05 were considered statistically significant.
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CHAPTER 3. STRUCTURAL CHARACTERIZATION OF
CAMPYLOBACTER JEJUNI FERRIC UPTAKE REGULATOR (CJFUR)

3.1 Rationale

Previous studies revealed that CjFur protein displays a variety of regulatory
mechanisms. Similar to several characterized Fur family members, the iron bound protein
can act as a repressor (Holmes et al., 2005; Palyada et al., 2004) or akin to N.
meningitidis (Delany et al., 2006; Grifantini et al., 2003), N. gonorrhoeae (Jackson et al.,
2010) and H. pylori (Carpenter et al., 2009b) Fur proteins, CjFur can also act as iron-
dependent transcription activator (Butcher et al., 2012; Palyada et al., 2004). Moreover,
CjFur can regulate gene expression and may bind to DNA in absence of metal bound to
its regulatory site (Butcher et al., 2012). Taking into account the structural diversity of
the Fur family of proteins, we sought to determine the crystal structure of CjFur in order
to gain new insights into structural features that may explain different regulatory

mechanisms observed for the Fur family of metalloregulators.

3.2 Results

3.2.1 Crystal structure of CjFurZn,

In order to solve its crystal structure, CjFur protein was overexpressed in Rosetta
cells as a Strep-SUMO fusion protein (ss-CjFur) and was purified by a series of affinity,
ion exchange and size exclusion chromatography steps (Figure 3.1). ss-CjFur fusion

protein was first purified from other proteins in the crude cell extract by affinity
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Figure 3.1. Purification of ss-CjFur

(A) Ion exchange chromatography of ss-CjFur. Dashed and solid lines represent the
percentage of Buffer B and the UV absorbance over the volume loaded on the SP
sepharose, respectively. Three different peaks are identified and fractions corresponding
to these peaks were analyzed on SDS-PAGE gel

(B) Coomassie stained SDS PAGE gel of the fractions highlighted in panel A. Different
steps of CjFur purification steps were analyzed on SDS-PAGE gel. CL: cell lysate, SUP:
supernatant, FT: flow through of the Strep-TACTIN column, ELU: eluted sample, CLV:
fraction after cleavage with ULP1. 1, 2 and 3 represent three different peaks obtained
during the ion exchange chromatography. Cleaved CjFur elutes between 30% and 55% of
Buffer B, corresponding to peak 3 and to a concentration of NaCl of 300 mM to 550 mM.

(C) Size-exclusion chromatography of ss-CjFur. Solid and dashed lines represent the UV
absorbance of CjFur protein sample and the different molecular weight standards,
respectively. CjFur protein elutes between 50 ml and 70 mL. The SDS-PAGE of the
fractions corresponding to the main peak is presented as the inset in the chromatogram.

Figure adapted from Sarvan S., Couture JF. (2017) “Method for the Successful
Crystallization of the Ferric Uptake Regulator from Campylobacter jejuni.” In: Butcher
J., Stintzi A. (eds) Campylobacter jejuni. Methods in Molecular Biology, vol 1512.
Humana Press, New York, NY
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chromatography using the Strep-TACTIN column, which has a high affinity and
specificity for the Strep Tag. The Strep-SUMO tag was then removed using SUMO
specific protease, ULP1, and the CjFur protein was further purified and successfully
separated from the tag using the ion exchange chromatography. CjFur protein was finally
purified by size exclusion chromatography and as shown in Figure 3.1C, eluted as a
single peak corresponding to protein dimer. Separation of the fractions corresponding to
the main peak on a coomassie-stained SDS-Page gel showed that the CjFur is nearly
100% pure and amenable to use in crystallization studies.

Using the vapor diffusion technique, CjFur protein was crystallized in a solution
containing 200 mM MnSO, and 10 — 20% PEG 3350 and the structure of CjFurZn, was
determined using single-wavelength anomalous dispersion technique. The structure is
composed of two protomers (A and B) that form the asymmetric unit and the functional
dimer (Figure 3.2). Protomer A consists of residues 4-83 and 90-149, whereas protomer
B comprises residues 2—-16 and 26-154. Similar to other Fur proteins, each CjFur
protomer folds in two domains including the N-terminal DNA binding domain (DBD),
which is composed of 5 consecutive a-helices (al, a2, a3, a3-2 and a4) followed by a
two-stranded antiparallel B-sheet (B1-p2), and the C-terminal dimerization domain (DD)
composed of 3 B-sheets ($3-f4-B5) intersected between 4 and B5 by an a-helix (a5). The

structure ends by a short a-helix (a6) that coordinates one zinc atom.

3.2.2 Comparison of CjFurZn, to other Fur and Fur-like structures
We then sought to inspect structural differences between CjFurZn, and other

structurally characterized Fur and Fur-like homologs. Using the PyMol software (The
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Figure 3.2 Crystal structure of CjFurZn,

(A and B) Two orthogonal views of the CjFurZn; crystal structure in which protomer A
and B are rendered in orange and blue, respectively. Secondary structures are labeled
accordingly and zinc atoms are represented by grey spheres.

Figure adapted from Butcher J*, Sarvan S*, Brunzelle J, Couture JF, Stintzi A. (2012)

“The structure and regulon of Campylobacter jejuni ferric uptake regulator Fur define
apo-Fur regulation” PNAS 109(25):10047-52 PMID:22665794
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PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC.), we aligned the
structures of CjFurZn,, HpFur, VcFur, PaFur and BsPerRZnMn and calculated the root
mean square deviations (RMSD) between superimposed atoms. While the structures of
HpFur, VcFur, PaFur and BsPerRZnMn superpose considerably well with a RMSD of
1.2-2.2A, the structure of CjFurZn, differs greatly with a RMSD of ~14A. In spite of the
structural homologies resulting in a similar basic fold between CjFur and other
structurally characterized Fur proteins, the superposition of their DDs leads to a different
orientation of CjFur’s DBD when compared to other Fur and Fur-like proteins. CjFurZn,
adopts an atypical conformation resulting from a rotation of approximately 180° of its
DBD which positions the ol helix within the V-shaped dimer while the BI1-f2
antiparallel B-sheet and the DNA-binding helix a4 are found on the exterior of the
structure (Figure 3.3A). In contrast, the structures of HpFur, VcFur, PaFur and
BsPerRZnMn bring their DNA-binding helix a4 and the B1-B2 antiparallel B-sheet within
the V-shaped dimer. Close inspection of the superposition of CjFurZn, protein with its
closest homolog, HpFur, revealed that the rotation of the DBD originates from the
conformation of the hinge region, which in CjFurZn; is elongated whereas in HpFur and
similar to other structurally characterized Fur proteins, it adopts a loose turn

conformation (Figure 3.3B).

3.2.3 Metal binding sites of CjFurZn,
CjFur structure contains two occupied Zn”" binding sites per protomer, hence its

name, CjFurZn, (Figure 3.3A). The metal binding site S1 contains Zn"ion that is
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Figure 3.3 CjFur adopts an atypical conformation when compared to other
Fur and Fur like proteins

(A) GjFur DBD adopts an atypical conformation. Overall structure of Fur and Fur-like
proteins in which protomer A is highlighted in orange (CjFur), purple (HpFur; 2XIG),
blue (VcFur; 2WS57), green (PaFur; 1MZB), brown (BsPerRZn; 2FE3), and violet
(BsPerRZnMn; 3F8N). B-Sheets, a-helices, and metal binding sites of each protomer A
are labeled accordingly. To facilitate the analysis, the dimerization domains are shown in
the same orientation. All structures were obtained from the RCSB PDB structure bank
(http://www.rcsb.org/pdb/).

(B) Superimposition of protomers A of CjFur (orange) and HpFur (purple). Secondary
structures are labelled. Zoomed view on the hinge region connecting the DBD and DD.

(C) Sequence alignment of Fur and Fur-like proteins. Sequence alignment of Fur proteins
C. jejuni (Cj), H. pylori (Hp), V. cholera (Vc), P. aeruginosa (Pa), E. coli (Ec) and of the
Fur-like Zur from M. tuberculosis (MtZur), Nur from S. coelicolor (ScNur), and PerR
from B. subtilis (BsPerR). Sequences were aligned using the ClustalW option in MEGAS
(Tamura et al., 2011). CjFur secondary-structure elements are shown above the alignment.
Asterisks indicate the residues involved in the predicted CjFur S2 site. S1 residues are
shaded in orange, predicted S2 residues are in yellow, and S3 residues are in blue.
Positions with 100% amino acid conservation are indicated by dark gray, 100-80% by
medium gray, and 80-60% by light gray.

Figure adapted from Butcher J*, Sarvan S*, Brunzelle J, Couture JF, Stintzi A. (2012)

“The structure and regulon of Campylobacter jejuni ferric uptake regulator Fur define
apo-Fur regulation” PNAS 109(25):10047-52 PMID:22665794

72



tetracoordinated by two pairs of cysteine residues namely Cysl05/Cysl108 and
Cys145/Cys148 and is found within the DD of CjFurZn;. This zinc-binding site is
required for the stabilization of the 3-f4-35 structure and the formation of Fur
dimer (Dian et al, 2011). Metal binding site S3 is found near the dimerization
domain of CjFurZn; and contains a Zn?* ion hexacoordinated by residues Asp101,
Glu120, His137 and two water molecules. The third metal binding site, S2, which
connects DBD and DD, is unoccupied in (jFurZn; structure. The absence of metal ion
in S2 can be explained by the rotation of CjFur DBD, which positions residues
involved in the coordination of Fe?* in a non-permissive orientation for the
coordination of metal ion. Considering that this site is known to be the iron sensing
regulatory site in CjFur closest homolog, HpFur, and essential for its DNA binding
activity (Dian et al,, 2011), we reasoned that (jFurZn; represents a snap-shot view
of the apo-form of the transcription factor and that we solved the first crystal
structure of a Fur protein in its apo conformation.

To confirm these results, purified ss-CjFur sample was analyzed by inductively
coupled plasma mass spectrometry (ICP-MS), which shows that the purified protein used
for crystallization assays is free of iron and manganese and contains approximately two

Zn atoms per protomer (Table 2).

3.2.4 DNA-binding activity of apo-CjFur
Given that the structure of CjFur differs greatly from the previously characterized
Fur proteins but still adopts a caliper-like conformation suitable for the interaction with

DNA, we sought to characterize the DNA-binding activity of apo-CjFur protein.
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Table 2: Inductively Coupled Plasma Mass Spectrometry (ICP-MS) metal analysis of
recombinant CjFur protein

Metal Metal content (%)*
Mn?2+ <0.2

Fe2+ <0.2

Co?* <0.1

Ni2+ <0.1

Cuz* 1.55

Zn2* 260.45

*The percent metal content is shown as a molar ratio of metal/CjFur concentration as determined by
ICPMS.

Table adapted from Butcher J*, Sarvan S*, Brunzelle J, Couture JF, Stintzi A. (2012)
“The structure and regulon of Campylobacter jejuni ferric uptake regulator Fur define
apo-Fur regulation” PNAS 109(25):10047-52 PMID:22665794
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Electrophoretic mobility shift assays (EMSA) were performed in order to examine the
interaction of purified recombinant CjFurZn, with DNA fragments derived from the
upstream regions of the apo-regulated genes Cjl345c, rrc, Cj0415 and hddA. Consistent
with the crystal structure, incubation of CjFurZn, with DNA in absence of regulatory
metals yields protein-DNA complexes that could be separated from the free probes.
These results indicate that CjFurZn, can bind DNA in absence of regulatory metal in

vitro (Figure 3.4).

3.2.5 Mapping the residues involved in apo-CjFur regulation

In order to identify apo-CjFur residues binding DNA, we generated the
electrostatic potential map of apo-CjFur using CjFurZn, structure. The electrostatic
potential surface shows a positively charged area (depicted in blue) containing several
evolutionary conserved basic residues including Argl4, Lysl7, Lys25, Lys28, Arg30,
and Arg69 (Figure 3.5). In order to determine the role of this region in apo-CjFur
interaction with DNA, we substituted these residues with glutamic acid. In addition,
Tyr68, an evolutionary conserved residue previously shown to be important for the DNA
binding activity of Fur protein (Tiss et al., 2005) was mutated to alanine. Each mutant
was tested using EMSA in absence of regulatory metal ion using the 200 bp fragment
derived from the upstream region of the Cj/345¢c gene as DNA binding element. Our
results show that the substitution of Arg20, Lys25, Lys28 and Arg69 by glutamic acid
residues abolish the apo-CjFur binding to Cjl345¢ promoter region (Figure 3.5D).
Moreover, identical substitutions of residues Lys17 and Arg30 and replacement of Tyr68

to alanine significantly reduce apo-CjFur binding to DNA. While found in the positively
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Figure 3.4. Electrophoretic mobility shift assays of Cj1345c, rrc, Cj0415 and
hddA promoter regions bound by CjFurZn,

CjFurZn, directly binds to Cjl345¢c, rrc, Cj0415 and hddA promoter regions. EMSAs
were performed with 2.5nM of Cy5-labelled PCR amplified DNA fragments (-200 to -1
bp upstream of the transcriptional start site) of Cjl345¢, rre, Cj0415 or hddA promoter
regions and increasing concentrations (0, 50, 100, 200 and 1000nM) of purified CjFurZns.
Binding buffer, gel as well as the running buffer used in these four EMSA studies did not
contain MnCl,.

Figure adapted from Butcher J*, Sarvan S*, Brunzelle J, Couture JF, Stintzi A. (2012)

“The structure and regulon of Campylobacter jejuni ferric uptake regulator Fur define
apo-Fur regulation” PNAS 109(25):10047-52 PMID:22665794
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Figure 3.5. Apo-CjFur structure and regulation

(A) Electrostatic potential surface of apo-CjFur (CjFurZn2) crystal structure. Positively
charged surfaces are represented in blue (+81kyTe') and negatively charged surfaces in
red (-81 kyTe™) (ky = Bolzmann’s constant, T = temperature in Kelvin and e = charge of
an electron).

(B) Residues forming the positively charged surface were mutated to glutamic acid or
alanine. Residues impairing the DNA binding activity of apo-CjFur are rendered in red
and mutated residues that still bind to DNA are represented in blue.

(C) Electrophoretic mobility shift assay of Cj/345¢ promoter region (2nM) with
increasing amount (0-1000 nM) of CjFurWT, CjFurR14, CjFurK17E, CjFurR20E,
CjFurK25E, CGjFurR30E, CjFurY68A and CjFur R69E. Lane 1: OnM, lane 2: 10 nM, lane
3: 25 nM, lane 4: 50 nM, lane 5: 75 nM, lane 6: 100 nM, lane 7: 200 nM, lane 8: 300 nM,
lane 9: 400 nM, lane 10: 500 nM, lane 11: 600 nM, lane 12: 700 nM, lane 13: 800 nM,
lane 14: 900 nM and lane 15: 1000 nM.

(D) Average value of triplicate RT-qPCR analysis of the expression of the Fur regulated
Cj1345¢ and Cj0948c genes in C. jejuni Afur, Afur+furWT, Afur+furR20E,
Afur+furK25E, fur+furR30E, Afurt+furY68A, Afur+furR69E in iron-limited conditions.
All values are relative to C.jejuni Afur+furWT and normalized to s/lyD and fur. Error bars
represent the standard error of the mean (SEM) and * denotes statistical significance (P <
0.05) using unpaired 2-tail student t-test. Each experiment was done with three
independent RNA samples.
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charged region and amenable to make electrostatic interactions with DNA, the Argl4Glu
mutation increases the apparent affinity to DNA of apo-CjFur. Overall, these results
suggest that residues Arg20, Lys25, Lys28 and Arg69 are crucial for apo-CjFur binding
to DNA.

After determining the impact of these residues on the ability of CjFur to bind
DNA in absence of regulatory metal in vitro, we sought to evaluate the changes in the
transcriptional activity of these mutants in Campylobacter jejuni. We constructed
complemented Campylobacter jejuni NCTC11168 strains expressing either wild type Fur
or the mutants tested above. After confirming that the complemented mutants were
expressed at a level similar to the complemented wild type fur (Figure 1 in Appendix 2),
we evaluated, by RT-qPCR (Figure 3.5E), the expression of Cj1345¢ and Cj0948c, two
genes known to be activated and repressed by CjFur in iron-limited conditions,
respectively. Consistent with our in vitro DNA binding assays, most mutants failed to
activate the expression of Cj/345¢. Similarly, the same mutants were unable to repress
Cj0948c expression in iron-limited conditions. Overall, these results suggest that Arg20,
Lys25, Lys28 and Arg69 are important for the gene regulatory activity of CjFur.
Moreover, our results suggest that a similar set of residues is involved in the activation

and repression of gene expression in iron-limited conditions.

3.2.6 Mapping the apo-CjFur binding site on Cj1345c promoter region
After demonstrating that the promoter region of Cj1345c was bound by apo-CjFur,

we sought to identify CjFur binding site within this 200 bp DNA element. Binding assays
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Figure 3.6 Mapping of the apo-CjFur binding site on Cj1345c promoter
region

(A) Electrophoretic mobility shift assay of apo-CjFur (0, 50, 100, 250 and 500 nM) with
four 50 bp long DNA fragments spanning the 200 bp Cj/345¢ promoter region. 2 nM of
Cy5 labeled DNAs were used.

(B) Electrophoretic mobility shift assay of apo-CjFur (0, 50, 100, 250 and 500 nM) with
eight oligonucleotides of different lengths spanning the first 60bp (-200 bp to -140 bp
upstream of the Cj/345¢ gene) of the Cj1345¢ promoter region. 2 nM of Cy5 labeled
DNAs were used.

(C) Electrophoretic mobility shift assay of apo-CjFur (0, 50, 100, 250 and 500 nM) with

eight different Cj/345¢ promoter region mutants spanning the 20-60 bp region (-180 bp
to -140 bp upstream of the Cj/345¢ gene). 2 nM of Cy5 labeled DNAs were used.
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performed with fragments corresponding to nucleotides 1-50, 51-100, 101-150 and 150-
200 revealed that only the fragment corresponding to the first 50 bp (Figure 3.6A) was
bound by apo-CjFur suggesting that despite the AT-richness of C. jejuni genome, apo-
CjFur specifically recognizes a binding motif in the promoter region of Cjl1345c. In
order to further delimit the CjFur binding site, we conducted EMSAs with overlapping
fragments covering the first 60 base pairs of the 200 bp DNA element. As shown in
Figure 3.6B, any binding reactions performed with DNA elements containing
nucleotides 21-50 were bound by apo-CjFur. To further delineate the binding motif, we
performed binding reaction with 40 bp long DNA probes corresponding to the 21-60 bp
region in which groups of five nucleotides were mutated. As shown in Figure 3.6C, we
failed to detect binding when the central region of the 40 bp fragment, corresponding to
nucleotides 26-45 was mutated with guanines and cytosines. The fragment corresponding
to nucleotides 26-45 is located between -175 and -155 bp upstream of the Cj/345¢ gene.
Altogether, these results suggest that we identified the minimal DNA fragment required
for the binding of apo-CjFur and the close inspection of the sequence revealed a presence

of a palindromic sequence (underlined) TTTAAA-TCATACT-AAAAA suggesting a

possible emerging consensus motif for the apo-Fur regulation.
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Chapter 4. Characterization of holo-CjFur-DNA interaction

4.1 RATIONALE

At the beginning of my graduate studies, the structural basis underlying the
interaction between CjFur and DNA was unknown. The determination of CjFur-DNA
structure is necessary in order to fully understand the structural basis of DNA recognition
by CjFur, which will lead to a better understanding of CjFur regulatory mechanisms.
While performing several crystallization assays of CjFur-DNA complexes, which have
proven to be unsuccessful, we combined homology modeling and several biochemical

approaches to characterize the mode of action of the holo-CjFur.

4.2 RESULTS

4.2.1 Residues involved in holo-CjFur regulation

After characterizing the CjFur-DNA interaction in absence of the regulatory metal
ion, we sought to identify potential regions involved in the interaction between holo-
CjFur and a DNA element corresponding to a fragment of the kat4 promoter region.
Since we were unable to crystallize and determine the crystal structure of holo-CjFur, we
built a model of holo-CjFur structure using SWISS MODEL (Arnold et al., 2006; Guex
and Peitsch, 1997; Schwede et al.,, 2003) software and the structure (2XIG) of
Helicobacter pylori Fur (sequence identity of 38.5% with CjFur) as a template. Figure

4.1A represents modeled holo-CjFur dimer, which positions its DNA-binding helix a4
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Figure 4.1. Holo-CjFur structure and regulation

(A) Modeled holo-CjFur structure using SWISS MODEL software and HpFur crystal
structure (2XIG) as template. Protomer A and protomer B are rendered in orange and
blue, respectively and the zinc atoms are represented by grey spheres. Secondary
structures are labelled.

(B) Electrostatic potential surface of holo-CjFur is represented. Positively charged
surfaces are represented in blue (+73k,Te) and negatively charged surfaces in red (-73
keTe™") (k, = Bolzmann’s constant, T = temperature in Kelvin and e = charge of an
electron).

(C) Residues forming the positively charged surface were mutated to glutamic acid or
alanine. Residues impairing the DNA binding activity of holo-CjFur are rendered in red
and mutated residues that still bind to DNA are represented in blue.

(D) Electrophoretic mobility shift assay of kat4 promoter region (2 nM) with increasing
amount (0-100 nM) of CjFurWT, CjFurR20E, CjFurK25E, CjFurR30E, CjFurY68A and
CjFurR69E. Lane 1: OnM, lane 2: 0.1 nM, lane 3: 0.25 nM, lane 4: 0.5 nM, lane 5: 0.75
nM, lane 6: 1 nM, lane 7: 2 nM, lane 8: 4 nM, lane 9: 8 nM, lane 10: 10 nM, lane 11: 20
nM, lane 12: 30 nM, lane 13: 50 nM, lane 14: 80 nM and lane 15: 100 nM.

(E) Average value of triplicate RT-qPCR analysis of the expression of the Fur regulated
katA and cfrA genes in C. jejuni Afur, Afur+furWT, Afur+furR20E, Afur+furK25E,
Afur+furR30E, Afur+furY68A, Afur+furR69E in iron-replete conditions. All values are
relative to C. jejuni Afur+furWT and normalized to s/yD and fur. Error bars represent the
standard error of the mean (SEM) and * denotes statistical significance (P < 0.05) using
unpaired 2-tail student t-test. Each experiment was done with three independent RNA
samples.
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and the f1-B2 antiparallel 3-sheet within the V-shaped dimer similar to other holo-

Fur homologs.

4.2.2 Residues involved in holo-CjFur regulation

Following the modeling of holo-CjFur, we calculated the surface electrostatic
potential. Akin to the patches of positively charged residues observed in apo-CjFur, we
noted a positively charged region on the surface of the CjFur’s DBD (Figure 4.1B). In
order to determine whether these residues interact with DNA in presence of regulatory
metals, each residue was substituted with a glutamic acid (Arg20, Lys25, Lys28, Arg30
and Arg69) or an alanine (Tyr68). Owing to its potential for oxidation, iron was replaced
by Mn*" in our in vitro studies. EMSAs show that the substitution of Arg20 and Lys28
reduces the binding of holo-CjFur to katA promoter region, whereas mutations of
residues Lys25, Arg30, Tyr68 and Arg69 are detrimental for this interaction (Figure
4.1D). The effect of these mutations on the transcriptional activity of Fur in presence of
the regulatory metal ion (Fe*") was examined by measuring the expression levels of
known holo-CjFur targets, namely kat4 and cfrA, using the RT-qPCR approach. As
shown in Figure 4.1E, all mutants failed to repress the kat4 and cfrA gene expression.
Overall, our results suggest that the CjFur protein employs the same evolutionary
conserved region to regulate all four regulatory mechanisms unrelatedly to the

conformational changes observed between the apo and holo forms of the protein.
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Chapter 5. Characterization of CjFur S2 and S3 metal binding sites

5.1 RATIONALE

Our initial structural studies demonstrated that CjFurZn, adopts a unique three-
dimensional structure in which its DBD is rotated of approximately 180° when compared
to other metalloregulators. In adopting this peculiar conformation, the S3 and the S1
metal binding sites are occupied by zinc atoms but the residues forming the S2 site are in
a conformation non conducive for binding metals. Based on these observations, it was
proposed that the structure represented the conformation of an apo-CjFur. The structure
also raised the possibility that the S2 site in CjFur is not important for the activity of the
metalloregulator. To test this hypothesis, residues forming the S2 and S3 metal binding
sites were mutated and several biochemical approaches were used in order to assess the
role of the S2 and S3 metal binding sites in the binding of the regulatory metal ion and

controlling the activity of CjFur.

5.2 RESULTS

5.2.1 Role of CjFur S2 and S3 metal binding sites in the binding of the regulatory metal
ion

To better understand the role of CjFur metal binding sites, we generated point
mutation at these sites using CjFur amino acid sequence as template. His43 and His102,
two residues predicted to form the S2 binding site, were substituted to alanine residues.

The mutant protein, also referred to as CjFurAS2, was homogeneously purified and its
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ability to bind metals was assessed using ICP-MS. As shown in Figure 5.1A and
consistent with the CjFurZn; structure, we detected nearly two molar equivalents of zinc
atoms per CjFur protomer and manganese in approximately 1:1 stoichiometry with the
wild type protein. In contrast, CjFurAS2 failed to bind manganese. Surprisingly, despite
an intact S3 site, analysis of the zinc content revealed that CjFurAS2 could only metallate
one zinc atom per protomer suggesting that the S2 site is important for the function of the
S3 site. To evaluate whether the S3 is also important for the metallation of S2, we
repeated a similar experiment with a CjFur mutant (also referred to as CjFurAS3) in
which His99 and His137 were substituted with alanine residues. Similar to CjFurAS2,
CjFurAS3 failed to bind manganese and incorporate a second zinc atom, suggesting that

both the S2 and S3 sites are important for binding manganese and are interdependent.

5.2.2 Role of CjFur S2 and S3 metal binding sites in DNA-binding activity

The binding of metals in the regulatory site of Fur proteins is important for the
DNA binding activity. Given that the S2 and S3 sites are important for the binding of
manganese, we posited that both sites are important for DNA binding activity. To test this
hypothesis, we performed binding reactions with increasing concentrations of wild type
CjFur, CjFurAS2 or CjFurAS3 and a DNA probe corresponding to the promoter region
upstream of the Cj/345¢ operon, a region known to be regulated by CjFur in apo-
conditions. As shown in Figure 5.1B, in binding conditions devoid of metals, wild type

CjFur binds to DNA with high affinity while CjFurAS2 generate several distinguishable
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Figure 5.1. Role of CjFur metal binding sites

(A) ICP-MS metal analysis of 100 uM purified recombinant CjFurWT, CjFurAS2 and
CjFurAS3.

(B) Electrophoretic mobility shift assay of
Left panel: Cjl345¢ promoter region (2 nM) in Mn-limited conditions with increasing

amount (0-1000 nM) of CjFurWT, CjFurAS2 and CjFurAS3
Right panel: kat4 promoter region (2 nM) in Mn-replete conditions with increasing

amount (0-100 nM) of GjFurWT, CjFurAS2 and CjFurAS3.
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DNA bound CjFurAS2 complexes and mutation of the S3 metal binding site negatively
affects CjFur DNA binding activity. To measure the differences in the impact of
impairing the S2 or S3 metal binding sites between apo and holo conditions, we repeated
the binding assays in presence of an excess of metals and a DNA fragment corresponding
to the promoter region of katA, a holo-regulated gene. Comparative analysis between the
binding assays performed in the holo and apo conditions with the wild type proteins
reveals that in contrast to the apo-conditions, wild type CjFur forms two distinguishable
binding species. In contrast, in the range of concentration tested, CjFurAS2 fails to
generate two different DNA bound CjFur complexes and shows weaker binding to katA
promoter region. Similarly, CjFurAS3 binds more weakly to DNA; however, the impact
of its mutation is less deleterious in the holo-conditions when compared to the binding
reactions performed in the apo-conditions. These observations suggest that both, the S2
and S3, sites are important for CjFur-DNA binding activity in manganese-limited and

manganese-replete conditions.

5.2.3 Role of CjFur S2 and S3 metal binding sites in the regulation of CjFur target genes

To assess the potential role of CjFur S2 and S3 metal binding sites in vivo,
complemented strains were constructed by introducing wild type CjFur, CjFurAS2 or
CjFurAS3 genes in C. jejuni Afur isogenic deletion mutant. Given that previous studies
demonstrated that Fur is important for resistance to reactive oxygen species (ROS)
(Troxell and Hassan, 2013), we tested for the sensitivity of different CjFur strains to the

oxidant hydrogen peroxide (H2O;). As shown in Figure 5.2A, the C. jejuni Afur strain
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Figure 5.2. CjFur S2 and S3 sites are important for the regulations of genes
and colonization of the chick ceca

(A) Growth inhibition assay. 10 puL of 3% H,0O, was used and the results were taken after
28 hours of exposure to H>O,. Error bars represent the standard deviation and * denotes
statistical significance (P < 0.05) using unpaired 2-tail student t-test. Three replicates
were performed.

(B) Campylobacter jejuni wild type, complemented WT, AS2 and AS3 colonization
levels in the chick cecum. Each data point represents the cfu per gram of cecal content
recovered for each strain tested. Bars represent the median colonization of each strain and
the dashed line indicates the detection limit of the assay. * denotes statistical significance
(P <0.05) using a nonparametric Mann-Whitney rank sum test.
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mutant exhibited increased resistance toward 3% H,O; relative to the NCTC strain or the
strain complemented with wild type CjFur. Consistent with their inability to bind DNA,
the C. jejuni Afur strain complemented with CjFurAS2 and CjFurAS3 show an increased
H,0, resistance suggesting that both CjFur S2 and S3 sites are important for the
regulation of genes involved in resistance to hydrogen peroxide in C. jejuni.

To determine whether CjFur S2 and S3 regulator sites are important in the
colonization of chick ceca, 3-day-old chicks were inoculated with either wild type C.
jejuni NCTC11168 or CjFurAS2 or CjFurAS3 strains. Chicks were also inoculated with a
strain complemented with wild type CjFur. As shown in Figure 5.2B, both C. jejuni
NCTCI11168 and the complemented wild type Fur colonized the ceca at a level of
approximately 10*-10° cfu/g. The CjFurAS2 or CjFurAS3 mutant strains were
significantly affected in their ability to colonize the ceca relative to the wild type and the
NCTC11168 strains showing an average colonization of 10 cfu/g. Overall, these results
indicate that metallation of both sites, S2 and S3, is important for the colonization of

chick ceca by Campylobacter jejuni.

5.2.4 Crystal structure of CjFurZn

To further understand the role of the S3 regulatory site on the activity of CjFur,
we carried out crystallization trials to obtain crystals of wild type CjFur devoid of metal
in its S3 site. After screenings several crystals obtained in various conditions, we
obtained a unique crystal form that yielded the first crystal structure of CjFur with only

the structural zinc-binding site occupied. The crystal structure of the new apo-CjFur
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(referred to as CjFurZn) protein construct was built and refined to a final Ryom/Ryree ratio
of 18.4/22.9 at 1.81 A resolution. The bond lengths in the model have a RMSD value of
0.01 A and the angles in the new apo-CjFur model fall within favoured and allowed
regions (98.9% favored, 0.8% allowed) of the Ramachandran plot. Only Lys97 in one of
the protomers was modeled with bond angles in the un-allowed region of the
Ramachandran plot.

The structure shows that the protein assembles into a biological dimer (Figure
5.3) in which each protomer folds in two domains, the DBD and the DD, that are
structurally similar to the CjFurZn,. The asymmetric unit contains two protomers, A and
B, which consist of residues 3-59, 61-86 and 89-149, and residues 1-84 and 90-154,
respectively. Close inspection of the DBD reveals that the al-helix faces the inner
surface of the V-cleft in a conformation that is similar to CjFurZn,. Consistently, the
electrostatic surface potential contour map shows that the DBD has a large positively
charged surface facing the outside of the caliper-like structure the bottom of the V-cleft
has an overall negative charge.

One of the two metal atoms characterized in the previous apo-CjFur structure
could be detected in the new apo-CjFur protomers. This metal, which is most likely zinc,
corresponds to the structural zinc tetra-coordinated by Cys105, Cys108, Cysl45 and
Cys148 in the S1 metal binding site (Figure 5.3B).

In comparison to CjFurZn,, CjFurZn DBDs undergo slightly different structural
reorganization (Figure 5.4). The DBD of CjFurZn protomer A undergoes a clockwise

rotation of approximately ~5° shifting the C-terminus of its o.1-helix by ~5A inwardly.
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Figure 5.3 Crystal structure of CjFurZn

(A) Crystal structure of CjFurZn. Protomer A and Protomer B are rendered in green and

red, respectively. Zn ions are represented by grey spheres. Secondary structures are
labeled.

CjFurZn metal binding sites S1 (B), S2 (C) and S3 (D) are represented. Zinc ion is
highlighted in grey. Water molecules and hydrogen bonds are represented by red spheres
and orange dash lines, respectively.

(E) Electrostatic surface potential of CjFurZn is represented. Positively charged surfaces

are represented in blue (+81k,Te™") and negatively charged surfaces in red (-81 kyTe™) (ks
= Bolzmann’s constant, T = temperature in Kelvin and e = charge of an electron).
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Figure 5.4 Structural comparisons between CjFurZn and CjFurZn,

(A and B) Two orthogonal views of the superimposition of CjFurZn (grey) and CjFurZn;
(Protomer A and Protomer B rendered in red and green, respectively) crystal structures.
Zinc ions are represented by grey spheres.

Zoomed view on CjFurZn, (C) and CjFurZn (D) S3 metal binding sites. The zinc ions
and water molecules are represented by grey and red spheres, respectively. Hydrogen
bonds are highlighted as orange dashed lines.
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The rotation also displaces the a4-helix C-terminus by an equivalent distance and moves
the N-terminus of a3-helix by ~3A outward of the V-shaped cleft. The DBD of CjFurZn
protomer B does not undergo a rotation but instead its a3 and a4 helices are displaced
toward the inner portion of the V-shaped cleft. Altogether, these observations suggest that
the DBD can undergo asymmetric reorganization when the S3 site is not metallated.

After observing notable structural reorganization of CjFurZn DBD, we posited
that the orientation of residues forming the S3 site would differ between CjFurZn and
CjFurZn,. In CjFurZn,, the Zn>" ion is hexacoordinated by residues Asp101, Glu120,
His137 and two water molecules (Figure 5.4C). Zoomed view on the S3 site reveals that
in contrast to CjFurZn,, CjFurZn has two additional water molecules in its S3 site
(Figure 5.4D). In the CjFurZn, structure, one water molecule makes a short hydrogen
bond with the backbone carbonyl of His99 and an electrostatic interaction with the zinc
atom. The other water molecule bridges an interaction between the side chain’s amide of
GIn123 and the zinc atom. In CjFurZn, two additional water molecules occupy the S3 site,
which presumably buffer the loss of the metal ion. One of these water molecule makes a
water mediated hydrogen bond with Glull5 carboxylate while the other water molecule
makes a direct electrostatic interaction with GIn128 side chain. Comparative analysis of
CjFurZn and CjFurZn, S3 site shows that the rotation Glul20 side chain places its
carboxylate group away from the S3 site enabling the binding of the two additional water
molecules. The side chain of Glul15 also rotates around its Cg to optimize the hydrogen
bonding with one of the water molecule. Altogether, these results show that while the loss
of metal binding in the S3 site can be compensated by water molecules, it causes a

distortion in the DBD that negatively affects the DNA binding activity of CjFur.
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Chapter 6. Purification and characterization of the untagged
CjFur protein

6.1 RATIONALE

Close inspection of CjFurZn and CjFurZn, structures described above revealed
that in both structures the N-terminal end of the protein is oriented towards the inside of
the V-cleft and interacts with the dimerization domain of CjFur. We noticed that the same
pocket located on the dimerization domain stabilized a remnant of the cloning in both
structures (Figure 6.1). Although the tag remnant in CjFurZn is shorter than in CjFurZn,
structure, both crystal structures suggest that any remnant left on the N-terminus of the
protein may prevent the crystallization of the holo-form of CjFur structure. In order to
address this problem, we decided to redesign a novel construct in which CjFur is

overexpressed without affinity tags.

6.2 RESULTS

6.2.1 Purification of the untagged CjFur

In order to express CjFur in absence of tags, the cDNA of the transcription factor
was cloned in the pET3d vector. Following large-scale overexpression of CjFur, the cells
were lysed in a low ionic strength buffer. Surprisingly, preliminary binding studies
showed that following centrifugation, untagged CjFur could not bind to SP Sepharose, a

strong cation exchange resin (data not shown). The absence of interaction between CjFur,
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Figure 6.1 Interaction of the remnant of the cloning with CjFur DD

Schematic representation of the interaction between

(A) the CjFurZn; (ss-CjFur) DD (orange) and the tag remnant (purple).

(B) the CjFurZn (s-CjFur) DD (orange) and the tag remnant (purple).

Carbon, nitrogen, oxygen and sulfur atoms are rendered in black, blue, red and yellow,
respectively. Water molecules are represented by turquoise spheres. Hydrogen bonds and

hydrophobic contacts are highlighted as green dashed lines and red half-ovals,
respectively. The letter in brackets represents CjFur protomer.
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a DNA binding protein containing positively charged patches on the surface of its DBD,
and the cation exchange resin raised the possibility that contaminating proteins mask the
positively charged regions of the metalloregulator. To address this problem, the CjFur
containing cell lysate was first applied to Q Sepharose, a strong anion exchange resin. As
anticipated, CjFur failed to interact with the resin. However, the negative selection
resulted in the removal of several contaminating proteins (Figure 6.2). The flow-through
was then applied onto the SP Sepharose. Consistent with our hypothesis, CjFur was
retained by the anionic beads (Figure 6.2) and elution of the metalloregulator with 500
mM NaCl yielded a significant improvement in the purity of CjFur (Figure 6.2).
However, as shown in Figure 6.2, several contaminants co-eluted with CjFur.
Considering that apo-CjFur showed an enrichment of positively charged residues on its
surface, we sought to use heparin affinity chromatography to improve the purity of CjFur.
Similar to SP Sepharose, Heparin molecules are high capacity cation exchangers due to
their anionic sulfate groups. Consistent with our hypothesis, binding and elution of CjFur
from the Heparin sepharose, resulted in an increase in the purity of the metalloregulator.
The protein sample eluted from Heparin sepharose was concentrated and further purified
using size exclusion chromatography. As shown in Figure 6.2, purified untagged CjFur
eluted as a single peak at approximately 58 mL. Despite several optimization strategies,
approximately 5 lowly abundant protein contaminants co-eluted with CjFur. We then
sought to evaluate the purity of CjFur using ESI-MS. Following removal of the salt, the
mass spectra was collected on an Orbitrap Classic (Thermo Fisher) mass spectrometer.

As shown in Figure 6.3, we observed a single peak corresponding to a
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Figure 6.2. Purification of untagged CjFur using a combination of three ion
affinity chromatography steps

(A) Fractions of the protein sample at different steps of the purification scheme were
separated on 4-20% SDS-PAGE gradient gels to assess protein purity. 1: molecular
weight marker, 2: cell lysate, 3: supernatant, 4: flow through of the Q Sepharose column,
5: sample eluted from SP Sepharose column, 6: sample after dialysis (sample loaded on
Heparin column), 7-10: fractions of sample eluted from Heparin column at a
concentration of NaCl of 775 mM to 875 mM.

(B) Size-exclusion chromatography of CjFur on Superdex 75. Solid and dashed lines
represent the UV absorbance of CjFur protein sample and the different molecular weight
standards, respectively. Fractions of the eluted protein were run on 4-20% SDS-PAGE
gradient gel to assess protein purity and yield, which is presented as the inset in the
chromatogram.
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Figure 6.3. Electrospray-ionization mass-spectrometry

The mass peak of the purified recombinant CjFur was observed with a molecular weight of
18064.40 Da, which was similar to the calculated mass of CjFur (18066.02 Da).
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molecular weight of 18064.4 Da. Interestingly, no other protein contaminants were detected

by the mass-spectrometer.

6.2.2 Untagged CjFur binds metal more efficiently

After confirming that a combination of three ion-chromatography steps followed by
size exclusion chromatography yields homogeneous CjFur, we sought to measure the ability
of the metalloregulator to bind the regulatory metal. Three different constructs of this
metalloregulator namely CjFur (untagged Fur), s-CjFur (CjFurZn) and ss-CjFur (CjFurZn,)
(see sections 2.1.1-2.1.3 and sections 2.3.1-2.3.3 for details regarding the construction of the
plasmids and the purification protocol, respectively) were incubated with equimolar amount
of MnCl, and the metal content of the protein preparations was assessed by ICP-MS. As
shown in Figure 6.4A, the untagged CjFur protein was able to incorporate manganese in a
stoichiometric ratio of 1 atom of manganese per protomer. Given that the ability to
incorporate manganese was two-folds less in the case of tagged proteins when compared to
the untagged CjFur protein, our results suggest that adding a tag on the N-terminus of CjFur
protein reduces its ability to incorporate the regulatory metal ions and consequently may

impact its DNA binding activity.

6.2.3 Untagged CjFur binds DNA with more affinity
After determining the effect of the tag remnant on the ability of CjFur to incorporate
regulatory metal ions, we sought to determine its effect on the DNA binding activity of

CjFur. We performed gel shift assays with increasing concentration of CjFur (untagged Fur),
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Figure 6.4. Untagged CjFur binds the regulatory metal and DNA more
efficiently than ss-CjFur and s-CjFur

(A) Graph bar showing the concentration of Mn”>" in 100 uM of CjFur, s-CjFur and ss-CjFur.

(B) Electrophoretic mobility shift assay showing the separation of a Cy5 labeled katA
promoter region with increasing concentrations of metallated untagged CjFur (0-20 nM) with
the corresponding linear regression (GraphPad Prism). Lane 1: 0nM, lane 2: 0.01 nM, lane 3:
0.025 nM, lane 4: 0.05 nM, lane 5: 0.075 nM, lane 6: 0.1 nM, lane 7: 0.25 nM, lane 8: 0.5
nM, lane 9: 0.75 nM, lane 10: 1 nM, lane 11: 2 nM, lane 12: 4 nM, lane 13: 8 nM, lane 14:
10 nM and lane 15: 20 nM.

(C) Electrophoretic mobility shift assay showing the separation of a Cy5 labeled katA
promoter region titrated with increasing concentrations of metallated s-CjFur (0-80 nM) with
the corresponding linear regression. Lane 1: OnM, lane 2: 0.1 nM, lane 3: 0.25 nM, lane 4:
0.5 nM, lane 5: 0.75 nM, lane 6: 1 nM, lane 7: 2 nM, lane 8: 3 nM, lane 9: 4 nM, lane 10: 8
nM, lane 11: 10 nM, lane 12: 20 nM, lane 13: 30 nM, lane 14: 50 nM and lane 15: 80 nM.

(D) Electrophoretic mobility shift assay showing the separation of a Cy5 labeled katA
promoter region titrated with increasing concentrations of metallated and ss-CjFur (0-80 nM)
with the corresponding linear regression. Lane 1: OnM, lane 2: 0.1 nM, lane 3: 0.25 nM, lane
4: 0.5 nM, lane 5: 0.75 nM, lane 6: 1 nM, lane 7: 2 nM, lane 8: 3 nM, lane 9: 4 nM, lane 10:
8 nM, lane 11: 10 nM, lane 12: 20 nM, lane 13: 30 nM, lane 14: 50 nM and lane 15: 80 nM.

(E) Mean K4 values are given for each construct in which the remnant of the tag is also
indicated for each construct.
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s-CjFur (CjFurZn) and ss-CjFur (CjFurZny) and katA promoter regions as DNA probe. The
three proteins are able to bind kat4 promoter region and generate a similar binding pattern
highlighted by the presence of two shifted species (Figure 6.4). At low CjFur concentrations,
a single band is detected by EMSA while a larger CjFur-DNA complex is obtained at higher
concentration of CjFur suggesting that two dimers of the metalloregulator bind the same
DNA element. We then sought to determine the apparent equilibrium dissociation constant
(K4™) by quantifying the disappearance of the free Cy5 labeled probe and determining the
bound fraction vs protein concentration. As shown in Figure 6.4E, the K4 of s-CjFur
(GjFurZn) and ss-CjFur for DNA is 5.5-fold and 14.6-fold higher when compared to CjFur,
strongly suggesting that adding a tag at the N-terminal end of CjFur protein reduces its

ability to bind DNA.
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CHAPTER 7. DISCUSSION

Members of the Fur family of transcription factors have been characterized in diverse
bacterial species and shown to play a crucial role in iron homeostasis as well as several other
biological pathways including flagellar biogenesis, energy metabolism and oxidative stress
defense (Butcher et al., 2012; Seo et al., 2015). Since the initial findings that Fe*" acts as a
corepressor of Fur protein to negatively regulate the expression of the operon controlling iron
transport (Bagg and Neilands, 1987), the accepted dogma at the time was that Fur protein
represses gene expression only when bound to iron. However, in the early 2000s, several
pioneering studies expanded the gene regulatory mode employed by Fur to include models
wherein Fur positively and negatively regulates gene expression and so in presence and
absence of regulatory metals (Bsat and Helmann, 1999; Delany et al., 2001; Palyada et al.,
2004). When I started my PhD, these additional regulatory mechanisms were confirmed only
in Helicobacter pylori. However, the laboratory of Dr. Alain Stintzi had obtained evidence
that Campylobacter jejuni Fur recognized divergent DNA consensus sequences and
regulated gene expression independently of iron. These findings strongly suggested the
presence of several regulatory mechanisms that include the repression and activation in holo
and apo conditions. In order to better understand the structural determinants underlying
CjFur ability to regulate gene expression via four general mechanisms, we undertook
structural and functional studies of CjFur protein to characterize its interaction with DNA.

During my PhD, I have solved the first crystal structure of apo-Fur protein harboring
the closed V-shaped conformation suitable for the interaction with DNA. I have shown that
CjFur protein binds DNA in presence as well as in the absence of the regulatory metal ion.

Moreover, despite the major conformational changes generated by the binding of the
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regulatory metal ion, my studies demonstrated that CjFur employs the same evolutionary
conserved positively charged region to regulate gene expression. I have also demonstrated
the importance of the CjFur metal binding sites in maximizing CjFur binding affinity for a
DNA element, the regulation of gene expression and colonization of chick colon. Finally, I
have shown that the addition of a tag at the N-terminus of CjFur protein affects its ability to

bind metal ions and DNA.

7.1 Unique set of interactions underlying apo-Fur conformation: an emerging
paradigm?

Our structural studies of CjFur have uncovered the first structure of an active apo-Fur
protein. Comparative analysis of CjFurZn, with other Fur and Fur-like proteins revealed
several structural similarities and differences. Similar to other Fur members, CjFurZn, is a
homodimer and each protomer folds in two domains including the N-terminal DNA binding
and the C-terminal dimerization domains. Close inspection of metal binding sites revealed
the presence of a zinc ion in the structural S1 site. This Zn>" ion is tetracoordinated by two
pairs of cysteine residues, forming a C4 zinc-finger motif, an important structural
determinant for dimerization in EcFur, BsPerR, HpFur, ScZur and EcZur (Gilston et al.,
2014; Pecqueur et al., 2006; Shin et al., 2011; Traoré et al., 2006; Vitale et al., 2009). The S3
site also contains a zinc ion hexacoordinated by Glul120, Asp101, and His137 and two water
molecules. Although the residues involved in the coordination of the zinc ion in the S3 site
are well conserved in Fur proteins, the coordination number and geometry of this site differ
greatly within this family. Similar to CjFur, the zinc ion in PaFur S3 site is also

hexacoordinated while the same metal binding site in HpFur and VcFur harbors a
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tetracoordinated zinc ion (Dian et al., 2011; Pohl et al., 2003; Sheikh and Taylor, 2009). The
third metal binding site S2, known as the regulatory metal binding site in several members of
the Fur family of proteins including PaFur, VcFur and HpFur (An et al., 2009; Deng et al.,
2015; Dian et al., 2011; Gilston et al., 2014; Jacquamet et al., 2009; Sheikh and Taylor,
2009; Shin et al., 2011), is unoccupied in CjFur suggesting that the CjFurZn, structure
embodies the apo-form of the protein.

When compared to previously characterized Fur and Fur like proteins, CjFurZn,
adopts an atypical conformation resulting from a rotation of its DBD domain. Despite this
conformational change, CjFurZn, adopts a caliper like conformation important for the
interaction with DNA. Two additional apo structures of MgFur and BsPerZn were solved,
however neither of these apo-proteins is amenable to bind DNA. While the apo-BsPerRZn
structure adopts a quasi-planar conformation which positions the DNA interacting helices in
a non-permissive orientation for its interaction with DNA (Traoré et al., 2006), apo-MgFur
adopts a more closed conformation but the asymmetric orientation of the DNA binding
domains in this structure is not suitable for binding DNA (Deng et al., 2015). CjFurZn,
however preserves the canonical V-shaped conformation similar to other holo-Fur proteins, a
conformation maintained by several interdomain contacts between the CjFur DBD and DD.
Notably, the N-terminal end of al engages in several hydrophobic contacts and hydrogen
bonds with the three stranded -sheet of the DD. The residues Glu4, Val6, and Glu7, make
several hydrogen bonds with GInl140, Tyr142 and Lys106 while the Ile3 side chain
participates in hydrophobic interactions with Ile104 and Ile111 found in the 3-B4 sheet
(Figure 7.1). Moreover, residues found in the C-terminal end of a2, which include Tyr38

and Asp41, engage in hydrogen bonds with residues encompassing the B3—f34 hairpin and the
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Figure 7.1 Interactions stabilizing the apo-CjFur structure

Zoomed view on interactions between the CjFurZn, DBD (green) and DD (wheat). The zinc
ions and key hydrogen bonds are rendered as grey spheres and orange dashed lines,

respectively.
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N-terminal end of B5 of the CjFur DD. Finally, the residues succeeding the C4 zinc finger of
the DD fold back onto the DBD and make hydrogen bonds with a loop connecting a2 and a3
of the DBD. Overall, this network of hydrogen bonds and hydrophobic contacts appears to
stabilize the formation of apo-CjFur’s V-shaped conformation.

Structural (Figure 1.5 and Figure 3.3) and sequence (Figure 7.2) alignments of
crystallized Fur family members showed that CjFur and HpFur are the only two proteins that
have the additional ten residues at their N-terminus which results in an elongated N-terminal
al helix. As mentioned above, residues forming this N-terminal extension engage in several
hydrophobic contacts and hydrogen bonds in order to maintain the V-shaped conformation of
the apo-CjFur protein. Since, among all of the crystallized Fur family members, CjFur and
HpFur are the only two proteins that possess all four regulatory mechanisms, it is tempting to
speculate that this unique N-terminal extension plays an important role in apo-Fur regulation
by stabilizing the V-shaped conformation of Fur proteins in the absence of regulatory metal
ion. To confirm this hypothesis, we could engineer a new Fur protein by attaching the
CjFur’s N-terminal extension to a Fur protein that does not possess apo-regulation function,
MgFur for example, since it has been shown that this protein does not bind DNA in absence
of regulatory metal ion (Deng et al., 2015). Thus, if the N-terminal extension is important for
the stabilization of the apo-conformation and plays an important role in gene regulation in
the absence of the regulatory metal ion, we would anticipate that the newly engineered

protein would develop apo-regulatory function.

119



7.2 Holo and apo Fur regulation, two modes of gene regulation: two different
binding modes with DNA

A recent study showed that CjFur protein recognizes several DNA-binding motifs
depending on the regulatory mode. Consequently, novel consensus sequences controlling the
holo-Fur activated and holo-Fur repressed gene regulatory programs were identified (Butcher
et al., 2012). However, the biochemical basis underlying this expanded repertoire of DNA
sequences remains unknown. In order to better understand the mechanistic basis underlying
the binding of CjFur to different target promoters, we performed DNA binding assays in holo
and apo conditions. To perform our binding studies, we used a DNA element corresponding
to the promoter region of Cjl345c¢ as this gene was found to be apo-regulated using
microarray and Chi-Chip analysis (Butcher et al., 2012; Palyada et al., 2004). Moreover, this
gene was shown to be differentially expressed in a Afur mutant under iron-limited conditions.
DNA binding assays performed in manganese-limited conditions with increasing amount of
apo-CjFur showed the presence of one main shifted species migrating at a Rf of 0.07.
However, upon substitution of Arg30 to a glutamic acid, an intermediary shifted species
migrating at a Rf of 0.31 was observed. While the stoichiometry of binding of apo-CjFur to
DNA is still unknown, our data suggest that wild type CjFur, in apo conditions, form
oligomers on DNA and that Arg30 is important for the multimerization of the transcriptional
regulator. Interestingly, the Protein Interfaces, Surfaces and Assemblies (PISA) analysis
revealed that the homologous arginine residue in PaFur, Argl8, is important for the
tetramerization of the transcription factor (Pérard et al., 2016) suggesting that this residues

could also be involved in the multimerization of CjFur. Similarly, recent structural studies
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Figure 7.2. Sequence alignment of Fur and Fur-like proteins.

Sequence alignment of Fur proteins C. jejuni (CjFur), E. coli (EcFur) H. pylori (HpFur), M.
gryphiswaldense MSR-1 (MgFur), P. aeruginosa (PaFur) and V. cholerae (VcFur), and of
the Fur-like Zur from E.coli (EcZur), M. tuberculosis (MtZur), S. coelicolor (ScZur), Nur
from S. coelicolor (ScNur), and PerR from B. subtilis (BsPerR) and S. pyogenes (SpPerR).
Sequences were aligned using the ClustalW option in MEGA6 (Tamura et al., 2013).
Asterisks indicate the conserved Tyr residue in Fur proteins possibly equivalent to EcZur
Tyr45. Positions with 100% amino acid conservation are indicated by dark blue, 100-80%
by medium blue, and 80-60% by light blue.
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revealed that the binding of EcZur to DNA is achieved by cooperative binding of two
adjacent EcZur dimers. Such cooperativity arises from two salt bridges between Asp49 and
Arg52 residues that connect two adjacent independent dimers (Gilston et al., 2014). Akin to
EcZur Asp49 and Arg51, apo-CjFur Arg30 and Glu31 could possibly play a role in the
interaction of adjacent CjFur dimers when bound to DNA. Intriguingly, while our initial
studies were performed with a 200 bp fragment, EMSAs performed with DNA elements
spanning this region of the promoter revealed that apo-CjFur predominantly binds to a region
between -175 and -155 bp. Given the absence of similar sequences in Cj/345¢ promoter
region, we conclude that the presence of a high molecular weight protein-DNA complex in
apo conditions is not due to the presence of several apo-CjFur boxes but presumably
originate from a single binding event that would therefore serve as a nucleation event
triggering the oligomerization of apo-CjFur on C(ji345¢ promoter region. Thus, to
discriminate between a single event binding leading to CjFur oligomerization and the
presence of several apo-CjFur boxes on Cjl/345¢ promoter region, additional experimental
procedures namely DNase I footprinting assay, EMSA of apo-CjFur and 200 bp Cji1345¢
promoter region with mutated -175 to -155 bp region and analysis of apo-CjFur-DNA
complex by electron microscopy combined with atomic force microscopy should be
performed.

In manganese replete conditions, small increment of protein concentration enabled us
to observe two shifted species in EMSA. Concentrations ranging from 0.1 to 4.0 nM yielded
CjFur-DNA complex migrating at a Rf of 0.37 while increasing the protein concentration
from 8 to 100 nM generated a nucleo-protein complex with a larger apparent molecular

weight migrating at a Rf of 0.24; a binding profile reminiscent to previous binding studies of
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EcZur with DNA (Gilston et al., 2014). In these studies, an intermediary species was
observed and assigned as an EcZur-DNA complex with 1:1 stoichiometry while the higher
molecular weight species was coined as being composed of two Zur dimers and one DNA
molecule. These binding studies are in agreement with the binding model, proposed by
Baichoo and Helmann, in which the Fur box contains recognition sites for two Fur dimers
bound to opposite faces of the DNA helix, (Baichoo and Helmann, 2002). Moreover, the
presence of two shifted species is consistent with the crystal structures of MgFur and EcZur
in complex with DNA. Both studies revealed the presence of two dimers on the promoter
region with one protomer of each dimer binding one half of the Fur-box (Deng et al., 2015;
Gilston et al., 2014). In line with these findings, we conclude that the intermediary shifted
species in our EMSA represents one holo-CjFur dimer in complex with the 60 bp katA
promoter fragment while the higher molecular weight species represents two holo-Fur dimers
bound to the Fur box on 60 bp katA promoter. However, DNA binding assays do not always
result in the presence of two shifted species. A recent study tested the ability of PaFur and
Francisella tularensis Fur to bind 25 bp DNA duplex containing 19 bp DNA Fur box and the
results show one single shifted band suggesting a binding of a single Fur dimer to this DNA
fragment (Pérard et al., 2016). Moreover, the ability of Fur protein to form higher molecular
weight complexes depends on the DNA target. Deng et al tested the binding of holo-MgFur
to feoABI operator, a known MgFur target, and the P. aeruginosa Fur box and they showed
that MgFur binds specifically to both DNA fragments however the binding mode is different
for these DNA probes (Deng et al., 2015). While they observed only one shifted species for
both DNA fragments, the MgFur- feoABI operator complex had a higher mobility compared
to the MgFur-PaFur box complex, suggesting that the stoichiometry of the binding is

different for these two promoter regions. These results are further supported by the crystal
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structures of the MgFur-feoABI operator and MgFur-PaFur box complexes which showed
that one Fur dimer binds to double stranded DNA in holo-MgFur - feoAB1 operator structure
while the structure of holo-MgFur- P. aeruginosa Fur box complex contained two Fur dimers
bound to one dsDNA probe (Deng et al., 2015). Altogether, these studies suggest that the
DNA binding mechanism of Fur proteins is complex and does not only depend on presence

of the regulatory metal ion, it also depends on the DNA target.

7.3 An emerging consensus motif for apo-Fur regulation?

The consensus motifs for holo-CjFur-activated and holo-CjFur-repressed genes have
been recently identified (Butcher et al., 2012) but the equivalent for apo-CjFur regulated
genes remain unknown. In order to shed new lights on apo-CjFur-DNA interaction, we
decided to map the minimal DNA region required for the binding of CjFur on Cjl345c¢
promoter region. Using fragments spanning the first 200 bp upstream of Cjl/345¢ gene as
well as mutants of the Cj/345¢ promoter region, we determined the minimal DNA fragment
required for the interaction with apo-CjFur. The apo-CjFur binding region is located between
-175 and -155 bp upstream of the (Cj1345c gene and contains a palindromic sequence

(underlined) TTTAAA-TCATACT-AAAAA. This DNA element differs in several aspects

from the established holo-Fur repressed motif. First, while holo-CjFur repressed element is

inverted palindromic sequence (TGATAATTATTATCA), the apo-CjFur element is simply

palindromic sequence with a gap (-) in the middle of the sequence. Second, the nucleotide
sequence is significantly different with three consecutive adenosines forming the tip of the
apo-CjFur element while the holo-CjFur box starts with TGA and ends with TCA. Moreover,

the apo-CjFur motif differs significantly from the holo-CjFur activated element, which
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contrary to apo-CjFur and holo-CjFur repressed element is not palindromic and consists of
two repeats of TTTGG separated by seven nucleotides. Analogously, the element identified
in our studies differs significantly from the apo-HpFur element (TCATT,0TT) which may
explain why CjFur is not able to complement the apo-regulation within the context of H.
pylori fur mutant (Miles et al., 2010) while the iron-bound regulation is rescued by CjFur in
HpAfur. These results suggest that despite the high degree of sequence homology between
HpFur and CjFur proteins, the apo-regulation is not conserved in these two bacterial species
and is unique to each protein.

In order to fully understand the apo-CjFur-DNA interaction, characterization of apo-
CjFur binding on different apo-regulated targets is greatly needed. Moreover, it is not known
if GjFur recognizes a unique apo-consensus motif or if two distinct, the apo-repressed and
apo-activated, consensus sequences are present. Systematic evolution of ligands by
exponential enrichment (SELEX) method could be performed in order to identify DNA
sequences that specifically bind to apo-CjFur, which could lead to the identification of the
consensus motif(s) for apo-CjFur regulated genes. In conclusion, this confirms that the apo-
Fur regulation is poorly understood and additional structural and functional characterization

of apo-Fur-DNA interactions is required.

7.4 CjFur employs the same evolutionary conserved positively charged region to

bind DNA in absence and presence of regulatory metal ion

Until recently, the structural basis for the DNA binding activity of all members of the
Fur family of metalloregulators had remained ambiguous with most models relying on

computational approaches to characterize the Fur-DNA complex (Dian et al., 2011; Pohl et
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al., 2003; Tiss et al., 2005). Using an extensive library of mutants and electrophoretic
mobility shift assay as well as RT-qPCR analysis, we mapped CjFur residues important for
DNA binding.

In our study, we purposely mutated residues that cover different regions of the DNA
binding domain. In apo conditions, we mutated residues Argl4, Lys17 and Arg20 in order to
assess the role of the inside of the V-shape form of the protein in DNA binding activity. We
also mutated residues located at the tip of the DBD namely Lys25, Lys28, Arg30 and Arg69
as well as Tyr68 which has been shown to play an important role in the EcFur interaction
with DNA (Tiss et al., 2005). In apo conditions, substitution of either Arg20, Lys25, Lys28
or Arg69 for an acidic residue yield an inactive CjFur while mutation of other residues
forming the positively charged region on CjFur impaired, to different extent, the activity of
the transcriptional regulator. For example, replacement of Lys17 and Tyr68 moderately
affected the activity of CjFur while the substitution of Arg30 maintained some DNA binding
activity but the migration characteristics of the CjFur-DNA complex differed. Finally,
expression analysis revealed that all these substitutions were equally affecting the apo-
repression and activation of genes. These observations suggest that in apo conditions, a
similar set of residues interacts with DNA regardless whether CjFur acts as an activator or
repressor. In order to test the function of the same regions of the modeled holo-CjFur, a
similar set of mutants, with the exception of Argl4 and Lysl7, were tested in the holo
conditions. Similar to binding reactions performed in absence of regulatory metals,
substitution of Lys25, Arg30, Tyr68 and Arg69 was detrimental for holo-CjFur interaction
with DNA, while the replacement of Arg20 and Lys28 moderately affected the binding
activity. Complementation assays in iron rich conditions revealed that the residues forming

the positively charged patch on Fur protein are important for gene expression regulation in C.
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jejuni and that the regulation mode is conserved for the holo-repressed genes since these
mutations equally affected the expression of katA and cfrA genes. Seemingly, the effect of
CjFur mutations is more important in vivo than in vitro. Indeed, while some mutations
namely Arg30Glu and Tyr68Ala, and Arg20Glu in apo and holo conditions, respectively,
only moderately affect the DNA binding activity of CjFur in vitro, the impact of these
mutations is comparable to other more severe mutations in vivo. Our results are in line with
recently published structures of EcZur-DNA and MgFur-DNA complexes. Residues
equivalent to those identified to be essential for CjFur-DNA interaction, namely Lys25,
Arg30, Tyr68 and Arg69, interact with DNA in MgFur and EcZur. These residues participate
in base readout through direct contacts in the major groove and shape readout of the narrow
minor-groove. The crystal structure of EcZur in complex with DNA was the first structure to
shed new lights onto the molecular underpinnings controlling the interaction between a
member of the Fur family and DNA (Gilston et al., 2014). In the structure, EcZur DBD
inserts itself in the DNA major and minor grooves enabling interactions between one of the
helix-turn-helix (HTH) motif and the nitrogenous bases and the phosphate backbone of the
DNA molecule. There are 2 hydrogen bonds between the Tyr45 and Arg65 of each monomer
with N7 nitrogen of bases, resulting in a total of eight direct interactions, which correspond
to a base readout mechanism of recognition. Arg65 (Arg69 in CjFur) is well conserved in
Zur and Fur proteins and is crucial for the interaction with DNA as shown by previous
mutational analysis (Patzer and Hantke, 2000). However, Tyr45 is only conserved in gram-
negative Zur proteins (Gilston et al., 2014) and could play a role in discrimination between
Zur and Fur operators. Fur proteins possess a glutamate residue at this position but there is a
tyrosine residue further downstream (+3 residues) in the protein sequence and this Tyr

residue is conserved in all Fur proteins (Figure 7.2), however its involvement in Fur-DNA
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interaction has not been shown. The second mechanism of recognition observed in EcZur-
DNA structure is the shape readout mechanisms and it involves highly conserved residues
including Arg23 (Lys25 in CjFur), Thr25, GIn27, Arg28 (Arg30 in CjFur) and Tyr64 (Tyr68
in CjFur), which contact sugar and phosphate backbone of DNA. In addition to the crystal
structure of EcZur-DNA complex, two crystal structures of MgFur in complex with DNA are
available (Deng et al., 2015) which include the crystal structure of a single dimer of MgFur
in complex with a 25 bp long oligonucleotide corresponding to the feoAB1 operator and the
structure of two MgFur dimers bound to one double stranded DNA corresponding to P.
aeruginosa Fur box (PaFur box) (Deng et al., 2015). These observations suggest that Fur can
bind DNA targets at different ratios. The binding of Fur protein to DNA induces moderate
conformational changes in the DBDs that result in the decreased distance between the o4
helices of the two monomers allowing an optimal insertion of the a4 recognition helices in
consecutive major grooves (Deng et al., 2015). Several direct interactions with bases are
observed and they involved three main residues that recognize DNA through three different
interaction modes. First, van der Waals interactions between the phenyl ring of Tyr56 (Tyr68
in CjFur) and methyl groups on T12’ (* denotes the non-coding strand) or two consecutive
thymine, T15* and T16’, in the major groove of the P. aeruginosa Fur box and the feoABI
operator, respectively. Second, Arg57 (Arg69 in CjFur) forms bidentate hydrogen bonds
with G7 in the feoABI operator and the G10 in the P. aeruginosa Fur box, two nucleotides
found in the major groove of DNA. Finally, the third mode of interaction involves the shape
readout of a minor groove with enhanced negative electrostatic potential by a lysine residue.
Lys15 (Lys25 in CjFur) forms hydrogen bonds with A24’ of the feoAB1 operator and with

T6 and T21’ of the P. aeruginosa Fur box. These DNA interacting residues are highly
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conserved in other Fur proteins suggesting that the DNA-interaction modes observed in these
studies are conserved in holo proteins. Altogether, these studies demonstrate that the residues
forming the evolutionary conserved positively charged region on Fur proteins are important
for the DNA binding in presence as well as in the absence of the regulatory metal ion.

Our mapping analysis revealed that a similar set of residues found on the surface of
CjFur DBD are important for the function of the transcription factor in both apo and holo
regulation. However, despite these similarities, the mode of interactions may not be
necessarily the same. Structural study of MgFur-DNA complexes showed that in MgFur, the
side chain of Lys15 (corresponding to Lys25 in CjFur) recognizes the target through shape
readout while Tyr56 and Arg57 (corresponding to Tyr68 and Arg69 in CjFur) recognize
DNA through base readout. It is conceivable that these interactions are conserved in holo-
CjFur-DNA interaction. However, in the apo-conformation, the shape readout could be
mediated by a different set of residues. For example, previous study revealed that arginine
residues are most frequently involved in recognizing the narrow minor groove (Rohs et al.,
2009). Interestingly, in the apo-CjFur structure, Arg69 is positioned on the tip of the
structure and could potentially participate in shape readout. Moreover, the base readout,
which in the holo structure is mediated by residues lining the a4 helix located inside the V-
shaped dimer could be also done by residues found on the inner part of the apo-CjFur V-
shaped dimer corresponding to the residues lining the ol and a2 helices. Thus, solving the
crystal structure of apo-Fur protein in complex with DNA would provide additional insights
into DNA recognition by apo-Fur proteins and the ability of Fur proteins to discriminate

different target operators.
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7.5 Metal binding at CjFur’s sites S2 and S3 is interdependent and both sites are
important for DNA binding, gene regulation and chick colonization

In order to determine the role of CjFur metal binding sites, CjFur mutants with amino
acid substitutions of metal coordinating residues at S2 site (His43Ala and His102Ala) and
site S3 (His99Ala and His137Ala) were purified and characterized. First, we showed that
upon mutation of residues forming the S2 or the S3 site, CjFur protein loses its ability to
incorporate Mn®" as well as the Zn*" in the S3 site. Our results suggest that mutations of
residues in one metal binding site not only affect the incorporation of the metal ion in their
respective metal binding site, but also affect the incorporation of metal ion in the adjacent
metal binding site. Similar phenomenon showing the interplay between the S2 and S3 metal
binding sites has been reported in BsFur and HpFur (Gilbreath et al., 2013; Ma et al., 2012).
For example, in Bacillus subtilis Fur, mutations of His96 and His97 impact the incorporation
of metals in both metal binding sites. Analogously, in Helicobacter pylori, mutation of Ala92
and His134 impacts the metallation of the S2 and S3 sites. Based on these observations, we
surmised that the DNA binding activity of CjFurAS2 and CjFurAS3 would be similarly
affected for the same binding elements. Intriguingly, the binding profiles of both mutants
differ quite significantly. Indeed, while the DNA binding mode of AS3 mutant resembles that
of WT CjFur, DNA binding assay with the AS2 in apo conditions yields a “track ladder”
pattern. This unusual binding pattern was observed only in apo conditions and the phenotype
is restored, to some extent, when the binding reactions are performed in holo conditions. The
mutation of S3 site results in a protein unable to bind DNA with the same affinity than wild
type but is less affected than AS2. Interestingly, the impact of these mutations is more

important in binding reactions performed in absence of metals. Since we are using excess of
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MnCl; in our binding reactions (50 uM in the binding buffer and 100 pM in the gel and
migration buffer), it is possible that the mutants incorporate Mn®>" to some extent, which
results in milder effects when the binding reactions are performed in holo conditions. In
agreement with our results, a recent study showed that both S2 and S3 sites are important for
apo and holo-regulation in HpFur (Carpenter et al., 2010). Specifically, this study showed
that mutation of His96 and Glul17, two residues forming the S3 site in HpFur as well as the
mutation of Glul10 found in the S2 site, affected the expression of HpFur holo-target, amiFE.
Moreover, the expression of the apo-HpFur regulated pfr gene was affected when residues
forming the S2 site (Glu90 and Glul10) as well as the residues forming the S3 site (His96
and His134) were mutated. These data suggest that there is an interplay between the two
metal binding sites and that they are both important for Fur function.

Furthermore, mutation of S2 and S3 metal binding sites impairs CjFur ability to form
higher molecular weight complexes with DNA in holo conditions, since this complex can’t
be detected (AS2) or higher concentration of protein is need to detect the appearance of the
second shifted Fur/DNA species (AS3) (Figure 5.1B). Our results suggest that these
mutations induce conformational changes that position residues important for the interaction
of different CjFur dimers on DNA element in one or multiple orientations non-conducive for
protein oligomerization. The importance of these metal binding sites for the oligomerization
of Fur protein was demonstrated in H. pylori. As shown in H. pylori, the decreased ability to
bind iron impacts the ability of Fur to form higher-order structures (Carpenter et al., 2010).
Mutation of residues involved in the coordination of metal ions in S2 and S3 sites in
Helicobacter pylori namely residues His96 (S3 site) and Glul10 (S2 site) resulted in the

reduced ability to form higher-order structures (Carpenter et al., 2010). Similarly, both S2
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and S3 sites in MgFur have been shown to play regulatory roles in modulating Fur activity
(Deng et al., 2015). One possibility is that the S2 site serves as the main regulatory high
affinity iron binding site but the S3 site could also bind iron but with lower affinity. One
potential model is that, as a global regulator, some genes regulated by Fur are responsive to
different iron concentrations and thus binding of iron to the regulatory site S2 is not
sufficient to regulate the expression of all of the genes and the binding of an additional iron
ion in the S3 site is necessary to repress/activate genes that are less sensitive to iron (Deng et
al., 2015).

To assess the biological significance of CjFur metal binding sites, C. jejuni strains
expressing CjFurAS2 and CjFurAS3 in Afur mutant background were constructed and tested
for hydrogen peroxide sensitivity using disc inhibition assay. Growth inhibition diameters of
strains expressing CjFurS2 and CjFurS3 mutants are comparable to the diameter observed in
Afur mutant strains and significantly different from the wild type C. jejuni NCTC strain as
well as the strain expressing WT Fur in Afur background, suggesting that these mutants
affect the regulation of CjFur target genes in vivo as well. Decreased sensitivity to hydrogen
peroxide in Afur, Afur + CjFurAS2 and Afur + CjFurAS3 indicates that the catalase (KatA) is
no longer repressed by CjFur and is able to catalyze the dismutation of H,O, in H,O and O,.
This is in accordance with previous study, which showed that S2 and S3 sites are important
for regulation of pfir and amiE expression in HpFur (Gilbreath et al., 2013). In S2 mutant
strain, amiE transcript levels were increased when compared to WT strain and pfrr gene was
repressed to a higher degree when compared to WT. In S3 mutant strain, the pfr transcript
levels were comparable to WT strain however, the S3 mutant had the AFur-like phenotype

for amiFE regulation since the transcript level of amiE was higher than the wild type. Similar

133



to CjFur and HpFur, the importance of metal binding sites for gene regulation was showed in
MgFur. Strains containing mutations in metal binding sites showed reduced size of
magnetosomes which were dispersed in cells and arranged in irregular chains (Deng et al.,
2015). Moreover, we showed for the first time the importance of the metal binding sites for
the colonization of animal model. CjFurAS2 and CjFurAS3 expressing strains had a
significant reduction in their ability to colonize chick ceca relative to the wild type C. jejuni
NCTC and the Afur + CjFur strains further supporting the important role these metal binding
sites play in CjFur function.

In conclusion, our results have demonstrated that the S2 and S3 binding sites are
important for the binding of both regulatory metal ions and DNA by CjFur in vitro and in

Vivo.
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CHAPTER 8. CONCLUSIONS

In conclusion, we have solved the first crystal structure of apo-Fur protein and
identified a set of unique interactions stabilizing this protein conformation. I have shown that
CjFur employs the same evolutionary conserved positively charged region to regulate gene
expression in presence as well as in the absence of the regulatory metal ion. I have also
demonstrated the interplay between the CjFur metal binding sites and their importance in
maximizing DNA binding activity, the regulation of gene expression and colonization of
chick colon. Finally, I have shown that the addition of a tag at the N-terminus of CjFur
protein affects its ability to bind metal ions and DNA. Altogether, the research presented
here increased our understanding on the mechanistic basis underlying the Fur regulation of
gene expression in C. jejuni and further research into CjFur function could lead to a
development of therapeutic molecules for the treatment of Campylobacter jejuni enteric

infections.
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APPENDICES

Appendix 1

Table 1. List of primers used for cloning in this study

Name Description Primer sequence Target Vector
Primer 1 CjFur_Nter_ BamHI |AGCAGGATGGATCCATGCTGATAGAAAATGTG pSS
Primer 2 CjFur_Cter_Xhol CTATCTCGCTCGAGTTATATTTTTACCTTTGCTTTTTGA pSS
Primer 3 SUMO_Nter_Ndel |GGATTAGCATATGTGGAGCCACCCGCAGTTCGAAAAGG GTTCGGACTCAGAAGTCAATCAAGAAGC |pSS
Primer 4 SUMO_Cter Ncol ~|ATCCTATCTCCATGGCATACGTAGCACCACCAAT pSS
Primer 5 CjFur_Nter_Ncol AGCAGGATCCATGGGGATGCTGATAGAAAATGTG pStrep
Primer 6 CjFur_Cter_Xhol CTATCTCGCTCGAGTTATATTTTTACCTTTGCTTTTTGA pStrep
Primer 7 CjFur_Nter_Ndel AGCAGGATCATATGCTGATAGAAAATGTGGAATA pET3d
Primer 8 CjFur_Cter_Xhol CTATCTCGCTCGAGTTATATTTTTACCTTTGCTTTTTGA pET3d
Primer 9 CjFur_Nter GATTTAGATGTCTAGCATGCTAGTGAAAAGTTGCAAGA pRRK
Primer 10 | CjFur_Cter GGGGAAGCTTTCTAGGCTTTTTCTATTCTTTGCTGCTC pRRK

149




Figure 1. Nucleotide and amino acid sequence of CjFur
CjFur nucleotide sequence

ATGCTGATAGAAAATGTGGAATATGATGTTTTACTTGAGAGATTTAAAAAAATA
TTAAGACAAGGCGGACTTAAATATACCAAGCAAAGAGAAGTACTTTTAAAAACT
CTTTATCACAGTGATATTCATTACACACCCGAAAGTTTATATATGGAAATCAAAC
AAGCTGAACCTGATTTAAATGTAGGAATTGCAACTGTTTATCGTACTTTAAATTT
ACTTGAAGAAGCAGAAATGGTAACTTCCATTTCTTTTGGTTCAGCAGGTAAAAA
ATATGAGCTTGCTAATAAACCTCACCATGATCATATGATATGTAAAAATTGCGG
AAAAATTATAGAGTTTGAAAATCCTATTATAGAAAGACAGCAAGCCTTGATTGC
AAAAGAACATGGTTTTAAACTTACAGGGCATTTGATGCAGCTTTATGGTGTTTGT
GGTGATTGTAATAATCAAAAAGCAAAGGTAAAAATATAA

CjFur amino acid sequence
MLIENVEYDVLLERFKKILRQGGLKYTKQREVLLKTLYHSDIHYTPESLYMEIKQAE

PDLNVGIATVYRTLNLLEEAEMVTSISFGSAGKKYELANKPHHDHMICKNCGKIIEFE
NPIIERQQALIAKEHGFKLTGHLMQLYGVCGDCNNQKAKVKI
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pSS Vector

T7 Promoter = Lac operator {'Xb_af
GAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTA
T7p=>

ACTTTAAGAAGGAGATATACAT ATG GCA AGC TGG AGC CAC CCG CAG TTC GAA AAG GGT
Met Ala Ser Irp Ser His Pro Gln Phe Glu Lys Gly

Strep-Tag II

TCG GAC TCA GAA GTC AAT CAA GAA GCT AAG CCA GAG GTC AAG CCA GAA GTC AAG
Ser Asp Ser Glu Val Asn Gln Glu Ala Lys Pro Glu val Lys Pro Glu Val Lys

Beginning of SUMO =

CCT GAG ACT CAC ATC AAT TTA AAG GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC
Bro Glu Thr His Ile Asn Leu Lys Val Ser Asp Gly Ser Ser Glu Ile Phe Phe

AAG ATC AAA AAG ACC ACT CCT TTA AGA AGG CTG ATG GAA GCG TTC GCT AAA AGA
Lys Ile Lys Lys Thr Thr Pro Leu Arg Arg Leu Met Glu Ala Phe Ala Lys Arg

CAG GGT AAG GAA ATG GAC TCC TTA AGA TTC TTG TAC GAC GGT ATT AGA ATT CAA
Gln Gly Lys Glu Met Asp Sex Leu Arg Phe Leu Tyr Asp Gly Ile Arg Ile Gln

GCT GAT CAG ACC CCT GAA GAT TTG GAC ATG GAG GAT AAC GAT ATT ATT GAG GCT
ala Asp Gln Thr Pro Glu Asp Leu Asp Met Glu Asp Asn Asp Ile Ile Glu Ala

Nco I BamH I EcoR I Stu I

Ulpl VYcleavage site v ¥ | v |
CAC AGA GAA CAG ATT GGT GGT GCT ACG TAT GCC ATG GGA TCC GGA ATT CAA AGG
His Arg Glu Gln Ile Gly Gly® Ala Thr Tyr Ala Met Gly Ser Gly Ile Gln Arg %

€ End of SUMO
Sal I Spe I Not I Xba I Pst I

CCT ACG TCG ACG AGC TCA CTA GTC GCG GCC GCT TTC GAA TCT AGA GCC TGC AGT
Pro Thr Ser Thr Ser Ser Leu Val Ala Ala Ala Phe Glu Ser Arg Ala Cys Ser

Xho I

CTC GAG CAC CAC CAC CAC CAC CAC TGA GAT CCG GCT GCT AAC AAA GCC CGA AAG
Leu Glu His His His His His His - Asp Pro Ala Ala Asn Lys Ala Arg Lys

€17t

GAA GCT GAG TTG GCT GCT GCC ACC GCT GAG CAA TAA CTA GCA TAA
Glu Ala Glu Leu Ala Ala Ala Thr Ala Glu Gln - Leu Ala -
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Figure 2. Multi-Cloning site of the pStrepSumo (pSS) vector. The T7 promoter (T7p),
T7 terminator (T7t) and the lac operator are underlined. The Strep-Tag Il coding
sequence is coloured in red. The sequence corresponding the SMT3 gene is

represented in blue. The Ulp1 cleavage site as well as key restriction sites are indicated.
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pStrep

Xba I
T7 Promoter -> Lac operator VvV

GAAATTAATACGACTCACTATAGGGQAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTA

ACTTTAAGAAGGAGATATACAT ATG GCA AGC TGG AGC CAC CCG CAG TTC GAA AAG GGT GAT
Met Ala Ser Trp Ser His Pro Gln Phe Glu Lys Gly _Asp

Strep-Tag 11
Ehel Ncol BamH I EcoR I

\ 2\ vV Vv vV Vv v
TAC GAT ATC CCA ACG ACC GAA AAC CTG TAT TTT CAG GGC GCC ATG GGG ATC CGG AAT TCA

Tyr Asp Tle Pro Thr Thr Glu Asn leu Tyr Phe GIln Gly Ala Met Gly Ile Arg Asn Ser

Spacer region rTEV Protease Cleavage site 1
Stu I Sal 1 Sst 1 Spe 1 Not I Nsp V Xba I Pst1
v v V. Vv vV Vv v \] v vV Vv \4 v v Vv
AAG GCC TAC GTC GAC GAG CTC ACT AGT CGC GGC CGC TTT CGA ATC TAG AGC CTG CAG TCT
Lys ﬁla Tyr Val Asp Glu Leu Thr Ser Arg Gly Arg Phe Arg lIle - Ser Leu GIn Ser
Xho I
v

CGA GCA CCA CCA CCA CCA CCA CTG AGA TCC GGC TGC TAA
Arg Ala Pro Pro Pro Pro Pro Leu Arg Ser Gly Cys -
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Figure 3. Multi-Cloning site of the pStrep (pS) vector. The T7 promoter (T7p) and the lac
operator are underlined. The Strep-Tag II coding sequence is identified. The horizontal
arrows indicate the 5’ and 3’ regions of the sequence corresponding the SM73 gene. The
Ulpl1 cleavage site as well as key restriction sites are indicated.
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Table 2. List of buffers used for the purification of different CjFur constructs in

this study
Protein construct
ss-CjFur s-CjFur untagged CjFur
50 mM Tris pH7.0 50 mM Tris pH7.0
Lysis buffer PBS 1X 100 mM NaCl 100 mM NaCl
5 mM Bme 5 mM Bme
50 mM Tris pH7.0
Strep-Tactin PBS 1X 100 mM NaCl
elution buffer | 2.5 mM d-desthiobiotin 5 mM Bme

2.5 mM d-desthiobiotin

Protease cleavage
buffer*

PBS 1X

50 mM Tris pH7.0
250 mM NaCl
5 mM Bme

Ion exchange

20 mM Citrate pH 6.0
chromatography S mM BM
(Q sepharose) m ¢
Ion exchange
chromatography | 20 mM Citrate pH 6.0 20 mM Citrate pH 6.0
(SP sepharose) 5 mM BMe 5 mM BMe
Buffer A
hI"“ e":ha“g‘l’] 20 mM Citrate pH 6.0 20 mM Citrate pH 6.0
¢ ( g;“s’:‘p;ﬁ:zls’e)y 1M NaCl 500 mM NaCl
M BM M BM
Buffer B Sm ¢ Sm ¢
Ion exchange
chromatography 20 mM Citrate pH 6.0
(Heparin) 5 mM BMe
Buffer A
Ton exchange 20 mM Citrate pH 6.0
chromatography
(Heparin) IM NaCl
eparin
M BM
Buffer B > mM BMe
Size exclusion 20 mM Tris pH7.0 20 mM Tris pH7.0 20 mM Tris pH7.0
chromatography 250 mM NaCl 250 mM NaCl 250 mM NaCl
(Superdex S75) 5 mM Bme 5 mM Bme 5 mM Bme

* ULP1 protease used for ss- CjFur and Tev protease used for s-CjFur
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Table 3. List of primers used for EMSA in this study

Name Description Primer sequence

Primer 1 JkatA 60bp_Forward (Cy5 5') ACTGAATAATTGCATTTTATTGATAATAAATTTCAAAATAAATTTAGTTTTTTTATATTA
Primer2  |katA_60bp_Reverse (Cy5 5') TAATATAAAAAAACTAAATTTATTTTGAAATTTATTATCAATAAAATGCAATTATTCAGT
Primer 3 | (j1345¢_200bp_Forward (Cy5 5') GGGAAAAGAGCCAAATTTAGGTGTTATCATCAA

Primer 4 | Cj1345¢c_200bp_Reverse TTTAACTCCTTAAATACTCTCTTGTTTTAA

Primer 5 |hddA_200bp_Forward (Cy5 5') GGGTGAAGGAATGGAGTTTGAGATAATGAAAAA

Primer 6 |hddA_200bp_Reverse AAATCTCCTAATTTATTTATCATATCCAAT

Primer 7  |rrc_200bp_Forward (Cy5 5') GGGGGTGCTCTTAAATGTCCTTTTTTTATCGCA

Primer 8 |rrc_200bp_Reverse TTTGACTCCTTTTTTGATTATCAAAAAGTA

Primer 9 | Cj0415_200bp_Forward (Cy5 5') GGGATCTTCTTATTTTTTCACACTTTTAAGAGA

Primer 10 ]| Cj0415c_200bp_Reverse TTTAACTCTCCATATCTGCTAAACCCATAG

Primer 11 | Gj1345¢_1-50_Forward (Cy5 5") TTTAACTCCTTAAATACTCTCTTGTTTTAAAATCATACTCAAAAACTTCT
Primer 12 |Cj1345¢_1-50_Reverse AGAAGTTTTTGAGTATGATTTTAAAACAAGAGAGTATTTAAGGAGTTAAA
Primer 13 | Cj1345¢_51-100_Forward (Cy5 5') TCTATGCTTGAAATTTTAGGTACTCCAAAATGATCAAGGGCTTTAAAAAT
Primer 14 | Cj1345¢_51-100_Reverse ATTTTTAAAGCCCTTGATCATTTTGGAGTACCTAAAATTTCAAGCATAGA
Primer 15 | Cj1345¢_101-150_Forward (Cy5 5') GCATTTAGCAATGTCTAAAAATCCACTTTTATTTTCTAAAAAATTATAAA
Primer 16 |Cj1345¢_101-150_Reverse TTTATAATTTTTTAGAAAATAAAAGTGGATTTTTAGACATTGCTAAATGC
Primer 17 | Cj1345¢_151-200_Forward (Cy5 5") CACCAACTTCATTAGCAGCATTGATGATAACACCTAAATTTGGCTCTTTT
Primer 18 |(j1345¢_151-200_Reverse AAAAGAGCCAAATTTAGGTGTTATCATCAATGCTGCTAATGAAGTTGGTG
Primer 19 |Cj1345¢_1-60_Forward (Cy5 5') TTTAACTCCTTAAATACTCTCTTGTTTTAAAATCATACTCAAAAACTTCTTCTATGCTTG
Primer 20 |(j1345¢_1-60_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATTTTAAAACAAGAGAGTATTTAAGGAGTTAAA
Primer 21 |Cj1345¢_11-60_Forward (Cy5 5') TAAATACTCTCTTGTTTTAAAATCATACTCAAAAACTTCTTCTATGCTTG
Primer 22 | Gj1345¢_11-60_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATTTTAAAACAAGAGAGTATTTA
Primer 23 |Cj1345¢_21-60_Forward (CyS5 5') CTTGTTTTAAAATCATACTCAAAAACTTCTTCTATGCTTG

Primer 24 |Cj1345¢_21-60_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATTTTAAAACAAG

Primer 25 |Cj1345¢_31-60_Forward (Cy5 5') AATCATACTCAAAAACTTCTTCTATGCTTG

Primer 26 |(Cj1345c_31-60_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATT

Primer 27 |Cj1345¢_1-40_Forward (Cy5 5') TTTAACTCCTTAAATACTCTCTTGTTTTAAAATCATACTC

Primer 28 |(j1345c_1-40_Reverse GAGTATGATTTTAAAACAAGAGAGTATTTAAGGAGTTAAA

Primer 29 |(j1345¢_1-30_Forward (Cy5 5') TTTAACTCCTTAAATACTCTCTTGTTTTAA

Primer 30 |Cj1345¢_1-30_Reverse TTAAAACAAGAGAGTATTTAAGGAGTTAAA

Primer 31 |Cj1345¢c_11-40_Forward (Cy5 5') TAAATACTCTCTTGTTTTAAAATCATACTC

Primer 32 | Cj1345¢_11-40_Reverse GAGTATGATTTTAAAACAAGAGAGTATTTA

Primer 33 |Cj1345¢_21-50_Forward (Cy5 5') CTTGTTTTAAAATCATACTCAAAAACTTCT

Primer 34 |Cj1345¢_21-50_Reverse AGAAGTTTTTGAGTATGATTTTAAAACAAG

Primer 35 |Cj1345¢c_Mut21-25_Forward (Cy5 5') CGGGCTTTAAAATCATACTCAAAAACTTCTTCTATGCTTG

Primer 36 |Cj1345¢c_Mut21-25_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATTTTAAAGCCCG

Primer 37 |Cj1345¢c_Mut26-30_Forward (Cy5 5') CTTGTCGGGCAATCATACTCAAAAACTTCTTCTATGCTTG

Primer 38 |(j1345¢c_Mut26-30_Reverse CAAGCATAGAAGAAGTTTTTGAGTATGATTGCCCGACAAG

Primer 39 |(j1345¢_Mut31-35_Forward (Cy5 5") CTTGTTTTAACGGGCTACTCAAAAACTTCTTCTATGCTTG

Primer 40 |Cj1345¢c_Mut31-35_Reverse CAAGCATAGAAGAAGTTTTTGAGTAGCCCGTTAAAACAAG

Primer 41 | Cj1345¢c_Mut36-40_Forward (Cy5 5') CTTGTTTTAAAATCACGGGCAAAAACTTCTTCTATGCTTG

Primer 42 | Cj1345¢c_Mut36-40_Reverse CAAGCATAGAAGAAGTTTTTGCCCGTGATTTTAAAACAAG

Primer 43 | Cj1345c_Mut41-45_Forward (Cy5 5') CTTGTTTTAAAATCATACTCCGGGCCTTCTTCTATGCTTG

Primer 44 |Cj1345¢c_Mut41-45_Reverse CAAGCATAGAAGAAGGCCCGGAGTATGATTTTAAAACAAG

Primer 45 | Cj1345¢c_Mut46-50_Forward (Cy5 5') CTTGTTTTAAAATCATACTCAAAAACGGGCTCTATGCTTG

Primer 46 |Cj1345¢c_Mut46-50_Reverse CAAGCATAGAGCCCGTTTTTGAGTATGATTTTAAAACAAG

Primer 47 |Cj1345¢_Mut51-55_Forward (Cy5 5) CTTGTTTTAAAATCATACTCAAAAACTTCTCGGGCGCTTG

Primer 48 |Cj1345¢c_Mut51-55_Reverse CAAGCGCCCGAGAAGTTTTTGAGTATGATTTTAAAACAAG

Primer 49 | Cj1345¢c_Mut56-60_Forward (Cy5 5') CTTGTTTTAAAATCATACTCAAAAACTTCTTCTATCGGGC

Primer 50 | Cj1345¢c_Mut56-60_Reverse GCCCGATAGAAGAAGTTTTTGAGTATGATTTTAAAACAAG
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Table 4. List of primers used for site-directed mutagenesis in this study

Mutant Name Sequence (5'3")
Argl4Glu CjFurR14E-Forward GTGGAATATGATGTTTTACTTGAGGAATTTAAAAAAATATTAAGACAAGGC
CjFurR14E-Reverse GCCTTGTCTTAATATTTTTTTAAATTCCTCAAGTAAAACATCATATTCCAC
Lys176In CjFurK 17E-Forward GATGTTTTACTTGAGAGATTTAAAGAAATATTAAGACAAGGCGGACTTAAA
CjFurK17E-Reverse TTTAAGTCCGCCTTGTCTTAATATTTCTTTAAATCTCTCAAGTAAAACATC
Arg20Gia CjFurR20E-Forward CTTGAGAGATTTAAAAAAATATTAGAACAAGGCGGACTTAAATATACTAAG
CjFurR20E-Reverse CTTAGTATATTTAAGTCCGCCTTGTTCTAATATTTTTTTAAATCTCTCAAG
. CjFurK25E-Forward AAAATATTAAGACAAGGCGGACTTGAATATACTAAGCAAAGAGAAGTGCTT
CjFurK25E-Reverse AAGCACTTCTCTTTGCTTAGTATATTCAAGTCCGCCTTGTCTTAATATTTT
Lys28Glu CjFurK28E-Forward AGACAAGGCGGACTTAAATATACTGAACAAAGAGAAGTGCTTTTAAAAACT
CjFurK28E-Reverse AGTTTTTAAAAGCACTTCTCTTTGTTCAGTATATTTAAGTCCGCCTTGTCT
Arg30Gu CjFurR30E-Forward GGCGGACTTAAATATACTAAGCAAGAAGAAGTGCTTTTAAAAACTCTTTAT
CjFurR30E-Reverse ATAAAGAGTTTTTAAAAGCACTTCTTCTTGCTTAGTATATTTAAGTCCGCC
Tyr68Ala CjFurY68A-Forward TTAAATGTAGGAATTGCAACTGTTGCGCGTACTTTAAATTTGCTTGAAG
CjFurY68A-Reverse TTCTTCAAGCAAATTTAAAGTACGCGCAACAGTTGCAATTCCTACATTTAA
Arg69Gu CjFurR69E-Forward AATGTAGGAATTGCAACTGTTTATGAAACTTTAAATTTACTTGAAGAAGCA
CjFurR69E-Reverse TGCTTCTTCAAGTAAATTTAAAGTTTCATAAACAGTTGCAATTCCTACATT
GjFurAS2-H43A-Forward | AAAACTCTTTATCACAGTGATACTGCCTACACACCCGAAAGTTTATATATG
AS2 CjFurAS2-H43A-Reverse | CATATATAAACTTTCGGGTGTGTAGGCAGTATCACTGTGATAAAGAGTTTT
GjFurAS2-H102A-Forward | CTTGCCAATAAACCTCACCATGATGCCATGATATGTAAAAATTGCGGAAAA
CjFurAS2-H102A-Reverse | TTTTCCGCAATTTTTACATATCATGGCATCATGGTGAGGTTTATTGGCAAG
CjFurAS2-H99A-Forward | AAATACGAGCTTGCCAATAAACCTGCCCATGATCATATGATATGTAAAAAT
AS3 GjFurAS2-H99A-Reverse | ATTTTTACATATCATATGATCATGGGCAGGTTTATTGGCAAGCTCGTATTT

CjFurAS2-H137A-Forward

GAACATGGTTTTAAACTTACAGGGGCCTTGATGCAGCTTTATGGTGTTTGT

CjFurAS2-H137A-Reverse

ACAAACACCATAAAGCTGCATCAAGGCCCCTGTAAGTTTAAAACCATGTTC
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Table S. List of primers used for RT-qPCR analysis in this study

Gene Primer Name Sequence
cfrA Forward TCTATCAGTTTGCGCCATTG
cfrA
cfrA_Reverse ATCAACGCCTGGGATATCTG
Cj0948c_Forward ACAAGTGGTTCTGTTGCAGT
Cj0948c
Cj0948c Reverse TTCATTCGCCTTTTGTGAGC
Cj1345¢_Forward GCGTAGGAGAAAATGGAAAAA
Gj1345¢
Cj1345¢c_Reverse AAAAGCTAAATTTGGAGCCACT
fur Forward CATTTCTTTTGGTTCAGCAGGT
| fur
fur Reverse AAGCTGCATCAAATGCCCT
katA Forward CTTTAGTCCAAGCAATATCGTTCC
katA
katA_Reverse CAGCGACATTGTAAGTATTCACTTC
slyD Forward TACGATGAAAATGCCGTTCA
slyD
slyD_Reverse TTCGCCAAAAAGCTCCATAC
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Appendix 2

Table 1. Data collection, phasing and refinement statistics for the crystal structure of

CjFurZn;.

Data collection Zn SAD Native
Space group P212124 P212124
Cell dimensions

\ ab,c(A) 35.8,84.5,128.2 35.9,85.3,128.4
Resolution 30-2.1 (2.2-2.1)' 30-2.1 (2.2-2.1)
Rsym 6.0 (50.8) 4.5 (47.2)

I /ol 22.3 (3.0) 22.3(3.1)
Completeness 99.9 (99.0) 99.9 (99.9)
Redundancy 4.7 (4.5) 4.7 (4.5)

Phasing
atom found 4
CCan (%) 45.3
CCweak (%) 28.4
PATFOM 49.8

Refinement
Resolution 27.8-2.1
Reflections 22655
Rwork/Rfree 23.7 / 26.7
No. atoms

Protein 2353

Ligands 4

Water 61
B-factors (A2?)

Protein 38.0

Ligands 32.7

Water 41.1
R.m.s. deviations

Bond lengths (A) 0.019

Bond angles (°) 1.783
Molprobity score 1.82

\ Ramachandran favored (%)* 97.78

I Highest resolution shell.

*There are no Ramachandran outliers
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Table 2. Data collection, phasing and refinement statistics for the crystal structure of

CjFurZn
Data collection Zn SAD
Space group P212124
Cell dimensions
| a,b,c(A) 35.74, 84.36,123.63
Resolution 34.8-1.81
Rsym 6.3 (48.3)
I /ol 5.3(2.9)
Completeness (%) 100 (100)
Redundancy 3.4 (2.1)
Refinement
Resolution 34.65-1.81
Reflections 34629
Rwork/Rfree 186/2 3.1
No. atoms
Protein 2369
Ligands
Water 398
B-factors (A2?)
Protein 25.7
Ligands 13.7
Water 37.6
R.m.s. deviations
Bond lengths (A) 0.016
Bond angles (°) 1.33
Molprobity score 1.59
Ramachandran favored 98.9
(%)*

I Highest resolution shell.
*There are no Ramachandran outliers
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Figure 1. Expression of complemented Campylobacter jejuni Fur mutants in MEM-
o medium in iron poor (A) and iron rich (B) conditions. CmeA was used as loading
control.
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