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My research has focused on understanding the mechanism of DNA recognition by 

the nickel regulatory protein NikR from Helicobacter pylori (HpNikR). H. pylori 

colonize the highly acidic gastric epithelium of the human stomach. One feature that 

enables H. pylori to survive under acidic conditions is the ability to release large 

quantities of ammonia, produced by the NikR regulated enzyme urease, to neutralize its 

immediate environment. HpNikR also regulates the expression of multiple other genes as 

either an activator or repressor including those involved in nickel ion homeostasis, acid 

adaptation and iron uptake.  The genes for which direct regulation have been established 

contain variable recognition sequences; and the biophysical basis for DNA recognition 

and discrimination by HpNikR is currently unresolved. Crystallographic studies produced 

an unanticipated structure of Holo-HpNikR in which nickel ions are coordinated to two 

distinct binding sites: a 4-coordinate, square planar site (called the 4-site) and a 5/6-



 
 

coordinate square-pyramidal/octahedral site (called the 5/6-site) in contrast to previous 

NikR structures where all four ions are coordinated to square planar sites. A mutant of 

HpNikR called H74A was designed to force all four nickels to the 4-sites, and the crystal 

structure confirmed singular coordination. DNA binding studies revealed that when 

Ni(II) is restricted from the 5/6 sites, DNA binding properties are abrogated compared to 

Holo-HpNikR. These data support a mechanism in which nickel coordination to the 5/6 

site of HpNikR is critical for function. A reporter assay was also developed to monitor 

transcription of urease as a function of nickel concentration and promoter sequence 

directly within H. pylori. Unexpectedly, initial findings from this study directed us 

towards a novel cooperative effect in vivo where the presence of active HpArsR-P, from 

the ArsRS two component system, in conjunction with HpNikR leads to maximum Ni(II) 

dependent induction of urease. HpArsR is also able to bind the HpNikR PureA mutant 

operator sites in vitro as determined via fluorescence anisotropy at neutral pH with a high 

nanomolar to low micromolar affinity. Through the use of both in vitro and in vivo 

approaches, a novel model has been proposed for DNA recognition by HpNikR. 
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Chapter 1 

 

     Introduction 

 

1.1 Metal ions in biology 

Approximately one third of all proteins, both eukaryotic and prokaryotic, require 

metal as a cofactor in order to function.
1-5

 The roles of metal ion cofactors within proteins 

can usually be classified into three major subsets; structural, enzymatic and regulatory.
6-8

  

The role of a structural metal ion cofactor is to stabilize the overall protein fold (Figure 

1.1).  An archetypical example of using metal ion coordination to stabilize the overall 

protein fold is found in zinc finger proteins (ZFPs). The functions of ZFPs are numerous 

and include DNA recognition, RNA packaging, transcriptional activation, regulation of 

apoptosis, protein folding and assembly, and lipid binding.
9
 These proteins are 

completely unfolded in the absence of zinc and adopt a well defined fold in its presence. 
9
 

Because Zn(II) is redox inactive, proteins with Zn(II) as a cofactor are particularly stable,  

making zinc an ideal metal ion for binding to structural sites.
10, 11
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Figure 1.1. Cartoon demonstrating how Zn(II) plays a structural role. Figure made in 

PyMol. PDB 1A1L. 

Metal ions that are capable of undergoing redox chemistry [i.e. Fe(II)/(III), Cu(I)/(II)] 

and metal ions that can act as a Lewis acid [i.e. Zn(II)], are well suited to coordinate at 

catalytic sites. An example of an enzyme using a metal ion cofactor as a source for redox 

chemistry can be found in superoxide dismutases (SODs, Figure 1.2). 
12, 13

  SOD 

enzymes protect the bacterial cell from oxidative stress.
14-16

 Hydrolytic enzymes 

including, proteases, esterases, phosphatases and deacetylases use zinc(II) as a Lewis acid 

to activate water for catalysis (Figure 1.3).
8, 17

 Finally, because the concentration of 

metal ions within the cell must be tightly controlled to prevent toxicity, many metal ions 

are bound as cofactors to metalloregulatory proteins. Metal sensing and metalloregulatory 

proteins are proteins that sense and respond to intracellular metal ion concentrations. As a 

result of coordination of the cognate metal ion, metalloregulatory proteins regulate 

transcription of genes that encode for proteins involved in the uptake, trafficking, use and 

storage of that specific metal (Figure 1.4).
8
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Figure 1.2. Cartoon highlighting the redox activity of the metal centers in the general 

mechanism of SOD enzymes. Adapted from: Biochemistry, sixth edition 2007. 

 

 

 

Figure 1.3. General mechanism for zinc acting as a Lewis acid to activate water in 

hydrolysis. Adapted from: http://www.enzyme.chem.msu.ru/hcs/  
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Figure 1.4 Cartoon indicating a metal ion binding to a protein in a regulatory role. Figure 

made in PyMol. PDB 1A1L. 

 

1.2 The uptake of metal ions by bacteria  

Metalloproteins in bacteria often scavenge metal ions from their local environment. As 

such, bacteria have evolved sophisticated pathways and novel proteins to acquire 

extracellular metal ions. As the coordination of metal ion cofactors is vital to so many 

processes within the bacterial cell, there are numerous methods by which bacteria can 

scavenge metal from the environment (Table 1.1).
18-20

 An interesting example of metal 

ion uptake is seen in the mode of iron acquisition by siderophores. 
21-24

 Siderophores are 

small, high affinity chelating molecules that are released by bacteria to acquire iron from 

the environment. Figure 1.5 shows the structures of various bacterial siderophores.
25

 In 

pathogenic bacteria, siderophores often mimic iron binding sites of iron storage proteins 

from the host. 
21-24

 The siderophores then bind to proteins on the bacterial cell membrane 

and the iron is subsequently transferred into the cell.
21-24

 Another system used for 

bacterial iron acquisition is the heme uptake system.
26, 27

 These systems have cell surface 

receptors that bind heme, which are iron-containing macrocycles that act as enzyme 

cofactors, from a host. The heme is then transported into the cell and subsequently 
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degraded to release the iron.
26, 27

 The other metals that are required by bacteria such as 

nickel, zinc and manganese are imported via metal ion specific cell surface proteins and 

cytoplasmic membrane proteins (Table 1.1). 
19, 28-33

 In addition, other metals are 

imported through the ABC transporters such as the TonB/ExbB/ExbD complex.
20 

 

 1.3 High concentrations of metal ions are toxic to the bacterial cell 

The coordination of metal ion cofactors to proteins is essential to bacterial survival. 

However, unchecked metal accumulation within the cell is extremely toxic.
7, 8

 For 

example, iron, copper and manganese can easily undergo oxidation/reduction through 

Fenton chemistry, as shown in Equation 1.1. Cellular respiration produces reactive 

oxygen species (ROS) (i.e. hydrogen peroxide) which react with the redox active metal 

ions to produce cell damaging free radicals (Equation 1.1). 
7, 8, 34, 35

 

Fenton Reaction: M
reduced

+ H2O2   M
oxidized

 + OH
-
 + OH

•
    (1.1) 

In addition, accumulation of metals can lead to improper metal ion occupancy in 

proteins. This is primarily a concern when the non-native metal ion is similar in both 

radius and preferred coordination geometry to the native metal ion [i.e. Ni(II) and 

Cu(I)].
36

 For example, Ni(II) and Cu(I) are able to coordinate to ligands in a square 

planar geometry.
37

 If unmitigated accumulation of Ni(II) were to occur within the cell, 

Ni(II) would be able to populate a portion of the square planar Cu(I) sites in copper 

binding proteins. The is potentially devastating as Cu(I) is a redox active metal ion while 

Ni(II) is not and thus would be unable to carry out the same roles as a Cu(I) cofactor 

coordinated to the same site.  These data demonstrate the need for maintaining proper 

metal homeostasis within the cell.
7, 8
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Table 1.1. Examples of bacterial transition metal ion uptake systems, adapted from Hood 

and Skaar 2012.
19

 

 

Substrate Cell surface proteins Cell wall or 

periplasm 

protein

Cytoplasmic membrane 

proteins

Pathogens

IsdA (heme) IsdC IsdDEF Staphylococcus aureus

IsdB (hemoglobin)

IsdH (HP-hemoglobin)

Bacillus anthracis

Shp (heme) HtsABC Streptococcus pyogenes

Shr (methemoglobin)

SvpA HupDGC Listeria monocytogenes

HmuR (heme) HmuT HmuSUV Yersinia pestis

PhuR (heme) PhuT PhusUV Pseudomonas aeruginosa

TbpA Neisseria spp.

TbpB

Siderophores SirABC (staphyloferrin B) S. aureus

S. pyogenes

HtsABC (staphyloferrin A) S. aureus

Fhu (staphyloferrin A)

FepA (enterobactin) FepB FepCD Enterobacteriaceae

FvpA (ferripyoverdine) P. aeruginosa

Fe
2+

FeoB Escheria coli

Helicobacter pylori

Campylobacter jejuni

Streptococcus suis

Xanthomonas oryzae  pv. oryzae

Mn
2+

MnoP Bradyrhizobium japonicum

MntABC Neisseria gonorrhoeae

SitABCD S. Typhimurium

YfeABCD Y. pestis

PsaABC Streptococcus pneumoniae

MntH Brucella abortus

Yersinia  spp.

Zn
2+

ZnuABC C. jejuni

Salmonella spp.

ZnuD ZnuABC Neisseria meningitidis

ZevAB Haemophilius influenzae

AdcABC S. pneumoniae

AdcAII

ZurAM L. monocytogenes

Ni
2+

NikABCD E. coli (Rowe et. al. 2005)

FrpB4 NixA H. pylori (Wolfram et. al. 2006)

IsdX1 and IsdX2 

(secrected hemophores)

Heme, hemoglobin 

and HP-

hemoglobin

Transferrin-Fe
3+
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Figure 1.5. Structures of various bacterial siderophores.Figure adapted from Microbial 

iron acquisition: marine and terrestrial siderophores, Sandy and Butler 2009. 
25

 

 

 

 

Enterobactin Salmochelin S4 Bacillibactin

Desferrioxamine E Desferrioxamine G Desferrioxamine B

Achromobactin R=H, Rhizoferrin

= COOH, Staphyloferrin
Citric acid

Vibrioferrin

Aerobactin
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Metal ion homeostasis is very tightly controlled by various factors. 

Metallochaperones control the delivery of metal ion cofactors to various protein 

destinations. For example, CopZ is a copper metallochaperone in bacteria that delivers 

copper to CopA which is a P-type ATPase which is responsible for the efflux of Cu(I).
38, 

39
 Metal ion importers and exporters are responsible for metal ion uptake or efflux, 

respectively.
7, 8, 24, 40-45

 Table 1.1 highlights various examples of metal ion uptake 

systems. Metalloregulatory proteins, vide infra, control the concentrations of metal ion 

binding proteins within the cell at any given time.
24, 40-45

   

 

1.4 Metalloregulatory proteins 

 Metalloregulatory proteins are proteins that control metal ion homeostasis by 

binding metal ions in order to recognize and therefore regulate at the DNA level (Figure 

1.4).
8
 The binding of metal to these transcription factors results in a change in the 

protein’s conformation.
8
 These conformational changes can be large, as is the case with 

regulatory ZFPs, or subtle as is observed with the Ni(II) binding metalloregulatory 

protein, NikR.
9, 46, 47

 Metalloregulatory proteins bind the cognate metal ion with 

extremely high affinity, usually in the picomolar to femtomolar range. 
6, 48-50

  Upon metal 

ion binding, the activated metallotranscription factor will then be able to carry out its 

regulatory functions within the cell.
8, 46

 Some metallotranscription factors can act as both 

activators and repressors of transcription. An example of this is found with the iron 

responsive metalloregulatory protein Fur, from H. pylori. The Fe(II)-Fur complex then 

represses iron uptake genes like frpB which encodes for an iron importer, 
51

 and activates 

transcription of iron utilization genes, like nifS, which encodes for the NifS iron-sulfur 
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protein.
52

 However, not all bacterial metalloregulatory proteins are both activators and 

repressors of transcription. Some solely function to repress the transcription of metal ion 

uptake genes. For example, in L. monocytogenes, the zinc responsive regulatory protein, 

ZurR, is only known to function as a repressor of gene transcription.
53

 

 

1.5 The Ni(II) regulatory protein, NikR 

1.5.1 General properties of NikR proteins 

NikR proteins are principally found in prokaryotes. They are defined as proteins 

that utilize nickel as a cofactor that results in binding to specific DNA targets.
46, 54-62

 

Some NikR homologues recognize only a single promoter, while others recognize 

multiple promoters. 
46, 54-62

 Collectively, NikR proteins are tetrameric in both the apo and 

nickel-bound forms. 
63-72

 The tetramer is composed of a central tetrameric metal binding 

domain (MBD) flanked by two dimeric DNA binding domains (DBD). 
63-72

 Four Ni(II) 

ions are coordinated at the MBD. The DBDs are the sites of DNA binding. The DBDs 

adopt a ribbon-helix-helix (RHH) fold in order to recognize the promoter regions of NikR 

regulated genes.
63-72

       

To date, more than one hundred NikR proteins have been identified or proposed, 

however, only five NikR proteins have been directly studied; Escherichia coli NikR 

(EcNikR), Pyrococcus horikoshii NikR (PhNikR), Helicobacter pylori NikR (HpNikR), 

Geobacter uraniireducens NikR (GuNikR) and Geobacter bemidjiensis NikR (GbNikR). 

54, 57, 59, 73-83
 NikR proteins share several common features: (i) they are always tetrameric, 

(ii) they bind four nickel ions, and (iii) they regulate the transcription of genes involved 
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in nickel uptake and utilization. However, each homologue appears to have diverged 

evolutionarily, and has unique properties that will be described in detail below.  

 

1.5.2 The RHH superfamily of DNA binding proteins 

 NikR is a member of the RHH superfamily of DNA recognition proteins.
57

 The 

name RHH is derived from the order of the secondary structure elements in DNA 

recognition fold; -sheet, -helix, -helix.
61

 Proteins with a RHH motif contact DNA 

through interaction of the antiparallel -sheet from two RHH domains with the major 

grove of DNA.
61, 84-88

 These RHH domains are located at the N-termini of the proteins 

(Figure 1.6).
61, 84, 86-88

 Amino acids two, four and six of the RHH motif are located on the 

-sheet and are known as the “-sheet sequence”.
61

 The -sheet sequence makes base 

specific contacts with the operator.
61, 86-88

 This interaction is highlighted in Figure 1.6.
61

 

The first RHH motif examples were found in the Arc and Mnt repressors of the 

bacteriophage P22. A nuclear magnetic resonance (NMR) structure of Arc and 

biochemical studies on both Arc and Mnt identified that base specific contacts by the 

protein originate on the antiparallel -sheet. This was a novel finding, as it was thought 

that all prokaryotes recognized DNA via a helix-turn-helix (HTH) motif.
89, 90

 A crystal 

structure of MetJ, a methionine repressor, revealed the first bacterial transcription factor 

with a RHH motif in 1992.
88

 Since the initial discovery, RHH motifs have been identified 

in transcription factors from bacteria, archaea, and bacteriophages. 
61, 84, 86-88

 The 

sequence alignment in Figure 1.7, published by Schreiter and Drennan in 2007,
61 

highlights a variety of RHH proteins.  
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Figure 1.6. The interaction of a dimeric RHH domain with the cognate DNA operator. 

Nonspecific contacts anchoring with the DNA phosphate backbone are shown as dashed 

black lines. Specific base contacts are made with residues 2, 4 and 6 of each -sheet 

subunit within the major groove of the DNA. Figure adapted from, Ribbon-helix-helix 

transcription factors: variations on a theme, Schreiter and Drennan 2007.
61

 

 

Proteins shaded in red have structures that were determined in complex with target DNA. 

Blue shaded proteins have structures of the RHH domain alone while a lack of shading  

indicates predicted RHH proteins. Notably, not all of the RHH motifs begin at the 

extreme N-terminus of the protein, as indicated by the RHH initiation residue number 

written beside the protein in Figure 1.7.
61

 Some proteins like Omega, ParG and HP0222 

contain considerable N-terminal extensions.  
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1.5.3 The DNA recognition properties of NikR proteins 

The DNA recognition properties of NikR proteins are quite diverse. There are 5 

major components to DNA recognition by NikR proteins: (i) the -sheet sequence in the 

RHH motif, (ii) the length of the N-terminal extension, (iii) the nature of secondary metal 

ion requirements, (iv) the number of promoters regulated and (v) the consensus sequence 

recognized. These five properties will be described with respect to three different NikR 

proteins; EcNikR, GuNikR and HpNikR, in order to highlight the differences between 

homologues (Table 1.2).  

Nine different subsets have emerged with respect to -sheet sequences among 

NikR homologues. RGS is the subset that contains the highest number of NikR proteins 

in it and has a -sheet sequence of arginine, glycine and serine in positions two, four and 

six, respectively (Table 1.3).
91

 The position and sequence of -sheet sequences for NikR 

homologues are boxed in the alignment shown in Figure 1.8. EcNikR belongs to the RTT 

subset which is one of the smallest subsets. GuNikR and HpNikR belong to the RGS and 

RSS -sheet sequence subsets, which are the first and second largest subgroups, 

respectively (Table 1.3). 
91
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Figure 1.7. Alignment of characterized and predicted RHH proteins.  Numbers beside 

protein names indicate the amino acid that is found at motif position one. The numbers 

above the sequence indicate the residue position within the RHH motif.  The secondary 

structure elements are shown above the alignment. Proteins with names shaded red have 

structures that were determined in complex with operator DNA. Proteins with names 

shaded blue have structures that were determined for the RHH sequence alone while the 

structures of sequences with no shading are undetermined, but are predicted to be RHH 

proteins based on other experimental evidence. Amino acids are shaded by property: 

cyan, positive charge; red, negative charge; white, hydrophobic; green, neutral 

hydrophilic; purple, aromatic; orange, glycine or proline; yellow, cysteine. Figure from, 

Ribbon-helix-helix transcription factors: variations on a theme, Schreiter and Drennan 

2007.
61

 

 

 

 

Table 1.2. DNA recognition properties of EcNikR, GuNikR and HpNikR. 

 

NikR 

Homologue

 -sheet 

Sequence

N-terminal 

Extension

Secondary 

Metal Ion

Number of 

promoters 

recognized

Activator(+)/

Repressor(-)

Ec NikR RTT 1 K
+

1 -

Gu NikR RGS 4 Ni
2+

2 -

Hp NikR RSS 9 11 +/-Mg
2+

, Ca
2+

, 

Mn
2+
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Table 1.3. Occurrences of -sheet sequences and N-terminal arm lengths among NikR 

homologues. The asterisks indicate the popularity of sequence or length among NikR 

homologues.Chart adapted from Benanti and Chivers 2010.
91

 

 

 
 

Figure 1.8. Alignment of NikR homologues highlighting the various lengths of N-

terminal extensions. The residues of the -sheet sequence are boxed. Amino acids are 

colored according to property: red, small; blue, positive charge; magenta, negative 

charge; green, neutal hydrophilic. Figure generated in clustalW2.  

 

H. pylori

H. mustelae

A. vinosum

T . drewsii

C. gracilis

E. coli

S. flexneri

G. uraniireducens

G. bemidjiensis

S. japonicum

A. excentricus

H.pylori               MDTPNKDDSIIRFSVSLQQNLLDELDNRIIKNGYSSRSELVRDMIREKLVEDNWAEDNP 59 

H.mustelae            MRTMEKEKNSLMRFSVSLQKNLLDNLDARLTNQGYASRSEVIRDLIREKIVQESWEKDD- 59 

A.vinosum                 MSSTESTIRFTVSLPKTLLDELDRRLVNKGYASRSELVRDLIRERIVEETWERGD- 55 

T.drewsii                 MTNPEETIRFSVSLPKPLLDELDRRVVRKGYASRSELVRDLIRERIVEETWERGD- 55 

C.gracilis              MKKEEKESAVRFSISLPTKLFEDLDEMVRAKQYLSRSEFIRDLIREKMVEGVLHGDG- 57 

E.coli                          MQRVTITLDDDLLETLDSLSQRRGYNNRSEAIRDILRSALAQEATQQHGT 50 

S.flexneri            ----------MQRVTITLDDDLLETLDSLSQRRGYNNRSEAIRDILRSALAQEATQQHGT 50 

G.uraniireducens      -------MGETIRFGISIDETLLESFDKLIDQKGYMNRSEAIRDLIRASLVELKWEAGEE 53 

G.bemidjiensis        -------MGETVRFGISMDDQLLESFDRLIEQKGYANRSEAIRDLIRAAQVELDWEEGEK 53 

S.japonicum           - -MSSDTGTLARLSMSLPSDLFRQLDAMVEERGLPSRSQLIAELIRHALAEHEAFTRPD 57 

A.excentricus         --MSETETDHLARLSMSLPGSLLDSFDKMVADRGLPSRSSAMTELIRGAVAEHAERQRPD 58 

                                  *. :::   *:  :*         .**. : :: *   .:         

-sheet Sequence N-terminal 

Extension Length

RGS ****** 0 *

RSS ***** 1 ****

RTS **** 2 **

RST *** 3 ***

RTT ** 4 ******

RCT * 5 *****

RGA * 6 *

RVN * 7 **

KGY * 8 *

9 *

10 **

>10 ***
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 N-terminal extensions are common features of RHH DNA binding proteins,
61

 vide 

supra, and are also observed amongst NikR homologues. The length of the extension 

varies from no extension at all to an N-terminal extension of ten or more residues (Figure 

1.8). EcNikR contains an N-terminal extension of only one residue. This is rare among 

the characterized NikR homologues. GuNikR has an extension of four residues and is in 

the largest subset. HpNikR contains an N-terminal extension of nine residues, which is 

also rare and close to the upper limit for length among NikR proteins.
91

 Both GuNikR 

and HpNikR require the N-terminal extension for DNA recognition.
91, 92

 

 In vitro studies have shown that EcNikR, GuNikR and HpNikR require secondary 

metal ion coordination in addition to stoichiometric Ni(II) binding to the MBD in order to 

recognize DNA.
76, 83, 91, 92

 However, the identity of that metal ion is not conserved among 

the three homologues (Table 1.2). EcNikR requires potassium ions in addition to Ni(II) 

coordinated to the MBD for DNA recognition.
83

 DNA binding is only observed with 

GuNikR in the presence of excess nickel ions, while HpNikR requires the coordination of 

magnesium, calcium or manganese ions for DNA recognition.
76, 91

 The metal ions 

coordinate at different sites among the homologues.
76, 83, 91

 For example, it the potassium 

binding site for EcNikR is located in the loop between the MBD and DBD while the 

magnesium binding site for HpNikR lies on the N-terminal extension.
67, 82, 83, 92

  

 Upon activation EcNikR recognizes and represses only one known promoter 

sequence, nikABCDE, which encodes for the NikABCDE Ni(II) import system. GuNikR 

has been shown to repress two different promoters, nik(MN)1 and nik(MN)2, which also 

encode for Ni(II) import systems. HpNikR binds a multitude of promoters within the cell 
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as both an activator and repressor of gene transcription (Table 1.2). To date, twelve 

genes have been identified as directly regulated by HpNikR. 
46, 60, 73, 93

 

 Analysis of the consensus DNA recognition sequence of the three NikR 

homologues for which direct DNA binding has been studied show high levels of variation 

(Figure 1.9). EcNikR recognizes DNA via a perfect inverted repeat composed of six 

nucleotides separated by a sixteen base pair linker located on the promoter.
57-59, 69, 94-96

 

HpNikR recognizes varied pseudo-palindromic recognition sequences, which are 

separated by an eleven base pair linker.
74, 76, 77

 The recognition sequence for GuNikR is 

composed of a seven base pair imperfect palindrome separated by a thirteen base pair 

linker.
76, 91

   

 These data demonstrate that the DNA recognition properties of NikR homologues 

are very diverse. As it was the first NikR protein identified, EcNikR has always been the 

canonical NikR by which all other homologues are measured. However, studies by our 

lab and others have demonstrated that EcNikR does not represent all NikR proteins, and 

care must be taken when extrapolating EcNikR data to predict structure/function 

relationships of NikR proteins from other organisms. 

 

1.6 Helicobacter pylori NikR 

1.6.1 Role of HpNikR in the H. pylori model of infection 

 Helicobacter pylori is a microaerophilic, Gram negative pathogen that infects 

over half the world’s human population. 
97, 98

 Colonization occurs in the highly acidic 

gastric mucosal layer (or gastric epithelium) of the human stomach.  
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Figure 1.9. DNA recognition sequences for three NikR homologues. The boxes and bold 

type indicate the site of protein/DNA contact while the line and normal type indicate the 

linker region between the palindromic recognition sites. 

 

Prolonged infection by H. pylori leads to a variety of gastric malignancies, 

including the development of gastritis, peptic ulcer disease, Mucosal-Associated 

Lymphoid Tissue (MALT) lymphoma and gastric adenocarcinoma. 
97-101

Although 

therapies for H. pylori infection are available; they require antibiotic cocktails of two, 

three or four antibiotics that are not well tolerated due to the high propensity for adverse 

side effects. 
98, 99

 H. pylori infection is often chronic and colonization will persist 

throughout a person’s life if left untreated. 
97, 98, 100-103

 The tendency of chronic infection 

by H. pylori coupled with the high infection rates results in a significant disease burden 

worldwide. Therefore the development of novel anti-Helicobacter agents that are more 

targeted and well tolerated is paramount. 
98

 

PnikA

GTATGACGAATACTTAAAATCGTCATAC
EcNikR

PureA

TAACACTAATTCATTTTAAATAATA

HpNikR

Pnik(MN)1

GACATACTTAAATTATTTTTGTGCTAC

GuNikR

N= 11

N= 13

N= 15
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While displaying optimal growth at neutral pH, H. pylori is one of a select 

number of bacteria that can survive under highly acidic conditions, which makes it 

ideally suited to life in the gastric mucosa. The cytosolic pH of Helicobacter pylori 

ranges from 5.3-7.5 while the organism can endure periodic acid shocks of pH < 2. 
93, 104-

106
  The urease enzyme is one key factor in enabling H. pylori to survive under such harsh 

conditions.
93

 Urease accounts for approximately 10% of the total protein content of H. 

pylori and converts urea to ammonia and bicarbonate. 
93, 107

 The ammonia buffers the 

inside of the cell and can be excreted to neutralize the immediate environment, thereby 

mitigating the effects of acidic shock.
93

 HpNikR regulates urease in response to 

intracellular nickel content. 
62, 93, 108, 109

 As HpNikR is responsible for regulating nickel 

utilization by the cell as well as activating the transcription of urease, there is a two-fold 

importance regarding HpNikR in the function of urease: urease production and assembly. 

In addition to the regulation of the primary ammonia producing enzyme urease, HpNikR 

has been shown to indirectly activate the expression of another ammonia producing 

enzyme, amidase.
110

 Amidase carries out the hydrolysis of amides to produce ammonia 

and the corresponding organic acid.
111

 HpNikR derepresses the amiE and amiF promoters 

that encode for amidase via repression of the fur promoter. HpFur is responsible for 

repressing the amiE and amiF promoters. Therefore, above data demonstrates that 

HpNikR plays a fundamental role in acid resistance for H. pylori, and is therefore crucial 

for host infection. As such, it represents a novel drug target for anti-Helicobacter agents. 

In order to begin to define inhibitors for HpNikR, we must first understand this protein’s 

complex structure/function relationships both in vitro and in vivo. 
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1.6.2 Genes regulated by HpNikR 

NikR is a major factor in the regulation of gene transcription in H. pylori. 
46, 60, 73, 

93
 Transcriptome studies have identified at least forty genes, encoding for a variety of 

proteins, that are either activated or repressed by HpNikR in response to nickel. A subset 

of those genes have been shown to be directly regulated using DNase footprinting, 

electrophoretic mobility shift assays (EMSA), fluorescence anisotropy (FA) and/or 

isothermal titration calorimetry (ITC) approaches.
46, 47, 55, 60, 73, 74, 77, 78, 92, 112-116

 Genes for 

which direct regulation by HpNikR have been shown encode for proteins that regulate 

nickel uptake (nixA, frpB4, fecA3) and storage (hpn, hpn-like),  for proteins involved in 

iron uptake and storage (fur) and infection (hspA) and genes encoding for outer 

membrane proteins (exbB/tonB). 
46, 60, 62, 74, 76-78, 92, 112

  Interestingly, HpNikR binds to two 

distinct operators on the  fecA3 and fur promoters, we denote these as OPI and OPII, 

meaning operator I and operator II. These studies revealed a general model for HpNikR 

gene regulation in which the binding of HpNikR upstream of the promoter region 

activates transcription (ureA) by recruiting RNA polymerase and represses transcription 

by binding at sites overlapping the -10 or -35 hexameric boxes via a simple steric 

hindrance mechanism. In this mechanism, the DNA binding of HpNikR interferes with 

the interaction of  DNA polymerase with the promoter (nikR, nixA, fur, frpB4, exbB, 

fecA3) (Scheme 1.1). 
62, 74, 77, 78, 117, 118

 In addition to the promoters for which direct 

regulation has been identified, multiple other genes have been predicted as HpNikR 

targets for either indirect or direct regulation. These genes encode for proteins involved in 

motility (cheV, flaA, flaB) and stress response (hrcA, grpE, dnaK) and genes encoding for 

outer membrane proteins (omp11, omp31, omp32).
73, 77
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Scheme 1.1. Working model of HpNikR regulation within the H. pylori cell. The positive 

signs indicate activation of gene transcription while the negative signs indicate repression 

of gene transcription by HpNikR. The blue boxes indicate operators for HpNikR binding. 

 

1.7 Conclusion 

 HpNikR serves a very diverse biological role in H. pylori. As such, it possesses 

many distinct DNA recognition properties, ranging from number of promoters recognized 

to the composition of the nickel binding sites within the functional tetramer. This thesis 

will mainly focus on two aspects of HpNikR (i) the multi DNA recognition properties 

and (ii) the unique nickel binding sites within HpNikR, which will be described in detail 

in the subsequent chapters. We have determined that HpNikR utilizes a two-tiered mode 

of DNA recognition, binding genes that are involved in nickel import and utilization 
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preferentially to those involved in general metal ion transport. In addition, we were the 

first to identify that Ni(II) binds to mixed sites in HpNikR and to report a functional 

significance for these sites. Finally, work focused on understanding ureA transcription in 

vivo has shown, for the first time, that a second transcription factor, HpArsR, can regulate 

ureA transcription when HpNikR’s target on the ureA promoter has been disrupted. 

Taken together, these studies reveal novel metal sites, DNA recognition properties and in 

vivo functional properties that point to a distinct paradigm for HpNikR function.  
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Chapter 2 

 

Helicobacter pylori NikR’s interaction with DNA: a two tiered mode of recognition 

 

2.1 Introduction 

Helicobacter pylori (H. pylori) is a virulent pathogen that colonizes the gastric 

epithelium of humans, leading to gastric ulcers in the short term and several types of 

gastric cancers over the long term.
1-4

 More than half of the world’s population is infected 

by H. pylori making it a significant public health threat, 
5
 and there is a documented need 

for the development of novel anti-Helicobacter agents to target this pathogen. 
5
 

Typically, the pH in the gastric epithelium ranges from 4 - 6.5 with periodic acid shocks 

of pH < 2. 
6, 7

 To survive under these conditions, H. pylori utilizes urease, a nickel co-

factored metalloenzyme, which converts urea to ammonia and bicarbonate to neutralize 

its local environment. 
8-10

  

 

* This work is published in Biochemistry. Dosanjh, N.S., West A.L., and Michel, S. L. (2009) Helicobacter 

pylori NikR’s interaction with DNA: a two tiered mode of recognition, Biochemistry 48, 527-536. 
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2.1.1 Nickel regulation in H. pylori 

Although nickel is required for H. pylori survival, it can be toxic at high 

concentrations 
11

. As a result, H. pylori must tightly control intracellular nickel levels. 
12-

15
 Often organisms use specific metalloregulatory proteins to maintain intracellular metal 

ion homeostasis. 
16-18

 A key protein involved in nickel ion metabolism and homeostasis 

for H. pylori is the nickel regulatory protein, NikR. 
12, 13

  HpNikR regulates multiple 

genes, both as an activator or repressor by binding to varied operator sequences. 
14, 19-25

  

Interestingly, these genes include genes that not only encode for proteins that utilize 

nickel to function, such as NixA (a nickel importer), HPN (a nickel storage protein) and 

UreA (urease), but also genes that encode for proteins that do not directly use nickel, 

such as genes involved in iron uptake and storage (e.g. pfr, fur), genes involved in 

motility (e.g. cheV, flaA, flaB), genes involved in stress response (e.g. hrcA, grpE, dnaK), 

and genes that encode for outer membrane proteins (e.g. omp11, omp31, omp32). 
12

 The 

H. pylori genome was sequenced in 1997, and found to be significantly smaller than other 

prokaryotic genomes, such as E. coli. 
26

 HpNikR represents one of the few global 

regulators of gene expression in H. pylori, and because of the comparatively small size of 

its genome has acquired multiple functions. 
27

  

 

2.1.2 HpNikR is a global gene regulator in Helicobacter pylori 

The evidence for the regulation of multiple genes by HpNikR comes primarily 

from transcriptional profiling studies of up and down-regulated genes by HpNikR and 
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nickel. 
27

 These studies are limited in their capacity to distinguish between genes that are 

regulated directly by HpNikR and those that utilize an accessory pathway. A small subset 

of the HpNikR regulated genes have been studied in more detail in vitro using DNase 

footprinting studies. From these studies, seven genes were shown to be directly regulated 

by HpNikR. These genes include ureA, which encodes for urease 
19, 20, 22, 24

, nixA, which 

encodes for a high affinity inner-membrane nickel transporter 
20, 24

, exbB part of the 

TonB-ExbBD complex that provides energy for nickel and iron uptake 
22

, fur, which 

encodes for the ferric uptake regulator (the other metallotranscription factor identified in 

H. pylori) 
22

, fecA3 and frpB4, which are outermembrane nickel transporters 
25

, and nikR, 

which encodes for NikR. 
22

 Scheme 1.1 provides an overview of the regulation of these 

genes by HpNikR.  HpNikR activates ureA transcription, represses nixA, exbB, fecA3, 

and frpB4 transcription and its regulatory role for fur has not been defined.  

 

2.1.3 Recognition sequence for HpNikR 

The recognition sequences of the genes directly regulated by HpNikR differ, 

although a putative palindrome (‘NikR Box’ sequence) that is required for recognition 

has been proposed by aligning the recognition sequences. The palindrome is AT rich and 

contains an eleven base pair linker.
22

  None of the proposed recognition sites for the 

genes regulated by HpNikR are symmetrical. We hypothesized that this perceptible 

asymmetry may allow HpNikR to bind to multiple asymmetric sequences with varied 

affinities as part of the mechanism of multi-DNA regulation by HpNikR.   

The only homolog of HpNikR for which a DNA recognition sequence has been 

identified is from E. coli (Ec). Only one function has been ascribed to EcNikR: repression 



38 
 

of the NikABCDE nickel transporter.
13, 28-30

 This promoter’s recognition sequence is 

completely different from that identified for HpNikR in both sequence and length 

suggesting that HpNikR may recognize DNA in a different manner than EcNikR. The 

unique ability of HpNikR to directly recognize multiple genes of varied sequences raises 

the question, how does HpNikR distinguish between the different genes it controls? We 

hypothesize that HpNikR  uses a range of differential binding affinities to distinguish 

between the genes it regulates and these differences are important for gene regulation 

within the H. pylori cell.  Using a previously developed fluorescence anisotropy based 

DNA binding assay, we have tested this hypothesis in the work reported here. 
23

 Based on 

these results, we have discovered that HpNikR does not exhibit a range of DNA binding 

affinities; but instead shows either tight or weak binding to the genes it regulates and we 

now propose that a two-tiered DNA recognition mechanism is operative for HpNikR. 

 

2.2 Materials and Methods 

2.2.1 Protein expression and purification 

  The pET15b construct containing H. pylori NikR was transformed into E. coli 

BL21 (DE3) cells (1 liter for large-scale expression) and grown in LB medium containing 

100 µg/ml ampicillin. Purification of HpNikR was carried out using a nickel-loaded 5ml 

Hitrap-HP (Amersham) affinity column followed by further purification using a Hitrap Q 

sepharose (Amersham) column as previously described 
23

. MALDI-MS was used to 

confirm molecular weight (expected: 17147.2, observed: 17147.2). Approximately 30-40 

mg of HpNikR is obtained from a starting culture of 1 liter. Because HpNikR has several 
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cysteine residues, all further manipulations were carried out anaerobically using a Coy 

inert atmospheric chamber (95% N2; 5% H2) to prevent cysteine oxidation.  

 

2.2.2 Generation of apo-HpNikR 

Apo-HpNikR was prepared by incubation of the protein with 50 mM EDTA and 

10 mM DTT overnight at 35ºC followed by exhaustive dialysis with 20 mM Hepes, 100 

mM NaCl chelex-treated buffer at pH 7.5. The dialyzed protein was then buffer 

exchanged and concentrated using a centricon-plus 20 device (Millipore) against a chelex 

prepared 20 mM Hepes, 100 mM NaCl, 20 mM glycine buffer at pH 7.5. Apo-HpNikR 

was then reconstituted with four equivalents of Ni(II) (r-HpNikR) for further study. 

 

2.2.3  Oligonucleotide probes 

  HPLC purified oligonucleotides were purchased from Operon either labeled with 

Fluorescein (F) or unlabelled and are shown in Table 2.1. Upon receipt, the 

oligonucleotides were resuspended in DNase-free water and quantified.  For annealing, 

each oligonucleotide was mixed such that there was a 1.25:1 ratio of unlabeled: labeled 

oligonucleotide in 10 mM Tris, 10 mM NaCl, pH 8.0 annealing buffer. The annealing 

reactions were placed in a water bath set to a temperature 10 °C greater than the melting 

temperatures (Tm’s) of the component oligonucleotides. The water bath was immediately 

turned off and the annealing reactions allowed to cool overnight. Double-stranded 

oligonucleotides were quantified and stored at -20 °C. 
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2.2.4 Competitive fluorescence anisotropy titrations 

Measurements were taken with an ISS PC-1 spectrofluorometer configured in the L 

format. The excitation wavelength/band pass used in the experiments was 495 nm/2 nm 

and the emission wavelength/bandpass was 519 nm/1 nm. 

 The competitive anisotropy assays were conducted in a 20 mM HEPES, 100 mM 

NaCl, 20 mM glycine, 3 mM MgCl2 at pH 7.5 prepared in a 0.5 cm PL Spectrosil far-UV 

quartz window fluorescence cuvette (Starna Cells) as previously described. 
23

 In a typical 

experiment, an unlabeled DNA molecule was titrated into a solution containing 375 nM 

r- HpNikR, tetramer (HpNikR4),  and 15 nM PureA-F and the decrease in anisotropy (r) as 

the unlabeled DNA oligomer competed with the labeled oligonucleotide was recorded. 

The anisotropy was converted to fraction bound, to take into account changes in quantum 

yield, using the following equation. 

  

 

Where rfree is the anisotropy of the fluorescein-labeled oligonucleotide,  rbound is the 

anisotropy of the DNA-protein complex at saturation taken from the forward titration, 

and Q, is the quantum yield ratio of the bound to the free form and is calculated from the 

fluorescence intensity changes that occur (Q =Ibound /Ifree) 
31

. The competition experiment 

was performed with r- HpNikR concentrations at levels near saturation to minimize the 

amount of unlabeled DNA required to complete the titration. Experiments were 

performed aerobically as no difference in binding was observed between experiments 

performed anaerobically and aerobically.  

 



Fbound 
r-rfree

(rbound  r)Q (r rfree)
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Table 2.1. Sequences of promoters studied. 

 

Binding isotherms were fit using Mathematica (version 5.2 Wolfram Research) to 

a model that involved the mass action equations for the three competing equilibria:   

 



PDf K1

  PDf
 (1) 



P  D
K2

  PD (2) 

fKf DPDDPD 
3

 (3) 

Where P is the nickel bound protein (HpNikR), Df is fluorescently labeled DNA, and D 

represents unlabeled DNA. The value for K1 was determined from the forward titrations 

and thus used as a known parameter for the fit. The Mathematica software was used to 

Name Sequence (5'-3')

P ureA -F CTTCAAAGATATAACACTAATTCATTTTAAATAATAATTAGTTAATGAA

P ureA- Wt/C CTTCAAAGATATAACACTAATTCATTTTACCCCCCCATTAGTTAATGAA

P ureA- C/Wt CTTCAAAGATACCCCCCCAATTCATTTTAAATAATAATTAGTTAATGAA

P ureA -C/C CTTCAAAGATACCCCCCCAATTCATTTTACCCCCCCATTAGTTAATGAA

P ureA -perf CTTCAAAGATATATTATTAATTCATTTTAAATAATAATTAGTTAATGAA

P ureA -32 ATATAACACTAATTCATTTTAAATAATAATTA

P ureA -32GC CCATAACACTAATTCATTTTAAATAATAACCC

P ureA -27 ATAACACTAATTCATTTTAAATAATA

P nixA AACAAAATATATTACAATTACCAAAAAAGTATTATTTTTCTTAAAAGGT

P fecA3 TAAAATTCCGCACATTATTAAGTTTTTTTTGTTTTTATTACTTAATAAT

P frpB4 ACAAATTTAAGGTATTATTAAATAGAATAATGTAATAATAACCTTAGGT

P exbB TTATTGACTTGTTATTATTAAAACAATATAATCAACAAACCAACATTCC

P nikR AAATCCAGTTTGTATTATAATTGTTCATTTTAAATTAATTCAATCATAC

P fur-OPI TATGTTTCATCGCATTATTATTGTATAATAATATTCTAGTTATAAAAAT

P fur-OPI I ATAAGAAATTGATCTTATAAGTTACATTAAAATGCGACAATGGTAATAA
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combine equations (1), (2) and (3) and to solve the resulting cubic equation in terms of 

PDf  using non-linear, least squares analysis. All titrations were carried out in triplicate. 

 

2.2.5 Salt dependant DNA binding studies 

The electrostatic contributions to binding were measured using direct fluorescence 

anisotropy assays for the interaction between r- HpNikR4 and PureA-F and competitive 

fluorescence anisotropy assays for the interaction between r- HpNikR4  and Pfur OPI. All 

FA studies were conducted in 20 mM HEPES, 20 mM glycine, 3 mM MgCl2 at pH 7.5 as 

buffer which was prepared in a 0.5 cm PL Spectrosil far-UV quartz window fluorescence 

cuvette (Starna Cells) as previously described 
23

. The concentration of NaCl varied 

between 100 to 250 mM.  

 

2.2.6 Titrations of Mg
2+

 Ca
2+

 and Mn
2+

 with r- HpNikR4 PureA-F 

The fluorescence anisotropy of a solution of 1 mM r- HpNikR4 and 15 nM PureA-F 

in 20 mM Hepes, 100 mM  NaCl, 20 mM glycine in a 0.5 PL Spectrosil far UV quartz 

window fluorescence cuvette (Starna Cells) was recorded. Metal salts (MgCl2, CaCl2 or 

MnCl2) were then titrated and the change in fluorescence anisotropy monitored until 

saturation. Data were analyzed by converting the anisotropy, r, to fraction bound (Fbound) 

and fitting the data to 1:1 binding model.  Dissociation constants, Kd were determined 

using Kaliedagraph software:  



[PDf ] M
KD

  PDf M  
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2.2.7 Electrophoretic mobility shift assay (EMSA) 

All EMSA assays between HpNikR and DNA were run using a 7 % Non-

denaturing acrylamide gel and a TAE (Tris-Acetate EDTA) running buffer containing 

800 µM NiSO4 with and without 3 mM MgCl2. Approximately 250 nM of PureA DNA 

was incubated with increasing concentrations of r- HpNikR (0, 5 μM, 50 µM except for 

PnikR, Pfur-OPI, and Pfur-OPII operator sequences where 0, 50 and 200 µM concentrations 

were used) for one hour at room temperature followed by electrophoresis at 4 °C at 100 

volts. The acrylamide gel was stained with ethidium bromide and viewed with a UV light 

box. 

 

2.3 Results 

2.3.1 Competitive binding titrations of r-HpNikR with PureA varients 

Building upon our earlier report in which we developed a competitive fluorescence 

anisotropy (FA) assay to quantify the binding interaction between r- HpNikR and a DNA 

sequence corresponding to the ureA promoter (PureA) 
23

, we designed a series of ureA 

operator mutants, listed in Figure 2.1, to test how altering either the nature of the 

recognition palindrome or the length of the ureA recognition sequence affects binding. 

For these experiments, r- HpNikR was first titrated with PureA-F  (fluorescein conjugated 

ureA, Figure 2.1) followed by the addition of unlabeled variants of the ureA operator 

sequence and the resultant decrease in anisotropy monitored. The data were then fit to a 

competitive binding model.  
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Figure 2.1. Fluorescence anisotropy-monitored binding (FA) of r- HpNikR variants of 

the PureA promoter.  Oligonucleotide sequences used in this study. The putative 

palindrome is boxed and for PureA-F the fluorescently labeled thymine is highlighted with 

a black background.  

 

The PureA sequence contains an imperfect palindrome that we previously 

demonstrated to be required for r-HpNikR binding (boxed in Figure 2.1). 
23

 To determine 

the role of each half site of the palindrome in this binding interaction, FA titrations with 

PureA oligomers in which either the first or the second palindrome was modified to 

cytosines (PureA-C/Wt or PureA-Wt/C) were performed for comparison with the Wt 

sequence which has a dissociation constant of 67 ± 1.0 nM. Removal of the second 

palindrome had a more dramatic affect on binding affinity than removal of the first. We 

determined a dissociation constant of 4.9 ± 0.78 µM for the interaction between r- 

HpNikR and PureA-Wt/C, which lacked the second palindrome, and a dissociation constant 

of 1.0 ± 0.094 µM for the interaction between r-HpNikR and PureA-C/Wt, which lacked 

the first palindrome (Figure 2.2 and 2.3). These studies imply that, for the ureA operator, 

the integrity of both half sites are necessary for full r-HpNikR binding activity and that 

the second half-site contributes more to the binding interaction than the first. The PureA 

recognition palindrome is not perfectly symmetrical and we sought to determine if a 

perfect palindrome would impart tighter binding.  We designed a mutant ureA operator 

PureA-F

PureA

PureA-C/C

PureA-C/Wt

PureA-Wt/C

PureA-perf

PureA-32

PureA-32GC

PureA-27
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fragment containing a perfect palindromic repeat, PureA-perf identified by aligning the 

HpNikR target sequences 
22

.  PureA-perf is 49 base pairs in length and contains a 

TATTATT-X11-AATAATA palindromic inverted repeat (Figure 2.2, Table 2.1). 

Surprisingly, the affinity of r-HpNikR for  PureA-perf was weaker than that of the native 

wild-type PureA-49: a dissociation constant of 143 ± 10 nM was determined for the perfect 

palindrome. 

 

 

 

Figure 2.2. Graphical representation of determined dissociation constants in the 

interaction of Ni-HpNikR with PureA promoter variants. NB notes no binding. 
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Figure 2.3. Competitive titration of unlabeled PureA (49mer) (■) into 15 nM PureA-F and 

375 nM NikR. Titrations of sequences lacking the first palindrome, PureA-C/Wt (♦), 

second palindrome, PureA-Wt/C (▲) and a truncated 27mer, PureA-27 (●) into 5 nM PureA-F 

and 88 nM NikR are also shown. Data were fit to a competitive binding equilibrium and 

represent the average of three sets of binding data. All FA experiments were performed in 

20 mM Hepes, 100 mM NaCl, 20 mM glycine, and 3 mM MgCl2 at pH 7.5 and 25°C.  

r-HpNikR/PureA-perf compared to 67 ± 1.0 nM for r-HpNikR/ PureA-49 (Figure 2.2).  

 

This result suggests that the presence of a perfect palindromic repeat in the ureA operator 

does not confer greater binding recognition by r-HpNikR as it preferentially binds the 

native asymmetric ureA target site.   

Our previous studies of the binding interaction between r-HpNikR and PureA utilized an 

oligomer that was 49 base pairs in length which contained the recognition palindrome 
23

. 

This oligomer was chosen because it corresponds to the region that others had identified 
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to be protected by r-HpNikR using DNAse footprinting. 
19, 20, 22, 24

 The ability of r-

HpNikR  to recognize shorter DNA sequences had not been determined and we sought to 

ascertain whether r-HpNikR could recognize a shorter PureA sequence. We examined the 

binding interaction between r-HpNikR and two shorter sequences:  a 32-oligonucleotide 

sequence, PureA-32 and a 27-oligonucleotide sequence, PureA-27. Both oligomers contained 

the asymmetric recognition palindrome. r-HpNikR  bound PureA-32 tightly with a Kd of 14 

± 2.9 nM while r-HpNikR did not show any discernible binding to PureA-27  (Figures 2.2 

and 2.3).  PureA-32 contains an additional five oligonucleotides compared to PureA-27 with 

an AT sequence at the 5’ end and a TTA sequence at the 3’ end. To test whether the 

recognition of PureA-32 but not PureA-27 by r-HpNikR is due to sequence specific binding to 

the additional five oligonucleotides, the binding interaction between r-HpNikR  and a 

mutant of PureA-32  called PureA-32GC in which the five additional AT-rich oligonucleotides 

from PureA-32 were modified to cytosines was studied. This mutant also showed a tight 

binding interaction with r-HpNikR, with a determined Kd of  11 ± 3.6 nM (Figure 2.2). 

Taken together the results suggest that rather than a loss of base specific contacts, PureA-

27 fails to bind to r-HpNikR because it is too short to form a stable complex (Table 2.2, 

Figure 2.1 and 2.2).  Corresponding electrophoretic mobility gel shift assays 

demonstrating r-HpNikR binding to all of the PureA variant sequences were also 

performed. These experiments, shown in Figure 2.4, confirmed the trends in binding 

affinities observed from the FA assays. 
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Table 2.2. Dissociation constants for the PureA promoter variants. 

 

2.3.2. Competitive binding titrations with other target r-HpNikR promoters 

r-HpNikR has been shown to regulate the expression of multiple genes including 

some involved in nickel ion homeostasis, iron regulation and acid adaptation. For several 

of these target genes, DNase footprinting studies and/or electrophoretic gel mobility shift 

assays (EMSA) have been conducted to verify a direct binding role for r-HpNikR and to 

map the binding site within the respective promoter region 
14, 19, 20, 22, 24, 25

; however, the r-

HpNikR binding affinities for most of these target promoters have yet to be elucidated  

 

 

Unlabeled DNA Kd (nM)

P ureA 67 ± 1.0

P ureA -C/C No Binding

P ureA -C/Wt 1000 ± 94

P ureA -Wt/C 4900 ± 780

P ureA -perf 143 ± 10

P ureA -32 14 ± 2.9

P ureA -32GC 11 ± 3.6

P ureA -27 No Binding
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Figure 2.4. EMSA between r-HpNikR and PureA-49, PureA-C/C, PureA-C/Wt, PureA-Wt/C, 

PureA-perf, PureA-32, PureA-32GC, PureA-27 in a 7% non-denaturing acrylamide gel and TAE 

(Trisacetate EDTA) running buffer with 800 μM NiSO4 and 3 mM MgCl2. EMSA’s were 

conducted as follows: lane 1, 250 nM DNA alone; lane 2, 250 nM DNA with 5 μM r-Hp 

NikR; lane 3, 250 nM DNA with 50 μM r-HpNikR except for PureA-C/C, PureA-C/Wt, 

PureA-Wt/C,, and PureA-27 operator sequences where lane 2 contained 250 nM DNA with 

50 μM r-HpNikR and lane 3 contained 250 nM DNA with 200 μM r-HpNikR. 

 

We have undertaken a comprehensive binding analysis of the interaction between 

r-HpNikR and ureA, nixA, fecA3, frpB4, exbB, nikR, and fur promoters using competitive 

fluorescence anisotropy assays and electrophoretic mobility gel shift assays. With the aid 

of binding regions identified through previous studies, DNA promoter fragments 

composed of 49 base pairs were designed for each gene of interest (Figure 2.5). Figure 

2.6 displays representative competitive binding titrations for three of the sequences, 

PfecA3, PexbB, and Pfur-OPI. 
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Figure 2.5.  Oligonucleotide sequences used in this study. The putative palindrome is 

boxed and for PureA-F the fluorescently labeled thymine is highlighted with a black 

background.  

 

Figure 2.6. Graphical representation of determined dissociation constants Kd’s observed 

for r-HpNikR with the proteins target operator sequences.  

PureA-F (-95 to -47) C T T C A A A G A T A T A A C A C T A A T T C A T T T T A A A T A A T A A T T A G T T A A T G A A

PureA-49 (-95 to -47) C T T C A A A G A T A T A A C A C T A A T T C A T T T T A A A T A A T A A T T A G T T A A T G A A

PnixA (-18 to+31) A A C A A A A T A T A T T A C A A T T A C C A A A A A A G T A T T A T T T T T C T T A A A A G G T

PfrpB4 (-43 to -8) A C A A A T T T A A G G T A T T A T T A A A T A G A A T A A T G T A A T A A T A A C C T T A G G T

PfecA3 (-7 to + 31) T A A A A T T C C G C A C A T T A T T A A G T T T T T T T T G T T T T T A T T A C T T A A T A A T

PexbB (-37 to +1) T T A T T G A C T T G T T A T T A T T A A A A C A A T A T A A T C A A C A A A C C A A C A T T C C

PnikR (-27 to +10) A A A T C C A G T T T G T A T T A T A A T T G T T C A T T T T A A A T T A A T T C A A T C A T A C

Pfur-OP I (-24 to +1) T A T G T T T C A T C G C A T T A T T A T T G T A T A A T A A T A T T C T A G T T A T A A A A A T

Pfur-OP II (-122 to -86) A T A A G A A A T T G A T C T T A T A A G T T A C A T T A A A A T G C G A C A A T G G T A A T A A
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Figure 2.7. Competitive titration of unlabeled PfecA3 (49mer) (■) into 15 nM PureA-F and 

375 nM NikR and titrations of unlabeled PExbB (♦) and Pfur-OPI (▲) into 5 nM PureA-F and 

88 nM r-HpNikR4 are shown.  

 

 

 

 

 

 

 

 

 

Table 2.3. Dissociation constants for various NikR regulated genes. 

T able 2:   

Unlabeled DNA Kd  (nM) 

    PureA-49 67 ± 1.0 

    PnixA 60 ± 1.6 

    PfrpB4 36 ± 4.5 

    PfecA3 47 ± 4.1 

    PexbB 1200 ± 150  

    PnikR 5000 ± 700 
    Pfur- OPI 5500 ± 790 

    Pfur-OP II 9800 ± 2000 

 

T able 2:   

Unlabeled DNA Kd  (nM) 

    PureA-49 67 ± 1.0 

    PnixA 60 ± 1.6 

    PfrpB4 36 ± 4.5 

    PfecA3 47 ± 4.1 

    PexbB 1200 ± 150  

    PnikR 5000 ± 700 
    Pfur- OPI 5500 ± 790 

    Pfur-OP II 9800 ± 2000 
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The determined dissociation constants, Kd’s, for each sequence tested in this study are 

displayed graphically in Figure 2.6 and listed in Table 2.3. Five of the genes regulated 

are involved in nickel homeostasis. r-HpNikR bound the promoters of four of these genes 

very tightly with determined dissociation constants,  Kd, of  67 ± 1.0 nM for ureA, 60 ± 

1.6 nM for nixA, 47 ± 4.1 nM for fecA3, and 36 ±4.5 nM for frpB4. These results indicate 

that r-HpNikR tightly regulates the expression of these genes.  r-HpNikR bound the nikR 

promoter with a significantly weaker affinity, Kd = 5.0 ± 0.70 mM.  The operator region 

of genes associated with iron uptake and regulation, exbB,  fur (2 promoters: furOPI and 

furOPII) also exhibited weak binding to r-HpNikR with affinities of 1.2 ± 0.15 mM, 5.5 

± 0.79 mM and 9.8 ± 2.0 mM respectively.  

Corresponding electrophoretic mobility gel shift assays demonstrating HpNikR 

binding to all of the additional target promoter sequences have also been performed. 

These experiments, shown in Figure 2.8, confirmed the trends in binding affinities 

observed from the FA assays. 

 

2.3.3. Electrostatic contribution to r-HpNikR/ DNA binding 

Titrations were performed at a range of ionic strengths to determine the influence 

of electrostatics on r-HpNikR-DNA binding. These studies were performed for the 

interaction between r-HpNikR and a ‘tight binder’ DNA: PureA-F, and between r-HpNikR 

and a ‘weak binder’ DNA: PureA-OPI. The number of ions released during the interaction 

can be determined by plotting log Ka versus log [NaCl] and fitting the data to the 

equation: log K
a
 = logK

a
nel – Zɸlog[NaCl]. Zɸ quantifies the number of ions released 

upon protein/DNA binding (Figure 2.9).  
32-34
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Figure 2.8. EMSA between r-HpNikR and PureA, PnixA, PfecA3, PfrpB4, PexbB, PnikR, Pfur-OPI, 

Pfur-OPII in a 7% nondenaturing acrylamide gel and TAE (Tris-acetate EDTA) running 

buffer with 800 μM NiSO4 and 3 mM MgCl2. EMSA’s were conducted as follows: lane 

1, 250 nM DNA alone; lane 2, 250 nM DNA with 5 μM r-HpNikR; lane 3, 250 nM DNA 

with 50 μM r-HpNikR except for PnikR, Pfur-OPI, and Pfur-OPII operator sequences 

where lane 2 contained 250 nM DNA with 50 μM r-HpNikR and lane 3 contained 250 

nM DNA with 200 μM r-HpNikR. 

 

For the r-HpNikR / PureA-F interaction ~ 4 ions (4.4) were released upon protein-DNA 

association. For the r-HpNikR/ Pfur-OPI interaction ~ 4 ions (3.5) were released.  These 

results suggest that there is a similar electrostatic component to binding for both the tight 

and weak binders. 
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Figure 2.9. A plot of the dependence of the logarithm of the association constant (Ka) of 

r-HpNikR with the PureA (●) and Pfur-OPI () sequences as a function of the logarithm of 

the NaCl concentration 

 

2.3.4. Mg, Ca and Mn(II) dependence of DNA binding for r-HpNikR 

For r-HpNikR/ PureA binding to occur, a second ‘low affinity’ metal ion: Mg, Ca 

or Mn(II) must be present. All FA studies are performed with 3 mM magnesium chloride 

in the buffer based on our previous report that showed maximal r-HpNikR/DNA binding 

at this Mg concentration. 
23

 To quantify the dependence on the ‘low affinity’ metal ions, 

r-HpNikR/DNA was titrated with each of the three ‘low affinity’ metal ions and the 

fluorescence anisotropy monitored.  
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The binding isotherms were fit to a 1:1 binding model and dissociation constants (Kd) of  

390 ± 13 µM for Mg, 510 ± 92 µM for Ca and 20 ± 2 µM for Mn(II) were determined 

(Figure 2.10).  

 

2.3.5. Requirement of Magnesium in DNA Recognition.   

All of our studies on the ‘low affinity’ metal ion have focused on the interaction of r-

HpNikR with ureA. 
23

 Chivers and co-workers observed a similar ‘low affinity’ metal ion 

effect for nixA binding using EMSA. 
20

 To determine if this magnesium requirement is 

operative for the additional gene promoters studied here, gel shift assays in which 

magnesium was excluded from the buffer were performed. r-HpNikR did not exhibit 

binding to any of the target promoters in the absence of magnesium indicating a general 

requirement of magnesium for HpNikR/DNA binding (Figure 2.11).  

 

2.4 Discussion 

2.4.1 Overall gene recognition by r-HpNikR 

r-HpNikR directly and indirectly regulates the transcription of a large group of 

genes that are essential for the survival of the organism. 
12

  Each of the eight genes 

currently known to be directly regulated by r-HpNikR contains a slightly different 

pseudo-palindromic recognition sequence and it is not apparent how r-HpNikR can 

distinguish between these different promoter sequences (Figure 2.5). We have 

undertaken studies of the binding interactions between r-HpNikR and the genes that the 

protein directly regulates to address the question of how HpNikR recognizes and 

distinguishes between these genes. 
19-22, 24, 25
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Figure 2.10.Titrations of MgCl2, CaCl2 and MnCl2 with r-HpNikR4/PureA-F fit to 1:1 

binding site model. 
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Figure 2.11. EMSA assays of r-HpNikR and DNA in the absence of 3 mM MgCl2. 

Assays were performed using a 7% non-denaturing acrylamide gel and a TAE (Tris-

Acetate EDTA) running buffer with 800 μM NiSO4 with increasing concentrations of r-

HpNikR (0, 0.5 μM, 50 μM except for PnikR Pfur-OPI and Pfur-OPII operator sequences 

where 0, 50 μM and 200 μM concentrations were used) 

 

Using a competitive fluorescence anisotropy assay, we have examined the role of 

the recognition palindrome and sequence length in the r-HpNikR/DNA binding 

interaction. Prior to our studies, we hypothesized that r-HpNikR  would show differential 

binding affinities for the eight recognition sequences as part of a mechanism employed 

by r-HpNikR to distinguish between the various genes it regulates in vivo. By quantifying 

these interactions we discovered that r-HpNikR binds to its target promoter sequences 

with either high or low affinity. We now propose a two-tiered DNA recognition model.  
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2.4.2. r-HpNikR recognition of PureA variants  

We had previously shown that r-HpNikR binds to the ureA promoter, PureA with 

nanomolar affinity and that the pseudo-palindromic recognition site was absolutely 

required for binding. 
23

 Here, we evaluated the role of each half-site of the PureA 

recognition palindrome in protein recognition by altering the sequence of each site to all 

cytosines and measuring the effect of the mutations on protein affinity (Figure 2.1). Both 

mutants showed decreased DNA binding affinity suggesting that the integrity of both 

half-sites of the palindrome are essential for ureA recognition.  Modification of the 

second half-site of the palindrome had a moderately greater effect on r-HpNikR binding 

affinity than modification of the first indicating that this half-site plays a larger role in 

protein recognition.  The large decreases in binding affinity that occur when either half 

site is removed via sequence modification suggest that binding to both sites is 

cooperative.  

r-HpNikR is a member of the ribbon-helix-helix transcription factor family 
35, 36

, 

which typically recognize symmetrical DNA operator sequences, such as in EcNikR 
28, 37

, 

Arc 
38

 and  MetJ. 
39

 Our studies revealed that HpNikR does not preferentially bind to a 

symmetrical DNA operator sequence: HpNikR shows a weaker affinity for the ‘perfect’ 

PureA palindrome (PureA-perf), with the repeat, TATTATT-X11-AATAATA, (Figure 2.1) 

than for the native, non-symmetrical wild-type operator (PureA). We propose that either 

HpNikR has no real preference for a perfect palindrome and that it readily binds to an 

asymmetric recognition site as long as certain key nucleotides are present or that the 

predicted recognition palindrome is not optimal for r-HpNikR binding and another more 
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potent palindrome repeat exists.   It is notable that for all of the identified HpNikR target 

genes, all of the recognition binding sites are asymmetric.   

  

2.4.3. DNA recognition site for r-HpNikR 

The PureA recognition sequence is made up of 49 bases and corresponds to the 

region protected in DNase footprinting assays. 
19, 20, 22, 24

 Within this sequence is the 

pseudo-palindromic recognition site consisting of seven bases per half-site. Studies 

examining the length of PureA required for r-HpNikR recognition revealed that in addition 

to the palindrome, five flanking nucleotides are required for a stable complex to be 

formed. The sequence of these flanking nucleotides could be altered without any affect 

on binding affinity and we propose that HpNikR makes critical non-specific phosphate 

backbone interactions with these additional flanking residues. Such interactions with the 

DNA phosphate backbone were seen in a recently determined E. coli-NikR-DNA crystal 

structure. 
37

 

By systematically measuring the affinity of HpNikR for each of the genes it 

directly regulates, ureA, nixA, fecA3, frpB4, exbB, nikR and fur OPI and fur OPII we 

sought to define the hierarchical importance of the genes within the HpNikR regulon. We 

determined that HpNikR bound to four sequences, ureA, nixA, fecA3 and frpB4, with 

nanomolar affinity and to four others, exbB, nikR, fur OPI and fur OPII with micromolar 

affinity. We propose that this two-tiered level of recognition can be explained in the 

context of these genes’ physiological roles.  
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2.4.4. Genes tightly recognized by r-HpNikR 

The four genes that HpNikR binds tightly are all involved in nickel uptake and 

processing. One of these genes, ureA, which encodes for the enzyme urease is activated 

by HpNikR. Nickel bound urease functions to convert urea to ammonia and bicarbonate 

which are then released by the cell to neutralize the local microenviroment. 
8, 9

 H. Pylori 

requires high levels of urease to contend with high intracellular nickel concentrations and 

the low pH of its local environment. 
14, 40

  Because HpNikR is an activator of ureA 

transcription, the observed tight binding interaction between HpNikR and ureA is in 

keeping with H. pylori’s requirement of high levels of urease 
19, 20, 23

.   

The remaining three genes that HpNikR binds tightly, nixA, fecA3 and frpB4, are 

all involved in nickel import and are repressed by HpNikR. NixA is an inner membrane 

nickel permease  
8, 15, 24

 and FecA3 and FrpB4 are nickel specific outer membrane 

importers that transport nickel compounds. 
25, 41

 The high affinities of HpNikR for the 

promoters of NixA  FecA3 and FrpB4 are in keeping with the immediate requirement of 

the H. pylori organism to shut off the acquisition of nickel during periods in which levels 

of intracellular nickel are elevated.  

 

2.4.5. Genes weakly recognized by r-HpNikR 

One of the promoters that r-HpNikR binds to weakly, exbB, provides energy for  

Nickel import via the FecA3/FrpB4 as the ExbB-ExbD-TonB (Hp1339-1440-1441) 

protein complex. 
25, 41

 The ExbB-ExbD-TonB protein complex does not function solely to 

supply energy for nickel uptake; for instance, iron import also requires the ExbB2-

ExbD2-TonB energy machinery 
41

 with the iron regulatory protein HpFur controlling  



61 
 

exbB-exbB-tonB transcription. We propose that the weak regulation of exbB-exbD-tonB 

by HpNikR may be due to the dual repressive nature of NikR and Fur at this promoter. It 

would be detrimental to the import of iron if the exbB-exbD-tonB system was too readily 

shut off by the presence of nickel and HpNikR.  

HpNikR also binds weakly to the nikR promoter that encodes for HpNikR. 

HpNikR acts a repressor of this gene. 
12, 19, 20, 22

 Because HpNikR regulates multiple 

genes under normal cellular conditions, we propose that weak repression of nikR by 

HpNikR allows HpNikR to fulfill its large range of functions. There are two previous 

reports of HpNikR binding to its own promoter:  Zamble and co-workers used EMSA 

assays to report that HpNikR binds to its promoter and they noted that that substantially 

higher concentrations of HpNikR are required to elicit DNA binding to the NikR 

promoter when compared to the ureA promoter, suggesting a weaker binding interaction 

for HpNikR and nikR compared to HpNikR and ureA, while Chivers and co-workers 

reported a Kd of 120 nM, for the HpNikR/nikR interaction using gel shift assays. 
20

 The 

discrepancies in the Kd values obtained in these reports may reflect the differences in the 

techniques employed as well as the experimental conditions (which included different 

length DNA fragments and different concentrations of metal ions). Our results favor a 

model, also proposed by Zamble and co-workers, in which the transcription of HpNikR is 

only auto-repressed when intracellular levels of nickel bound HpNikR have reached a 

high concentration threshold where additional levels of HpNikR are no longer necessary.  

We have also determined that HpNikR weakly regulates fur by binding weakly to 

two sites in the promoter: OPI and OPII. 
22

  The transcriptional role of HpNikR at the fur 

promoter is unresolved. The OPI site covers nucleotides -24 to +1 which overlaps the -10 
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hexameric element of the fur promoter suggesting that HpNikR  is a transcriptional 

repressor. 
22

 The OPII site is found well upstream of the transcriptional start, spanning 

nucleotides -122 to -86. 
22

 Typically proteins that bind upstream of the transcription 

machinery are activators that recruit proteins or modulate a repressive nature of the DNA, 

suggesting that HpNikR might be an activator at this site. Chivers and co-workers 

reported a tighter Kd using DNAse footprinting studies, and again the discrepancy may be 

due to differences in technique and conditions. 
20 

 

2.4.6. r-HpNikR requires a secondary metal ion for DNA recognition 

r-HpNikR requires the presence of a second metal ion (Mg, Ca or Mn(II)) in order 

for DNA binding to be observed by fluorescence anisotropy or EMSA 
20, 23

 although not 

by ITC. 
42

 We determined that these metal ions have weak affinities (µM) for r-HpNikR 

in the presence of ureA. Zambelli and co-workers recently reported a low affinity metal 

binding site in r-HpNikR occupied by nickel. 
43

 The affinity of nickel for this low affinity 

site is 500 µM. This affinity is in the same regime as the affinities we measured for Mg, 

Ca and Mn(II) binding to HpNikR and we speculate that all four metal ions may occupy 

the same low affinity site.  

The presence of a high affinity metal binding site and a low affinity metal binding 

site in HpNikR brings up the question of which metal ion controls HpNikR function? The 

total concentrations of the low affinity metal ions in H. pylori are not known; however, 

they can be inferred from levels measured in E. coli where Mg is present at > 10mM, Ca 

~ 0.1 mM and Mn(II) at micromolar. 
18, 44

  Given these concentrations, the low affinity 

sites on HpNikR are likely populated under normal physiological conditions, suggesting 
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that it is nickel availability to bind to the high affinity site that controls HpNikR function. 

The two-tiered binding model that we propose here suggests that total nickel, total 

HpNikR or both total nickel and  total HpNikR fluctuate in the cell to modulate 

regulation. Nickel availability in H. pylori has been shown to control urease and NixA 

expression levels lending support to a model that includes fluctuating nickel levels 

controlling function. 
14, 15, 45

  The variability of HpNikR concentrations in H. pylori have 

not been reported, and work is in progress to measure these concentrations as variability 

in these levels may also drive the two-tiered recognition effect.   

 

2.4.7 The two-tiered mode of DNA recognition exhibited by r-HpNikR 

 From a sequence level, we can draw some distinctions between the tight and 

weak binders. Figure 2.12A shows the promoter sequences tested in this study aligned 

with direct matches to the putative palindrome TATTATT-X11-AATAATA highlighted. 

The absence of a classical symmetric recognition palindrome may help explain why a 

range of binding affinities in observed.  The 1
st
 half-site shows high sequence 

conservation and resembles the proposed consensus sequence. In contrast, the 2
nd

 half-

site shows less sequence conservation and, apart from the ureA operator, very loosely 

resembles the proposed consensus sequence. Figure 2.12B shows the purine (P) and 

pyrimidine (Y) composition of the compiled promoters.  The 1
st
 half-site shows a more 

highly conserved purine and pyrimidine composition than the 2
nd

 half-site.  Based upon 

the greater sequence conservation in the 1
st
 half-site, we propose that sequence elements 

within the 2
nd

 half-site dictate the binding strength of individual promoters as this half-

site has considerable sequence variation. Our experimental evidence that the removal of 
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the second half-site has a greater affect on r-NikR/DNA binding affinity than removal of 

the first supports this hypothesis. We also point out that in the second palindrome, 

Thymine residues in positions 10 and 13 are absolutely conserved among the tight 

binding promoters (ureA, nixA, fecA3, frpB4) but are largely absent from the weak 

binding promoters (nikR and fur) suggesting that thymine residues may be of importance. 

Interestingly, in the X-ray structure of  E. coli NikR bound to nikA, Thymine residues are 

directly involved with interactions with the protein sidechains from residues Arg3 and 

Thr5. 
37

 These residues are conserved in the r-HpNikR sequence (Arg 12 and Ser 14) 

suggesting that r-HpNikR may make similar thymine specific contacts with DNA. As 

EcNikR binds to the nikABCD promoter very tightly with a dissociation constant of 5 ± 1 

nM, it is possible that direct contacts with the Thymine residues gives rise to nanomolar 

binding affinity for NikR proteins.
28

  Work to address the role of specific bases in r-

HpNikR/DNA recognition is ongoing.
46
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PureA-49 (-95 to -47) C T T C A A A G A T A T A A C A C T A A T T C A T T T T A A A T A A T A A T T A G T T A A T G A A

PnixA (-18 to+31) A A C A A A A T A T A T T A C A A T T A C C A A A A A A G T A T T A T T T T T C T T A A A A G G

PfrpB4 (-43 to -8) A C A A A T T T A A G G T A T T A T T A A A T A G A A T A A T G T A A T A A T A A C C T T A G G T

PfecA3 (-7 to + 31) T A A A A T T C C G C A C A T T A T T A A G T T T T T T T T G T T T T T A T T A C T T A A T A A T

PureA-perf (-95 to -47) C T T C A A A G A T A T A T T A T T A A T T C A T T T T A A A T A A T A A T T A G T T A A T G A A

PexbB (-37 to +1) T T A T T G A C T T G T T A T T A T T A A A A C A A T A T A A T C A A C A A A C C A A C A T T C C

PnikR (-27 to +10) A A A T C C A G T T T G T A T T A T A A T T G T T C A T T T T A A A T T A A T T C A A T C A T A C

Pfur-OP I (-24 to +1) T A T G T T T C A T C G C A T T A T T A T T G T A T A A T A A T A T T C T A G T T A T A A A A A T

Pfur-OP II (-122 to -86) A T A A G A A A T T G A T C T T A T A A G T T A C A T T A A A A T G C G A C A A T G G T A A T A A
Consensus: T A T T A T T A A T A A T A

A. 

 

B. 

 

Figure 2.12. An alignment of target HpNikR operator binding sites. (A) The putative 

palindrome regions, based on that determined for the ureA operator, are shown boxed in 

black. Conserved bases are shown shaded in green with the proposed palindrome shown 

below.  Regions within the spacer containing ‘AT tracts’ are shown shaded in light green. 

(B) The purine (P) and pyramidine (Y) composition of the half-sites are shown compiled 

for the target NikR operators 

 

 

 

 

 

 

 

PureA-49 (-95 to -47) Y P P Y P Y Y P P Y P P Y P

PnixA (-18 to+31) Y P Y Y P Y P P P Y P Y Y P

PfrpB4 (-43 to -8) Y P Y Y P Y Y Y P Y P P Y P

PfecA3 (-7 to + 31) Y P Y Y P Y Y P Y Y Y Y Y P

PureA-perf (-95 to -47) Y P Y Y P Y Y P P Y P P Y P

PexbB (-37 to +1) Y P Y Y P Y Y P Y Y P P Y P

PnikR (-27 to +10) Y P Y Y P Y P Y P P P Y Y P

Pfur-OP I (-24 to +1) Y P Y Y P Y Y P Y P Y Y Y Y

Pfur-OP II (-122 to -86) Y Y Y Y P Y P P P Y P Y P P
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Chapter 3 

 

Holo-HpNikR is an asymmetric tetramer containing two different nickel binding 

sites* 

 

3.1 Introduction 

Helicobacter pylori (H. pylori or Hp) is a virulent bacterium that colonizes the highly 

acidic, mucosal layer (or gastric epithelium) of the human stomach, causing gastritis and 

in some cases gastric cancer.
1-4

 H. pylori infection constitutes a significant public health 

threat with more than half of the world's population infected. There is an urgent need for 

the development of novel anti-Helicobacter agents.
5
 H. pylori are among a select number 

of bacteria that are able to survive in the highly acidic environment of the gastric 

epithelium. The pH of the gastric epithelium ranges from 4 to 6.5 with periodic acid 

shocks of pH < 2.
6
 

* This work is published in J. Am. Chem. Soc. West A.L., St. John F., Lopes P., MacKerell A., Pozharski E., Michel S. 
L. J. (2010) Holo-Ni(II) HpNikR is an asymmetric tetramer containing two different nickel binding sites. J. Am. Chem. Soc. 

132(41), 14447-56. Abby’s role was in preparing protein and conducting the associated Ni(II) and DNA binding 

studies. Prof. Pozharski and Dr. St. John solved the crystal structures while Prof. MacKerell and Dr. Lopes conducted 

the DFT calculations.   
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3.1.1 H. pylori survival under acidic conditions 

 One feature that enables H. pylori to survive under acidic conditions is that it 

releases large quantities of ammonia to neutralize its immediate environment.
6, 7

 Much of 

this ammonia is produced by urease, which is a nickel dependent enzyme that converts 

urea to ammonia and bicarbonate.
7, 8

 H. pylori contains high levels of urease (~10% of 

total protein content) and the metalloregulatory protein NikR regulates its expression.
7, 9, 

10
 HpNikR activates the transcription of urease in response to nickel by binding to a 

specific region of the promoter of ureA that encodes for urease.
11-14

 In addition to 

regulating urease production, HpNikR regulates the transcription of a large number of 

genes either directly or indirectly.
15

 The genes for which direct regulation have been 

established contain variable recognition sequences;
11-14, 16

 and the physical basis for DNA 

recognition and discrimination by HpNikR is currently unresolved. 

 

3.1.2 Homologues of HpNikR 

 HpNikR has homologs in both Gram-negative and Gram-positive bacteria.
17

 The 

best studied homolog of NikR is from E. coli, EcNikR,
18, 19

 which has low sequence 

similarity with HpNikR (21% identity and 54% homology). Unlike HpNikR, which 

regulates multiple genes as either an activator or a repressor,
20

 EcNikR appears to 

regulate a single gene as a repressor.
21

 Several crystal structures of EcNikR have been 

reported. 
22-24

 These structures revealed that EcNikR folds as a symmetrical tetramer with 

a central tetrameric metal binding domain (MBD) flanked by two dimeric DNA binding 

domains (DBD). Nickel binds to the metal binding domains via three ligands from one 

monomer (His2Cys) and one ligand from another monomer (His) in a 4-coordinate square 
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planar geometry.
22-24

 The four nickel ions each occupy the analogous site on each 

monomer. Structures of NikR from Pyrococcus horikoshii have also been reported, and 

again the protein is a symmetrical tetramer with four nickel ions per tetramer in a square 

planar geometry.
25

 The histidine and cysteine ligands that bind nickel in E. coli NikR and 

P. horikoshii NikR are conserved in H. pylori NikR, thus it was presumed that HpNikR 

would also bind four nickel ions at four identical square planar sites.  

 

3.1.3 Previous X-ray crystallography structures of HpNikR 

There are no reported structures of holo-HpNikR, although there are two crystal 

structures of nickel bound to HpNikR that were generated by soaking excess nickel (20 – 

100 mM) into crystals of apo-HpNikR.
26

  In one of these structures, named Ni1-HpNikR 

(PDB code 2CAD), three nickel sites are observed with six nickel atoms per HpNikR 

tetramer. One of the sites is the predicted square planar site called final (“F”), the second 

is a novel octahedral nickel site that is thought to be an intermediate nickel binding site 

(“I”) and the third is another novel octahedral site, referred to as an external binding site 

(“X”), made up of ligands from the protein and citrate from the crystallization conditions. 

In the second structure, Ni2-HpNikR (pdb code 2CAJ) nickel is bound at a site between 

the “I” and the “X’ sites of Ni1-HpNikR with just two histidine ligands. Because these 

two structures were generated by soaking apo-HpNikR with excess nickel, the 

unexpected nickel sites were proposed to represent ‘snapshots’ of nickel incorporation 

serving as sites for nickel to bind enroute to its final holo-HpNikR state. The true holo-

HpNikR structure was predicted to house a total of four nickel ions in square planar 

coordination geometry at identical sites.  
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3.1.4 Novel X-ray crystallography structure of holo-HpNikR 

In the present chapter we report the 2.37 Å resolution crystal structure of holo-

HpNikR.  This work was part of a collaborative effort that stemmed from studies initiated 

in the Michel lab to understand the unique structure/function properties of HpNikR. The 

collaborative effort involved Prof. Ed Pozharski (UMB), Prof. Alex MacKerell (UMB), 

Dr. Franz St. John (UMB) and Dr. Pedro Lopes (UMB). Abby’s role was in preparing 

protein and conducting the associated Ni(II) and DNA binding studies. Prof. Pozharski 

and Dr. St. John solved the crystal structures while Prof. MacKerell and Dr. Lopes 

conducted the DFT calculations. These data were then analyzed collectively and 

interpreted. While initial crystallization efforts targeted the holo-HpNikR/DNA complex 

structure, we obtained a crystal structure of holo-HpNikR in the absence of DNA.  While 

unexpected, this structure allowed us to test the hypothesis that holo-HpNikR, like its 

homologs in E. coli and P. horikoshii, contains four square planar nickel sites.  

Surprisingly, the structure does not contain nickel bound to four identical square planar 

nickel sites as predicted. Instead, the protein has only two of the nickel ions bound to the 

predicted square planar coordination sites. The additional two nickel ions, while bound in 

the vicinity of the two remaining predicted sites, assume a 5 and 6-coordinate geometry.  

These nickels are in locations analogous to site “I” in the Ni1HpNikR structure and are 

coordinated to three histidine ligands and two water molecules forming a square 

pyramidal geometry in one case and to three histidine ligands and three water molecules 

forming an octahedral geometry in the other case, respectively. When nickel is bound to 

these sites in either the 5 or 6-coordinate geometry, it is in a location that is 

approximately 5 Å removed from where the nickel is predicted to be located if bound in a 
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square planar geometry.  To verify the geometry and investigate the energetics of the 

nickel sites, we have performed Density Functional Theory (DFT) calculations. Based on 

this combination of experimental and computational methods it is shown that two of the 

four nickel ions found in holo-HpNikR bind in either 5 or 6 coordination geometries, in 

locations adjacent to but distinct from the predicted square planar site; in the remainder of 

this manuscript these two sites when discussed collectively will be referred to as the 5/6 

site.  The implications of the presence of two of the bound nickels in 5 or 6 coordinate 

geometries in addition to the two nickels in the 4-coordinate geometry on HpNikR’s 

propensity to recognize multiple, different DNA sequences are discussed.  

 

3.2 Materials and methods 

3.2.1 Holo-HpNikR overexpression and purification 

A pET15b construct containing HpNikR was transformed into E. coli BL21(DE3) 

cells and grown in LB medium containing 100 μg/ml ampicillin.
13

 Purification of holo-

HpNikR was carried out using a nickel-loaded 5 mL Hitrap-HP (Amersham) affinity 

column followed by further purification using a Hitrap Q-Sepharose (Amersham) 

column.  Holo-HpNikR was exchanged into final buffer (20mM HEPES, 100mM NaCl 

pH 8.0) and concentrated to 10 mg/mL for initial crystal screening. HpNikR as isolated 

was tested for metal content with Inductively Coupled Plasma Mass Spectroscopy (ICP-

MS) and found to contain 4 nickel ions/tetramer. An oligonucleotides with the sequence, 

5'- AATATAACACTAATTCATTTTAAATAATAATTAG-3' and its reverse 

complement were purchased from Integrated DNA Technologies (IDT) in the desalted 

form and used in crystallization trials. The oligonucleotides were purified by reverse 
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phase HPLC (Waters) using a Symmetry 300 C18 column and applying a linear gradient. 

Purified DNA was lyophilized, resuspended in 20mM HEPES, 100mM NaCl pH 7.5 and 

annealed at 95°C.  

 

3.2.2 Fluorescence anisotropy to verify DNA binding 

To confirm that holo-HpNikR bound DNA, a fluorescence anisotropy titration of 

the protein with PureA (which corresponds to the ureA promoter)  was performed. A 10 nM 

solution of fluorescently labeled DNA (PureA-F – 5’-CTTCAAGATATA 

ACACTAATT[F}CATTTTAAATAATAATTAGTTAATGAA-3’) in 20 mM HEPES, 

100 mM NaCl, and 20 mM glycine  (pH 7.5) was added to a 0.5 cm PL Spectrosil far-UV 

quartz window fluorescence cuvette (Starna Cells) pretreated with 5mM BSA to prevent 

adherence of either the protein or DNA to the cuvette walls. The anisotropy, r, of the free 

DNA oligonucleotide was measured. Holo-HpNikR (4 µM) was titrated and the change 

in anisotropy measured. Data was fit to a 1:1 binding equilibrium as previously 

reported.
14

  

 

3.2.3 Initial crystal screening 

Crystal screens were performed using 96-well sitting drop crystallization trays 

(Art Robbins Instruments, Sunnyvale, California, USA) with the OryxNano 

crystallization robot (Douglas Instruments Ltd, Berkshire, UK) at the X-ray 

Crystallography Core Facility at the University of Maryland, Baltimore by Dr. Franz St. 

John.  Crystallization drops were set as 50% protein/DNA (protein:DNA 1:1.2 

equivalents) to an initial drop volume of 1.4 µl.  A crystal was obtained in condition No. 
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5 of the NeXtal Nucleix Suite (0.05 M MES, 0.2M potassium chloride, 0.01 M 

magnesium sulfate and 5% PEG 8000, pH 5.6) after 4 days of incubation at 21.5°C.   

This crystal was cryoprotected in mother liquor supplemented with 12% glycerol and 

flash cooled in liquid nitrogen prior to data collection. 

 

3.2.4 Data collection, processing and model building 

X-ray diffraction data were collected remotely at the Stanford Synchrotron 

Radiation Lightsource (SSRL,  beamline 12-2).  Data processing was done with 

DENZO/SCALEPACK.
27

  The structure was solved by molecular replacement using the 

nickel binding and DNA binding domains as separate models
26

 (PDB ID 2CA9) by Dr. 

Franz St John and Prof. Ed Pozharski.  PHASER
28

  was used for molecular replacement 

in CCP4.
29, 30

 No DNA was found in the asymmetric unit, which contains four metal 

binding domains and only two DNA binding domains.  Iterative model building was 

performed using Coot for manual model building
31

 with REFMAC for restrained 

refinement.
32, 33

  Tight NCS restraints were applied between identical monomers in the 

nickel binding domain core tetramer.  Final rounds of refinement included NCS with 

TLS/restrained refinement.
34-38

 Anomalous scattering was performed on a holo-HpNikR 

crystal in order to confirm the presence of nickel. Distance restraints were applied for 

nickel coordinating side chains and waters. Anisotropic temperature factors were refined 

for nickel ions with the rest of the model treated isotropically. Figures were generated 

using PyMOL (www.pymol.org). 

During the refinement of the structure, it was observed that DNA was absent in 

the crystal.  In addition, it appeared that the cleavage of the protein may have occurred.  
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This was confirmed by N-terminal sequencing of a protein/DNA solution that had been 

used to grow crystals, which revealed that the protein had been cleaved between residues 

Trp54 and Ala55 Trp54 is at the interface of the DNA binding domain and the metal 

binding domain.    

 

3.2.5 Density functional theory (DFT) calculations 

DFT calculations were conducted by Dr. Pedro Lopes and Prof. Alex MacKerell. 

Model complexes representative of the coordination modes of the nickel atoms in 

HpNikR were used to study the electronic and geometric structures of the experimentally 

determined 5 and 6 coordinate metal sites as well as the 4-coordinate sites. Large clusters 

obtained from the crystallographic coordinates included all coordinating residues, 

neighboring residues with a structural role in defining the coordination geometries, for 

example Gln87, and all residues connecting them as well as the two or three water 

molecules directly coordinated to the metal when present. Residues that do not play a 

direct structural role at the nickel centers were modeled as glycines. Anchor atoms were 

selected and kept frozen during the minimization of the geometries of the large clusters to 

mimic the structural impact of the protein on the residues adjacent to the nickel ions. 

These atoms were either the carbonyl C or N of the protein backbone or the terminal –

COO
-
 and –NH3

+
 groups, respectively. The use of large clusters allows inclusion of the 

effects of the protein medium in the calculations in a more rigorous way. This comes with 

the penalty of additional computational cost since the size of largest model is 193 atoms.  

Smaller complexes of the 5 and 6 coordinated Ni(II) centers consisting of nickel and just 
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the coordinating ligands: two or three waters and three imidazole rings (to represent 

histidine) were also optimized to study the electronic structures. 

  NWChem Version 5.1.1, as developed and distributed by Pacific Northwest 

National Laboratory, P. O. Box 999, Richland, Washington 99352 USA, and funded by 

the U. S. Department of Energy, was used to obtain the computational results.
39, 40

 All 

calculations were based on Density Functional theory (DFT)
41-43

 and employed the 

B3LYP (Becke 3-parameter, Lee, Yang and Parr, exchange-correlation) hybrid 

functional
44-46

 with the LANL2TZ basis set which includes effective core potentials for 

Ni
47

 and the 6-31G* and 3-21G basis sets for the lighter atoms (H, C, N, O, S).
48-51

  In the 

smaller model complexes, all lighter atoms were described by the 6-31G* basis set. In the 

large clusters only atoms coordinating Ni or participating in hydrogen bonds with 

coordinating ligands were described by the 6-31G* basis, the remaining being described 

by the 3-21G basis. All structures were fully geometry optimized at the B3LYP level of 

theory until convergence to a root-mean-square value of the energy gradient and nuclear 

step of 4.5x10
-4

 hartree/bohr and 1.8x10
-3

 bohr, respectively. Contour plots were made 

with gOpenMol 3.00 (gOpenMol can be downloaded from 

http://www.csc.fi/english/pages/g0penMol
 
) and optimized geometries were plotted using 

a version of Ortep-3 for Microsoft Windows.
52

  VMD was used to plot structures of the 

large models superimposed on the protein.
53
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3.3 Results and discussion 

3.3.1 Overall structure 

Crystal trays were set up with holo-HpNikR and PureA DNA in a 1:1.2 ratio.  The 

crystals that formed were found to contain just the protein (Figure 3.1).  A similar result 

was reported by O’Halloran and Mondragon when they sought to obtain crystals of the 

zinc metalloregulators CueR and ZntR in complex with their DNA partners.
54

  The 

structure of holo-HpNikR was determined at 2.37Å resolution, and data processing and 

refinement statistics are shown in Table 1. The asymmetric unit (Figure 3.2) contained 

four NikR monomers, two of which were missing the N-terminal fragment that forms the 

DNA binding domains (DBD).  The metal binding domain (MBD) is of ferrodoxin like 

() fold and the DBD may be described as a ribbon helix helix fold.
21, 23, 26, 55

  

 

3.3.2 Domain swapping 

The unit cell contained density for a tetrameric metal binding subunit but only two 

of the four DNA binding domains, which was unexpected. The two missing DNA 

binding domains had been cleaved during crystallization.  A complete tetrameric 

structure is observed due to domain swapping of the DNA binding domains between 

adjacent unit cells.  The tetrameric structure is seen by taking two MBDs from one 

asymmetric unit and two MBDs from the adjacent unit cell with two symmetrical faces of 

the DBDs that make identical contacts with respective MBDs. This strings together unit 

cells throughout the crystal yielding the pseudo tetrameric structures (Figure 3.3).  The 

domain swapping does not appear to affect the structure of the metal binding domains as 

we observe low RMSDs (< 1.3 Å for Cα atoms) with respect to the MBDs of  
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previously reported apo-HpNikR structures. In addition, we have recently solved the X-

ray structure of just the metal binding domain of holo-HpNikR (data not shown) to 3.1 Å 

resolution. From this structure, we are able to determine that the metal binding domains 

and the nickel sites are identical to those in the crystal structure of holo-HpNikR that we 

report here.  

 

 

 

 

Figure 3.1.   Ribbon diagram of holo-HpNikR tetramer with the metal binding domains 

(MBD) colored red and the DNA binding domains (DBD) colored blue (dark blue DBD 

from one asymmetric unit and teal blue from a second asymmetric unit). PDB: 3LGH. 

The  4-coordinate, square planar nickel atoms are colored dark green and labeled Ni1 and 

Ni2. The 5/6-coordinate nickel atoms colored light green and labeled Ni3 for the 6-

coordinate site and Ni4 for the 5-coordinate site. The locations of the sites named “I’ and 

“X” are indicated by arrows.  
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Table 3.1. Data collection and model refinement statistics 

 

Data Collection and Model Refinement Statistics

Parameter HpNikR PDB code 3LGH

Data collection

Wavelength 0.97946

Space group P212121

Unit-cell a(Ǻ), b(Ǻ), c(Ǻ) 89.5, 105.1, 48.2

Resolution range (Å) 50.0 - 2.37

Redundancy 4.3 (1.8)

No. of unique reflections 16660 (1,316)

Rmerge/Rpim (%)61-62 18.6/9.4

Completeness (%) 90.5 (73.6)

Mean [I/σI] 7.0 (1.0)

Matthews coefficient 2.22

Refinement statistics

Resolution range 39.3 – 2.37

No. of reflections 16595

Rcryst/ Rwork (%)61,62 27.1/ 26.8

Rfree (No. of reflections) 31.8 (857)

No. of protein atoms 3472

No. of water molecules 62

Average Bf (Ǻ) 42.8

Ramachandran statistics

Favored (%) 95.7

Outliers (%) 0.9

RMSD from Ideality

Bond lengths (Ǻ) 0.011

Bond angles (deg.) 1.326
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Figure 3.2 Asymmetric unit of holo-HpNikR. Only the symmetry mates completing the 

MBDs are shown.  

 

 

 

 

 

 

 

 

 

Figure 3.3 Structure of holo-HpNikR showing domain swapping phenomenon at the 

DBD.  All figures were prepared using PyMol. 
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3.3.3 Ni(II) binding sites 

In the presence of four ligands, Ni(II) preferentially adopts a square planar 

coordination geometry while most other divalent metal ions adopt a tetrahedral 

geometry.
56

 The presence of four sets of ligands available to bind nickel in a square 

planar geometry in the apo-HpNikR structure and the observation that nickel is bound to 

all four of these sets of ligands in a square planar geometry in the structures of holo-

EcNikR and holo-PhNikR, led us to predict that holo-HpNikR would also house four 

nickel ions in four square planar sites. Surprisingly, we found that holo-HpNikR is a 

heterotetramer with two unique classes of nickel sites.  Nickels Ni1 and Ni2 are found in 

square planar sites (Figure 3.4), consistent with that seen in the E. coli and P. horikoshii 

structures. Each nickel ion (Ni1 and Ni2) is ligated to His99, His101 and Cys107 from 

one MBD and His88 from a second MBD, as expected.  

The remaining two nickel ions (Ni3 and Ni4) present in the holo-HpNikR 

structure are coordinated to three histidine residues (His 74 and His 101 from one MBD 

and His 88 from the second MBD) as well as 2 or 3 water molecules making a 

pentacoordinate, square pyramidal geometry in one case (Ni3) and an hexacoordinate, 

octahedral geometry (Ni4) in the other case (Figure 3.5 and 3.6, respectively).  This 

second site is analogous the site that was named “I” for intermediate in the nickel soaked 

structure, Ni1-HpNikR.(9) The second site has two ligands, His 101 and His 88, in 

common with the anticipated square planar geometry making it prohibitive for two nickel 

ions to simultaneously participate in the two coordination geometries at this second class 

of sites (Figure 3.7).  
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Figure 3.4.  Representation of the square planar nickel site in holo-HpNikR   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Representation of the 5-coordinate nickel site in holo-HpNikR. The electron 

density (mFo-DFc contoured at 3σ) around the water molecules is shown. 
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Figure 3.6.  Representation of the 6-coordinate nickel site in holo-HpNikR.  The electron 

density (mFo-DFc contoured at 3σ) around the water molecules is shown. 

 

Inspection of the apo-HpNikR structure indicates that the ligands that coordinate nickel at 

the 5/6 coordinate sites are pre-organized, which may facilitate binding in this geometry. 

 

3.3.4 Hydrogen bonding interactions 

One of the water molecules at each of the 5/6 coordinate sites is stabilized by a 

hydrogen-bonding interaction with Gln87 (Figure 3.5 and 3.6), also seen in the “I” site 

of the nickel soaked apo-HpNikR protein, Ni1-HpNikR
26

 which DFT calculations 

(described below) posit as important for stabilizing the nickel-aquo bond.   These 

interactions appear to lead to two of the Ni(II) binding sites assuming the unexpected 5 or 

6 coordination geometries.   Ligation in either of these geometries locates the nickel 
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approximately 5 Å from its position if ligated in the anticipated square planar geometry. 

While this result was unanticipated the presence of different metal sites in families of 

metallotranscription factors is not without precedent. For example, Glasfeld and co-

workers recently reported a novel metal site in ScaR, a member of the DtxR/MntR family 

of metalloregulators.
57

   

Hydrogen bonding between the occupied 5/6-coordinate sites and the occupied 4-

coordinate sites in H. pylori NikR is limited. This contrasts E. coli NikR where an 

extensive hydrogen bonding network linking two individual square planar sites was 

mapped out by Drennan and co-workers.
23

  The E. coli NikR hydrogen bonding network 

is composed of a Glu97, Gln75 and Tyr58 (Glu109, Gln87 and Val70 in HpNikR). 

Replacement of the tyrosine involved in EcNikR hydrogen bonding by valine in HpNikR 

disrupts the hydrogen bonding between the two sites.  

 

Figure 3.7. Comparison of 4- and 6-coordinate nickel binding sites.  The structures were 

superimposed by aligning the beta-strands which contain Cys107. Residues forming the 

6-coordinate site are transparent in the left panel and those forming the 4-coordinate site 

are transparent in the right panel. 
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3.3.5 Relationship between coordination chemistry and method used to generate 

crystals 

The two previously reported structures of HpNikR were generated by soaking 

apo- HpNikR crystals with excess nickel sulfate or nickel chloride (20-100 millimolar).
26

  

In these structures, nickel is found bound in multiple sites including the 5/6 coordinate 

site, in addition to the square planar sites and neither of the structures has four 4-

coordinate sites.
26

 Because the structures were generated by soaking apo-HpNikR that 

was already crystallized with excess Ni(II), it was thought that the structures did not 

represent the ground state associated with the ‘holo’ form of NikR. However, as we 

report here, holo-HpNikR does not contain four 4-coordinate sites but rather two 4-

coordinate sites and two 5/6 coordinate sites, with the latter two sites lying approximately 

5 Å from what would correspond to the 4-coordinate ligation geometry. Because this 

structure was obtained directly from holo-HpNikR, it is more likely representative of the 

conformation of the holo form of the protein. Thus, we propose that holo-HpNikR in the 

absence of DNA contains two distinct and stable classes of high affinity sites – the 

expected square planar sites and the unanticipated 5/6 coordinate sites. 

 

3.3.6 Comparison to isothermal titration calorimetry data 

There is solution-based evidence to support the presence of two different high-

affinity nickel binding sites in HpNikR. Ciurli, Scarlato and co-workers used Isothermal 

Titration Calorimetry (ITC) to measure nickel binding to apo-HpNikR and reported that 

two of the nickel ions bound with 12 nM affinity and the remaining two nickel ions 

bound with 125 nM affinity at pH 7.0.
58

 We note that Zamble and co-workers used a 
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competitive titration with EGTA and UV visible spectroscopy to measure nickel affinity 

for HpNikR and only observed one high affinity site (pM binding).
11

 Ciurli, Scarlato and 

co-workers argue that the EGTA approach yields inaccurate binding constants because 

EGTA can form polynuclear complexes with Ni(II) and suggest that the binding affinities 

determined from the direct titration with Ni(II) using ITC are more accurate.
58

   

 

3.3.7 Role of pH  in nickel binding stoichiometry 

The structures of EcNikR have all been reported at pH 7.5-8.5, whereas the 

structure that we report here was determined at pH 5.6. To determine whether the pH 

affected the nickel sites in HpNikR, titrations of Ni(II) with apo-HpNikR at a range of 

pH’s were performed (pH 5.6, 6.5, 7.5, 8.5). The spectra all exhibited an absorbance 

maximum at 304 nm which saturated upon addition of 1 nickel ion/HpNikR (4 nickel 

ions/tetramer). An overlay of the titrations is shown in Figure 3.8. An overlay of the 

absorbance spectra at all four pH values as a function of extinction coefficient shows no 

differences in the spectra as a function of pH as shown in Figure 3.9. This suggests that 

the nickel sites are not affected by pH in HpNikR. Zamble and co-workers and Michaud-

Soret and co-workers have also reported that they do not observe any changes in nickel 

stoichiometry and extinction coefficient of HpNikR over a similar range of pH.
9, 11, 59

 

Interestingly, Michaud-Soret and co-workers do observe a pH dependence on nickel 

binding for E. coli NikR suggesting that E. coli NikR may be more sensitive to pH.
59
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Figure 3.8.  Plot of the absorption spectrum at 304 nm of HpNikR (45 µM) as a function 

of added Ni(II) at pH 5.6 (●), pH 6.5 (), pH 7.5 (), pH 8.5 (). Saturation occurs at 1 

equivalent of Ni(II) per monomer. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9.  Overlay of the difference UV visible spectra of holo-HpNikR at pH 5.6 

(solid line), pH 6.5 (long dashed line), pH 7.5 (medium dashed line), pH 8.5 (short 

dashed line). Conditions [45 µM HpNikR in 20 mM phosphate, (20 mM glycine at pH 

5.6)] 
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3.3.8 Role of Tryptophan (W54) in Locking the DBD.   

The two DNA binding domains are oriented in a ‘trans’ conformation relative to 

the MBD in the holo-HpNikR structure (Figure 3.10).  Close inspection of the interface 

reveals that Trp54, which is part of the DBD, lies in a pocket that is stabilized by two 

lysine residues (Lys64 and Lys140) in the MBD (Figure 3.10 and 3.11). Due to domain 

swapping in the holo-HpNikR structure both Trp54 residues from the DBD are located in 

pockets formed by Lys64/Lys140. We propose that the tryptophan serves to orient the 

DNA binding domain perpendicular to the MBD. We also speculate that the tryptophan 

may play a role in directing the DNA binding domain to the correct orientation to 

recognize its partner DNA.  This tryptophan is not conserved in E. coli NikR and the 

structures of E. coli NikR all have the DNA binding domains in a linear conformation 

relative to the MBD.
24

 P. horikoshii NikR contains this tryptophan, but the protein’s 

DNA targets are not known limiting any comparison.
25 

 

3.3.9 DFT calculations of the nickel sites 

Density functional calculations were performed on the nickel sites of holo-HpNikR using 

models of the active site to understand the geometries observed in the crystal structures.  

Ni(II) can form complexes with coordination numbers ranging from 3 to 6.
56, 60

 

Qualitative rationalization of the geometrical preferences of these complexes can be 

made with the help of the molecular orbital (MO) interaction diagram in Figure 3.12. 

Square-planar coordination is a consequence of the d
8
 configuration, since the D4h ligand 

field causes one of the d orbitals, b1g (x
2

-y
2
), to be high in energy while another d orbital, 

a1g (z
2
) lowers its energy and approaches the non-bonding manifold, eg+b2g (xy, xz, yz).  
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Figure 3.10. Representation of the protein backbone highlighting Trp 54 involved in the 

stacking interaction with Lys 64 and 140 at the pocket formed at the interface of the 

MBD and DBD. 
 

Figure 3.11.  Trp54 from the DBD is stabilized by a stacking interaction with Lys64 and 

Lys140.   
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Eight electrons can occupy the b2g, eg and a1g orbitals thus originating diamagnetic 

complexes. 

This is illustrated in the rightmost part of Figure 3.12. Ni(II) can also form 5 and 

6 coordination complexes as illustrated in the central and left and panels of Figure 3.12, 

respectively. If the separation between the eg and t2g orbitals is small, the energy gained 

from forming a triplet state from additional ligands compensates orbital destabilization 

penalties, leading to 6-coordinate paramagnetic complexes. In 5-coordinated C4v systems 

the (x
2

-y
2
) and (z

2
) orbitals are no longer degenerate; however due to the electron-electron 

repulsion contribution the triplet state will become the ground state, such that the 

complex is also paramagnetic.  Accordingly, both the 5- and 6-coordinate geometries 

were treated as paramagnetic species in the QM calculations; attempts to optimize both 

complexes as singlets lead to dissociation of the axial ligands. 

 

3.3.10 Description of geometries and electronic structure of computed DFT 

geometries. 

The computed DFT geometries are summarized in Table 3.2 and illustrated in Figures 

3.13 and 3.14.  Figure 3.13 shows details of the coordination around the nickel centers. 

Relevant hydrogen bond interactions involving nickel ligands and neighboring groups are 

included while atoms comprising the backbone atoms included in the model are omitted 

for clarity. 

Figure 3.12. Qualitative representation of the frontier orbitals of ideal octahedral (Oh), 

square-pyramidal (C4v) and square-planar (D4h) complexes. The electron configurations 

correspond to a d
8
 metal center. For the square-pyramidal complex the ground state is 

represented as the triplet state, the preferred state when the contribution of the electron-

electron repulsion overcomes the energy gap of the a1 and b1 orbitals. 
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These atoms are included in Figure 3.14, which also compares the x-ray 

experimental and the optimized model cluster structures. A ribbon representation of the 

local protein backbone is included to help to understand how the model clusters were 

defined.  In all cases the coordination is well maintained, though shifts in the 

coordination spheres, presumably associated with the omission of much of the protein, as 

described below, are evident.  While differences in the structures do exist, as elaborated 

below, the ability of the DFT calculations to yield coordination geometries consistent 

with those observed experimentally further validates our crystallographic results. 

Optimization of the 6-coordinate large cluster resulted in geometries that differ 

from the experimental structure (Table 3.2). Hexa coordination around nickel was only 

possible when the complexes were optimized in their corresponding triplet spin-states.  
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 6-Coordinated (Ni3) 5-Coordinated (Ni4) 

 Model complex Exper. Model complex Exper. 

Ni-Oeq 2.12 2.1 2.11 2.1 

Ni-Oax 2.14 2.1 2.07 2.1 

Ni-Oax,2 2.22 2.1 NA NA 

Ni-N1 2.14 2.1 2.08 2.1 

Ni-N2 2.12 2.1 2.15 2.1 

Ni-N3 2.13 2.1 2.01 2.1 

Oeq-O1 2.59 2.5 2.64 3.2 

Oeq-O2 NA NA 2.81 2.6 

O1-O3 NA NA 2.53 3.3 

Oax- Ni- Oax,2 171.69 175.05 NA NA 

Oax- Ni- Oeq 92.29 (79.84) 82 (93) 95.03 71 

Oax- Ni- N1 86.72 (89.42) 94 (87) 96.05 79 

Oax- Ni- N2 95.84 (92.02) 89 (96) 92.78 102 

Oax- Ni- N3 88.40 (94.35) 92 (87 95.82 91 

 

 4-Coordinated (Ni1) 4-Coordinated (Ni2) 

 Model complex Exper. Model complex Exper. 

Ni-S 2.25 2.3 2.26 2.3 

Ni-N1 1.91 2.1 1.97 2.1 

Ni-N2 2.00 2.1 2.00 2.1 

Ni-N3 1.95 2.1 1.92 2.1 

 

Table 3.2. Selected bond distances and angles for the DFT optimized complexes and 

experimental x-ray structure. Bond distances are in Å and bond angles in degrees. 
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Figure 3.13. Optimized coordination geometries with hexa, penta and tetra coordination 

extracted from the large cluster optimized structures. (A) is the 6-coordinated  large 

cluster (Ni3); (B) is the 5-coordinated large cluster (Ni4); (C) and (D) are the 4-

coordinated large clusters, Ni2 and Ni1 respectively. Numbers are used throughout the 

text for referencing relevant atoms. 

 

The Ni-O bond distances are consistently longer in the optimized model complex 

compared to the experimental data and no trends among the Ni-O distances are observed 

in either structure. The differences between the computed and experimental structures can 

be attributed to the omission of electronic effects of neighboring moieties on the water 

ligands associated with interactions not accounted for in the computational model 

including (1) the omission of side chains and (2) the Ni(II) sites being located on the 

protein surface. A more complete study of these effects is beyond the scope of the present 

work. On the other hand the Ni-N distances show better agreement, and the trend among 

the Ni-N distances observed experimentally are reproduced in the computational model.   

 



96 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Illustration of the large clusters alone (top) alone (top) and superimposed on 

the experimental protein structure (bottom). Optimized clusters are represented in red and 

the original coordinates (x-ray) are in blue. Arrows indicate atoms that were kept frozen 

during the geometry optimization.  
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This better agreement may result, in part, from the geometrical constraints imposed by 

the protein. Frontier orbitals that include metallic character for the optimized small model 

complexes for the 5- and 6-coordinate geometries are shown in Figure 3.15.  For the 6-

coordinate complex the frontier orbitals are from the optimized small complex where a 

plane of symmetry was maintained to mimic the large cluster. The computed frontier 

orbitals closely resemble the qualitative MO interpretation for a six-coordinate nickel site 

(Figure 3.12). Some orbital mixing is visible, particularly for the orbitals (eg. 1a’ and 

2a’) corresponding to the t2g set of an ideal complex with s-donor ligands only. The 

mixing occurs in both the alpha and beta sets, and involves mostly the xz orbital of nickel 

and a p orbital of the equatorial water oxygen. Orbitals 1a’ and 2a’ are the resulting 

bonding and anti-bonding combinations. Orbitals mix more in the beta set but the pattern 

is similar to the alpha set. The 6-coordinated Ni(II) complexes are stable, despite the d
8
 

configuration, because the  splitting of the eg and t2g orbitals is relatively small;  the 

energy difference between the 3a’ and 4a’ (eg) orbitals and the highest energy orbital of 

the t2g set, 2a’, being 1.3 eV. Inspection of the plot of the spin density for the  Other 

structural features are similar for the calculated and experimental geometries in both the 5 

and 6-coordinate complexes. For example, the Oax-Ni-Oax,2 angle deviates from 180°, 

being approximately 172˚ and 175°, for the computed and experimental structures.  

The positioning of the oxygen atoms participation in the hydrogen bonding 

network with the equatorial water differs significantly in the two structures. 

6-coordinated complex in Figure 3.16A confirms single occupation of the x
2

-y
2
 and z

2
 

orbitals. 
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Figure 3.15. Illustration of the frontier orbitals of the hexa (A) and penta-coordinated (B) 

small complexes of Ni. A mirror plane was used during the optimization of the hexa-

coordinated model and no-symmetry was used in the optimization of the 

pentacoordinated model. 

 

 

 

 

 

 

 

Figure 3.16. Spin-density of the small model complexes: (A) is for the 6-coordinated 

complex and (B) is for the 5-coordinated complex.  

 

 

(A) (B)
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The minimized structure of the 5-coordinated large cluster shows good agreement 

between the computed and crystal structures around Ni(II) (Table 3.2).  The Ni-N and 

Ni-O bond separations follow the same trend in both structures, the biggest difference 

being 0.04 Å. In the QM model there are significant out-of-plane distortions as measured 

by the O, Ni and the equatorial ligand angles (Table 3.2), with those distortions being 

more pronounced in the  

Interpretation of the electronic structure of the 5-coordinated model (Figure 

3.15B) closely follows the arguments used in the case of 6-coordinated complexes. 

Interestingly, symmetry could not be used during optimization of the small model 

complex. All attempts resulted in a 4-coordinated complex of pseudo-tetrahedral 

geometry and loss of one of the water ligands. The consequence of the lack of symmetry 

is more orbital mixing. In Figure 3.15B, only MOs with a clear metallic character are 

shown. Increasing in energy are z
2
 and x

2
-y

2
 in both the alpha and beta sets and xz, xy in 

the alpha set alone. All others are heavily mixed and cannot be easily assigned. 

Interesting is the nature of the two topmost orbitals of the alpha set, 7a and 8a. They are 

derived from the z
2
 and x

2
-y

2
 orbitals of Ni and correspond to the 3a’ and 4a’ of the 6-

coordinated model. It is relevant to note that orbital 7a of the square base pyramid 

complex has a lower energy than the equivalent orbital of the octahedral complex, 3a’, 

their respective energies being -15.63 and -14.55 eV. The energy of the x
2
-y

2
 derived 

orbital is almost the same, -13.79 and -13.47 eV for the 5 and 6-coordinated complexes. 

This agrees with the qualitative MO picture of Figure 3.12. The spin density shown in 

Figure 3.16B confirms single occupation of the x
2

-y
2
 and z

2
 orbitals. 
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Geometry optimizations of both 4-coordinated Ni centers were performed by 

enforcing a singlet ground state. The optimized geometries maintained the square-planar 

geometry around both Ni sites (Figure 3.13C and 3.13D). Distortion of the optimized 

clusters relative to the experimental geometries is smaller than with the 5 and 6-

coordinated centers (Figure 3.14). The geometrical parameters shown in Table 3.2 are 

very similar for both nickel centers. Compared to the higher coordination complexes, Ni-

N bonds are considerably shorter. There is also a clear trend with Ni-N2 (opposite to the 

Ni-S bond) which is considerably longer than Ni-N1 and Ni-N3.  

 

3.3.11 Mechanistic implications 

HpNikR recognizes multiple DNA sequences. Half of the target DNA sequences 

are recognized with high affinity (Kd = nM) and the other half with low affinity (Kd = 

M);
16

 and a key, unanswered question is how does HpNikR distinguish between its 

target promoter sequences? We hypothesize that the 5/6 coordinate site plays a role in 

DNA discrimination. Molecular dynamics studies of HpNiKR support a model in which 

the DBD are highly flexible until DNA is introduced.
61

 We speculate that the presence of 

both 4-coordinate and 5/6-coordinate sites promote conformational diversity and 

contribute to recognition of multiple DNA sequences. Another possible role for the 5/6 

coordinate site is to link nickel occupancy to DNA binding. In this scenario, the overall 

conformation of HpNikR may be altered as a function of nickel:protein stoichiometry. As 

a result, differential DNA recognition occurs as a function of nickel occupancy.  Such a 

role would correlate well with in vivo studies that have demonstrated that the function of 

HpNikR is related to nickel availability.
20

  A final scenario involves the nickel ions 
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switching between the 4 coordinate and 5/6 coordinate sites upon DNA binding. The 

thermodynamic cost of this switching would serve to control the protein/DNA 

interaction.  Inspection of the crystal structure identifies two histidine residues (His 75 

and His 105) located between the two sites which may serve to traffic nickel between the 

two sites. The exact role of the 5/6 coordinate site in DNA recognition remains to be 

determined; however, we propose that this site is an important player in the complex 

mechanism of DNA recognition by HpNikR. 

 

 

3.3.12  Comparison to other NikR structures 

A key structural difference between HpNikR, EcNikR and PhNikR is that the 

nickel binding domains are asymmetric in HpNikR and symmetric in both EcNikR and 

PhNikR.   The structures were attained under different pH conditions (EcNikR and 

PhNikR at pH 8.0, HpNikR at pH 5.6). By comparing all three structures, we can identify 

certain residues that may explain why holo-HpNikR binds nickel at a 5/6 coordinate site 

in the absence of DNA. Among the five residues involved in coordinating nickel in the 

two distinct classes of binding sites, four belong to the central β-sheet sandwich of the 

NikR fold while one, His74, is located on a loop between a helix and a  strand.  We 

identified the conformational change that would occur if nickel were to move from a 5/6 

coordinate to a 4 coordinate geometry by aligning the MBD of HpNikR with its 

homologues. Pairs of MBDs forming the interface containing both nickel binding sites 

were superimposed based on the C atoms using PyMOL, resulting in overall RMSD of 

1.4/1.9 Å relative to EcNikR and PhNikR, respectively.  Interestingly, the corresponding 
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RMSD values are reduced to 0.7/0.9 Å when only the β-sheets are included in 

superposition, while the RMSD increases dramatically (4.2/3.1 Å) when only the α-

helices are aligned.  In addition, alignment of the EcNikR and PhNikR MBDs yields 

RMSD values of 0.5 Å for the β-sheets and 1.0 Å for the α-helices, showing the greater 

similarity of these homologs versus HpNikR.  This analysis suggests that the 

conformational changes required to accommodate the all square planar sites in HpNikR 

could be described as positional shift of α-helices. Figure 3.17 shows the alignment of 

HpNikR and EcNikR based on only the β-sheet C atoms.  To shift the Ni(II) at the 5/6 

coordinate geometry to a 4 coordinate geometry, the second α-helix of the HpNikR MBD  

 

 

 

 

 

 

 

 

 

Figure 3.17. MBD of holo-HpNikR  (alpha helices are colored green) overlaid with 

MBD of holo-EcNikR  (α-helices are colored red).  Beta sheets from both homologs are 

colored yellow.  Structural alignment was based on the Cα atoms in the β-sheets.  
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would need to shift such that there would be steric clash at the N-terminus of the helix.  

Sequence alignment indicates that HpNikR contains an NQ-motif (Asn80-Gln81) in this 

region that is absent in the other homologues.  These two residues form the basis of the 

extended hydrogen bonding network (Figure 3.18), which appears to be crucial in 

determining the conformation of the loop that contains His74.  On the "4-coordinate side" 

(lower region of Figure 3.18), the side chain of Gln81 makes a hydrogen bond to the 

backbone of His74’, potentially making it more difficult for that residue to ligate the 

nickel ion.  On the "5/6 coordinate side" (upper region of Figure 3.18), Asn80 makes a 

hydrogen bond to Tyr72 which leads to a shift in the position of Gln81’, such that it no 

longer interacts with His74, but rather with the backbone of Glu78 and stabilizes the salt 

bridge between Arg77 and Asp85.  We propose that these hydrogen-bonding interactions 

help stabilize the 5/6 coordinate geometries relative to the 4-coordinate geometry by 

allowing His74 to assume the proper orientation necessary to ligate the nickel ion.  In 

both EcNikR and HpNikR, the NQ motif is replaced by less polar residues and an 

analogous hydrogen bonding network is absent. 

Recently, Michaud-Soret and co-workers reported the structural characterization 

of several mutants of HpNikR to assess the role of the external site observed in their 

nickel-soaked apo-HpNikR structures.
62

 This site is unoccupied in our holo-HpNikR 

structure. The mutant designed to address the role of the external site is a double histidine 

mutant H74G/H75G. This mutant also disrupts the 5/6 coordinate site so it is not specific 

for the external site.  
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Figure 3.18.  The extended hydrogen bonding network at the N-terminus of neighboring 

alpha helices of the MBD of holo-HpNikR. Amino acid side chains are shown as ball and 

stick. Dashed lines indicate the hydrogen bonds.  

 

As with wt-HpNikR, the published structure was generated by soaking crystals of apo-

H74G/H75G with excess nickel. In the nickel bound structure of the mutant, only two 

square planar sites occupied by nickel ions are present which adds further support to the 

idea that holo-HpNikR only has two square planar nickel sites.  

The H74G/H75G mutant exhibits decreased DNA binding affinity compared to 

wild type and has no in vivo activity.
62

  Based upon these results it was concluded that the 
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external site is required for DNA binding because the His74G/His75G mutation has 

disrupted this site. However, His74 is one of the ligands in the 5/6 coordinate site in 

addition to participating in the external site and the mutation may disrupt the 5/6 

coordinate site as well as the external site.  Thus, an alternate interpretation is that the 

decrease in DNA binding coupled with lack of in vivo activity observed for the mutant 

may be due to disruption of the 5/6 coordinate site, an interpretation which is consistent 

with our hypothesis that the 5/6 coordinate site is essential for HpNikR function.  Further 

studies are required to address these issues. 

 

3.4 Conclusion 

In chapter 3 we report the first crystal structure of holo-HpNikR. This structure 

reveals that holo-HpNikR contains two distinct classes of high affinity nickel sites: two 

5/6 coordinate sites and two 4 coordinate sites. DFT calculations show that the 5/6 

coordinate sites are stabilized by key amino acid side chains from the protein.  On the 

basis of these observations, we hypothesize that the 5/6 coordinate site plays a role in 

HpNikR’s ability to specifically and selectively bind to a series of promoter sequences.   
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Chapter 4 

 

Ni(II) coordination to mixed sites modulates DNA binding of HpNikR via a long 

range effect* 

 

4.1 Introduction 

 Helicobacter pylori (H. pylori) is a virulent bacterium that colonizes the gastric 

epithelium of humans leading to gastric ulcers and gastric cancers. 
1-3

 H. pylori encounter 

a wide range of pH fluctuations during their lifetimes (pH  1.0 – 8.0). 
4
 The intracellular 

cytoplasmic pH for H. pylori during colonization has been reported to vary between  ~ 

5.3 and 7.5, resulting in a broad physiological pH range for this microorganism. 
5-7

 A key 

protein necessary for H. pylori growth and virulence is the metalloregulatory protein 

NikR. 
8-11

 HpNikR is a nickel dependent transcription factor that directly regulates 

multiple genes, including many that encode for nickel co-factored proteins. 
12-19

 A 

particularly important protein whose expression is regulated by HpNikR is the urease 

enzyme which protects H. pylori from acidic shock at low pH by converting urea to 

ammonia and bicarbonate. 
20

  

 
*This work is published in Proc. Natl. Acad. Sci. West A.L.; Gonzalez J.M.; Evans S.E.; Carter L.; Tsuruta H.; 

Pozharski E.; Michel S.L.J. (2012) Ni(II) coordination to mixed sites modulates DNA binding of HpNikR via a long 

range effect. Proc. Natl. Acad. Sci. 109(15), 5633-8. Abby’s role was in protein preparation and conducting the 

associated Ni(II) and DNA binding studies. Dr. Evans performed the molecular biology to create the NikR mutants 

and Abby West optimized the purification of the resultant proteins. Prof. Pozharski and Dr. Gonzales solved the 

crystal structures while Prof. Tsuruta and Dr. Carter conducted the SAXS studies. Collectively, these data 

were interpreted. 
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4.1.1 The structure of Helicobacter pylori NikR 

 HpNikR is a tetrameric protein that consists of two domains: a central tetrameric 

metal binding domain (MBD) and two flanking ribbon-helix-helix DNA binding domains 

(DBD). 
21-24

 To recognize and target DNA, HpNikR requires four nickel ions coordinated 

to ‘high affinity’ sites located on the MBD 
12, 13, 15

, in addition to magnesium (or calcium 

or manganese) which coordinate to ‘low affinity’ sites on the DBD. 
13, 15

 Similar nickel 

ion requirements are observed for the E. coli homolog, EcNikR, for which DNA binding 

is achieved when four nickel ions are bound to ‘high affinity’ sites and potassium (rather 

than magnesium, calcium or manganese for HpNikR) is bound to two ‘low affinity’ sites. 

25-28
 The nickel coordination sites in EcNikR are 4-coordinate, square planar with a 

His3Cys ligand set. 
25, 29, 30

 Identical nickel coordination geometry is observed in the 

NikR homolog from Pyroccocus horkoshii (PhNikR) 
27

, thus HpNikR was expected to 

coordinate Ni(II) in a similar fashion. 
12, 13, 15

 However, the details of nickel coordination 

for HpNikR remain controversial. The first published structures of HpNikR, obtained 

after soaking crystals of apo-protein at pH 4.0 with excess nickel (20-100 mM), had only 

two nickel ions coordinated at predicted 4-coordinate sites with additional nickel ions 

coordinated to “intermediate” and “external” sites. 
21, 22

 Subsequently, the crystal 

structure of Ni(II) bound HpNikR at pH 5.6 was reported by our laboratory. 
24

 In the 

structure, four nickel ions per protein tetramer were observed in two distinct coordination 

geometries. Two nickel ions were bound at 4-coordinate, square-planar sites with a 

His3Cys donor set (further referred to as ‘4-sites’), while the two other Ni(II) sites were 

coordinated by His3(H2O)2-3 ligand sets in square pyramidal /octahedral  geometries 

(further referred to as ‘5/6-sites’). The ‘5/6-sites’ are analogous to the ‘intermediate’ sites 

in the Ni(II) soaked HpNikR structures. 
21, 22

 The two nickel sites cannot be occupied 

simultaneously as two of the histidine ligands (H88 and H101) coordinate Ni(II) at both 

sites. These structures provided compelling evidence that HpNikR utilizes two different 
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nickel coordination geometries for DNA recognition and led us to suggest a role for the 

5/6 site of HpNikR in modulating the recognition properties. 
24

 Recently, a crystal 

structure of HpNikR was reported at pH 7.3. 
31

 Surprisingly, in this structure all four-

nickel ions were bound to 4-sites, opening up the possibility for multiple nickel 

coordination modes for HpNikR and a role of pH in nickel coordination. 

 Herein, we present a new crystal structure of the MBD of HpNikR at pH 7.5 and 

demonstrate that mixed Ni(II) coordination geometry occurs over the range of pH that is 

physiologically relevant for H. pylori. This work is part of a collaborative effort with 

Prof. Ed Pozharski (UMB), Prof. Hiro Tsuruta (SSRL), Dr. Javier Ganzales (UMB) and 

Dr. Lester Carter (SSRL). Abby’s role was in designing mutant proteins, performing the 

molecular biology, optimizing the protein purification and conducting the associated 

Ni(II) binding studies (H74A and MBD) and CD studies (MBD) and DNA binding 

studies (H74A and NikR). Prof. Pozharski and Dr. Gonzales solved the crystal structures 

while Prof. Tsuruta and Dr. Carter conducted the SAXS studies. Collectively, the data 

was interpreted. In addition, we present the crystal structure of a mutant of HpNikR, 

H74A, which is designed to force all four nickel ions to bind to 4-sites. By comparing the 

DNA recognition properties and conformational flexibility of ‘holo’-HpNikR with H74A 

using a combination of fluorescence anisotropy and Small Angle X-ray scattering 

(SAXS), we have obtained compelling evidence that mixed Ni(II) coordination controls 

the flexibility of HpNikR’s DBDs via a long-range effect that initiates at the Ni(II) sites 

in the MBD and ends with the stabilization of the interface between the MBD and DBD 

centered around W54. This effect consequently affects the protein’s DNA recognition 

properties. In addition, we show that the method of protein isolation is critical to obtain 

the true holo form of the protein. We discuss these findings in the context of HpNikR's 

ability to recognize multiple DNA targets. 
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4.2 Materials and methods 

4.2.1 Cloning, expression and purification of HpNikR-MBD 

 HpNikR-MBD (residues 58-148) was amplified using genomic DNA from 

H.pylori strain 26995 (ATCC, Manassas, VA) as the template and pairs of primers 

including   5′ NdeI and 3′ XhoI restriction endonuclease sites (5′- TTAACGC 

ATATGCCTAATGACGAGAGCAAAATCGC and 5′- ATAATACTCGAGTTAT 

AGTTCATTGTATTCAAAGCTAGACGC). Purified PCR products were ligated into a 

pET22b vector (Novagen) that had been NdeI and XhoI digested. No affinity tags are 

included. The identity of the cloned gene was confirmed by DNA sequencing (University 

of Maryland Baltimore Biopolymer Facility). Upon sequence confirmation, the pET22b 

construct containing H. pylori NikR-MBD was transformed into E. coli BL21(DE3) cells 

(1 L for large-scale expression) and grown in LB medium containing 100 μg/mL 

ampicillin. Typically, cell cultures were grown for 4 h post-induction with 0.5 mM IPTG 

before being harvested by centrifugation (7800 g for 15 min at 4 °C). Cell pellets were 

resuspended in a 20 mM NaH2PO4, 500 mM NaCl, 10 mM imidazole buffer (pH 7.5) to 

which one EDTA-free protease inhibitor tablet (Roche) and 5µL of DNaseI (New 

England Biolabs) was added to prevent protease activity and encourage DNA digestion. 

Following lysis with a French press at 1250 psi using a Thermo Spectronic French 

pressure cell at 4 °C, the cell debris was removed by centrifugation (12100g for 15 min at 

4 °C).  

Purification of HpNikR-MBD was carried out following the procedures described 

for the purification of full length HpNikR.
15

. Purification of the protein was carried out 
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using a pre-equilibrated [with 20 mM NaH2PO4, 500 mM NaCl, 10 mM imidazole buffer 

(pH 7.5)] nickel-loaded 5 mL Hitrap-HP (Amersham) affinity column using an AKTA 

FPLC system. HpNikR-MBD was eluted by the application of a linear gradient 

containing 300 mM imidazole and isolated at 150 mM imidazole. The eluted HpNikR-

MBD was then dialyzed against 20 mM Tris and 100 mM NaCl (pH 8.0) in preparation 

for further purification using anion exchange chromatography. Purification was carried 

out using a Hitrap Q Sepharose (Amersham) column, pre-equilibrated with 20 mM Tris 

and 100 mM NaCl (pH 8.0). HpNikR-MBD was eluted with the application of a linear 

gradient of NaCl from 100 to 500 mM. The protein typically eluted at a NaCl 

concentration of 200−300 mM and was found to be >95% pure by SDS−PAGE. 

Because HpNikR-MBD has several cysteine residues, all further manipulations were 

carried out anaerobically using a Coy inert atmospheric chamber (95% N2 and 5% H2). 

ICP-MS verified nickel content. 

 

4.2.2 Generation of apo-HpNikR-MBD 

 Apo-HpNikR-MBD was prepared by incubation of the protein with 50 mM EDTA 

and 10 mM DTT overnight at 35 °C followed by exhaustive dialysis with 20 mM Hepes, 

100 mM NaCl Chelex-treated buffer (pH 7.5). The dialyzed protein was then buffer 

exchanged and concentrated using a Centricon-plus 20 device (Millipore) against a 

Chelex-prepared 20 mM Hepes, 100 mM NaCl, 20 mM glycine buffer (pH 7.5). ICP-MS 

was utilized to verify metal removal. 
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4.2.3 Site directed mutagenesis, cloning, expression and purification of H74A NikR   

 Dr. Evans cloned H74A NikR using standard molecular biology techniques and 

Abby optimized expression and purification of the resultant protein and performed the 

subsequent Ni(II) and DNA binding studies. H. Pylori NikR mutant H74A was prepared 

from a pET15b vector containing the sequence of wild type HpNikR using a QuikChange 

Site-Directed Mutagenesis Kit (Stratagene).  The forward and reverse primer sequences 

used for the mutagenesis were  5’ – gcttgtggtgatttatgacgcccaccaaagggaattgaac - 3’ 

(forward) and 5’ – gttcaattccctttggtgg gcgtcataaatcaccacaagc - 3’ (reverse). The sequence 

of the mutated gene was confirmed by DNA sequencing (University of Maryland 

Biopolymer/ Genetics Core Facility).  The construct was transformed into E. coli BL21 

with 0.45 mM IPTG, the 1.5 L cell cultures were grown for three hours.   

To purify H74A in the holo-form, cell pellets were resuspended in 20 mM 

NaH2PO4, 500 mL NaCl, 10 mM imidazole buffer (pH 7.5) with one EDTA-free protease 

inhibitor tablet to prevent protease activity.  The cells were lysed via sonication and the 

cell debris was removed by centrifugation.  The soluble supernatant was loaded onto a 

nickel-loaded 5 mL Hitrap-HP affinity column (GE Healthcare) using an AKTA FPLC 

system.  HpNikR mutants were eluted by a linear gradient of imidizole ranging from 10 

mM to 300 mM.  The eluted protein was then dialyzed against 20 mM Tris and 100 mM 

(pH 8.0) for at least 3 hours to prepare it for further purification on an Hitrap Q 

Sepharose (GE Healthcare) anion exchange column.  A linear gradient of NaCl from 100 

mM to 500 mM was utilized to elute the H74A protein.   
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4.2.4 Generation of apo-H74A  

 Apo-H74A was prepared by incubation of the protein with 50 mM EDTA and 10 

mM DTT overnight at 35 °C followed by exhaustive dialysis with 20 mM Hepes, 100 

mM NaCl Chelex-treated buffer (pH 7.5). The dialyzed protein was then buffer 

exchanged and concentrated using a Centricon-plus 20 device (Millipore) against a 

Chelex-prepared 20 mM Hepes, 100 mM NaCl, 20 mM glycine buffer (pH 7.5). ICP-MS 

was utilized to verify metal removal. 

 

4.2.5 Metal binding titrations of apo-MBD and apo-H74A with Ni(II) 

 Metal binding titrations were performed in either Teflon-stoppered or screw-

capped quartz cuvettes using a Perkin-Elmer Lambda 25 UV−visible spectrometer. 

Samples were prepared in 1 cm quartz cuvettes and spectra were collected from 220 – 

600 nm.  Titrations were carried by adding aliquots of 25 mM NiSO4 (Puratrem) to 

solutions that contained 50 M protein in 20 mM Hepes, 100 mM NaCl, and 20 mM 

glycine (pH 7.5) using metal-free reagents and water that had been purified using a 

MilliQ purification system and passed over Sigma Chelex resin. Upon preparation, 

buffers were purged with helium to degas and transferred into a Coy inert atmospheric 

chamber. Nickel(II) sulfate hexahydrate (99.99% Ni) obtained from Puratrem was used 

for titrations and both salt and stocks were stored anaerobically. Titrations were carried 

out in triplicate.  
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4.2.6 Oligonucleotide probes 

 Oligonucleotides (both fluorescein-labeled and unlabeled) were purchased from 

Integrated DNA Technologies.  Double-stranded labeled DNA was prepared by 

combining 1.25:1 ratio of unlabeled to labeled oligonucleotide in 10 mM Tris, 10 mM 

NaCl at pH 8.0.  Unlabeled double-stranded DNA was prepared by adding a 1:1 ratio of 

unlabeled to complementary oligonucleotide in the same buffer.  The mixtures were 

heated to 80
o
C for 5 min in a water bath, which was turned off and allowed to cool to 

room temperature overnight to anneal the DNA.  The double-stranded oligonucleotides 

were quantified by UV-Visible spectroscopy and stored at -20
o
C.   

 

4.2.7 Fluorescence anisotropy titrations   

 A fluorescence anisotropy assay was used to measure the DNA recognition 

properties of Ni(II)-H74A.  Measurements were taken on an ISS PC-1 spectrofluorimeter 

configured in the L format with an excitation wavelength of 495 nm and an emission 

wavelength on 519 nm.  The band-pass for excitation was 2 nm and 1 nm for emission.  

The binding affinity of H74A for the PureA promoter region was determined titrating 

Ni(II)-H74A into a cuvette containing 10 nM  of PureA in 20 mM HEPES, 100 mM NaCl, 

20 mM glycine, and 3 mM MgCl2.  The data were analyzed by converting the anisotropy, 

r, to fraction bound, Fbound (the fraction of Ni(II)-H74A bound to DNA at a given DNA 

concentration), using the equation 
32

: 

   

Fbound =
r-rfree

(rbound - r)Q + (r - rfree)
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Where rfree is the anisotropy of the fluorescein-labeled oligonucleotide, rbound is the 

anisotropy of the DNA-protein complex at saturation, and Q, is the quantum yield ratio of 

the bound to the free form and is calculated from the fluorescence intensity changes that 

occur (Q =Ibound /Ifree). Fbound was plotted against the protein concentration, treating Ni(II)-

H74A as a tetramer and fit using a one-site binding model: 

P + D   PD 

 

   

Kd =
P[ ] D[ ]
PD[ ]

 

 

   

Fbound =
Ptotal + Dtotal + Kd - Ptotal + Dtotal + Kd( )

2
- 4Ptotal Dtotal

2Dtotal

 

 

Where P is the protein [(Ni(II)H74A] concentration and D is the DNA concentration. 

Each data point from the fluorescence anisotropy assay represents the average of thirty-

one readings taken over a time course of 100 seconds. Each titration was carried out in 

triplicate.  

 

4.2.8 Competitive anisotropy titrations 

  Competitive anisotropy titrations were performed with DNA corresponding to 

the PureA and PexbB promoter regions, tight and weak HpNikR binders, respectively.  The 

competitive anisotropy assays were conducted in a 20 mM HEPES, 100 mM NaCl, 20 

mM glycine, 3 mM MgCl2 at pH 7.5. In a typical experiment, the unlabeled DNA 

molecule was titrated into a solution containing 375 nM Ni-H74A (tetramer) and 15 nM 
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PureA-F and the decrease in anisotropy (r) as the unlabeled DNA oligomer competed with 

the labeled oligonucleotide was recorded.  The anisotropy was converted to fraction 

bound, to take into account changes in quantum yield, using the equation described 

above. Binding isotherms were fit using Mathematica (version 8 Wolfram Research) to a 

model that involved the mass action equations for the three competing equilibria:   

 (1) 

 (2) 

fKf DPDDPD +¾®¬+
3

 (3) 

Where P is the nickel bound protein [Ni(II)-H74A], Df is fluorescently labeled DNA, and 

D represents unlabeled DNA. The value for K1 was determined from the forward 

titrations and thus used as a known parameter for the fit. The Mathematica software was 

used to combine equations (1), (2) and (3) and to solve the resulting cubic equation in 

terms of PDf  using non-linear, least squares analysis. All titrations were carried out in 

triplicate.  

 

4.2.9 Electrophoretic mobility shift assay (EMSA)   

 EMSA assays between H74A and DNA were run using a 7 % Non-denaturing 

acrylamide gel and a TAE (Tris-Acetate EDTA) running buffer containing 800 M 

NiSO4 and 3 mM MgCl2. Approximately 250 nM of DNA was incubated with increasing 

concentrations of H74A  for one hour at room temperature followed by electrophoresis at 

4 °C at 100 volts. The acrylamide gel was stained with ethidium bromide and viewed 

with a UV light box.  
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4.2.10 Initial crystal screening of MBD 

 Crystal screens were performed using 96-well sitting drop crystallization trays 

(Art Robbins Instruments, Sunnyvale, California, U.S.A.) with the OryxNano 

crystallization robot (Douglas Instruments Ltd., Berkshire, UK) at the X-ray 

Crystallography Core Facility at the University of Maryland, Baltimore managed by Prf. 

Pozharski and Dr. Gonzales. Crystallization drops were set at variable as 50% 

protein/reservoir ratios to an initial drop volume of 0.5 μL. A crystal was obtained in 

condition No. 73 of the NeXtal Classics Suite (0.1 M HEPES pH 7.5, 2% PEG 400, 2 M 

ammonium sulfate) within a week of incubation at 21 °C. This crystal was cryoprotected 

by quickly replacing mother liquor with 3.4 M sodium malonate at pH 7.2 and flash 

cooled in liquid nitrogen prior to data collection. 

 

4.2.11 Data collection, processing, and model building (HpNikR MBD) 

 X-ray diffraction data were collected remotely at the Stanford Synchrotron 

Radiation Lightsource (SSRL, beamline 7-1) and processed with DENZO/SCALEPACK. 

The structure was solved by molecular replacement using the tetrameric assembly of 

metal-binding domains from the structure of holo-HpNikR (PDB ID 3LGH), by Dr. 

Gonzales and Prof. Pozharski. PHASER was used for molecular replacement in CCP4. 

Although there is sufficient volume in the asymmetric unit to contain 12 MBDs (i.e. three 

complete tetramers; predicted solvent content of 50%), only two full MBD subunits were 

successfully placed with subsequent molecular replacement searches producing 

unacceptable models having high number of molecular clashes.  It was determined that 

the third copy of the MBD is placed by the molecular replacement algorithm onto 



122 
 

crystallographic two-fold axes, and the procedure was repeated using only half of the 

MBD subunit as a search model.  This resulted in the complete structure containing 10 

MBD chains and characterized by an overall Matthews coefficient of 2.93 Å
3
/Da and a 

corresponding solvent content estimated at 58%. 

The initial model for the asymmetric unit contents consisted of ten polypeptide 

chains, named alphabetically from A to J, resulting from molecular replacement phasing.  

Two complete tetramers were readily discernible in the asymmetric unit, namely ABCD 

and EFGH, together with chains I and J comprising half of a third symmetric tetramer 

(IJ)2. The initial model was depleted of all solvent molecules, non-covalently bound 

ligands, Ni(II) ions, and sidechains of residues present in the metal ion first coordination 

shells; and a 0.25 Å random displacement was added to all coordinates. 

Maximum-likelihood restrained refinement was performed with REFMAC5
33

 

implemented in the CCP4 suite. 
34

 Manual building and validation was done with COOT. 

35
 Throughout the first rounds of refinement, strong positive difference Fourier map 

peaks indicated the presence of Ni(II) ions and first-shell sidechains in most of the 

expected positions, the 4-sites (His88, His99, His101, and Cys107), and the 5/6-sites 

(His74, His88, and His101). Nine Ni(II) ions were placed once the majority of protein 

atoms were modeled, and were numbered according to decreasing difference map peak 

intensity, corresponding to six 4-sites Ni1(I), Ni2(G), Ni3(A), Ni4(C), and Ni8(B); and 

four 5/6-sites Ni5(F), Ni6(D), Ni7(E), and Ni9(H). No metals were detected in the 

location corresponding to the 5/6-site of tetramer (IJ)2. Metal-ligand distances were 

restrained in order to match the expected values of 2.02 Å (Ni-N2@His), 2.10 Å (Ni-

N1@His), 2.34 Å (Ni-S@Cys). 
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Tight non-crystallographic symmetry (NCS) restraints were applied taking into 

consideration metal coordination mode and relative chain localization within the 

tetramers. Chains D, H and F coordinate the Ni(II) ions through residues His74, His88, 

and His101, and were modeled symmetrical to chain B. In contrast, chains C and E use 

the ligand set His88, His99, His101, and Cys107, and were modeled symmetrical to chain 

A. Chains G, I and J were modeled as a separate NCS groups symmetrical to chains A 

(G, I) and B (J), since these chains display unique characteristics, namely, the presence of 

a Ni(II)-coordinated sulfate anion in chain G, and the fact that chains I and J constitute a 

symmetrical tetramer (IJ)2 with unoccupied 5/6-coordinate sites. Thermal/libration/screw 

(TLS) groups were defined with the aid of the TLSMD server. 
36, 37

 Each chain was 

modeled as comprising three regions of correlated vibrational motion, a central segment 

(residues 80-100), and one for the vicinity of each of the two metal-binding sites, 

respectively in the N- and C-termini (residues 62-80 and 100-144). In the final stages of 

refinement five sulfate anions were added at specific difference Fourier map positive 

peaks, including a sulfate coordinated to Ni9(H) and the guanidinium group of residue 

Arg131 from chain F, whose distance to the metal ion was restrained to 1.90 Å (Ni-

O2@SO4). 

 

4.2.12 Initial crystal screening of H74A 

 These studies were performed by Dr. Gonzales and Prof. Pozharski. Initial 

crystallization screening was performed using OryxNano crystallization robot (Douglas 

Instruments, UK) in sitting drop format. Diffraction-quality crystals appeared after 

several weeks of incubation at 21°C in condition 96 from Nextal Classics sparse matrix 
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screen (12% PEG20000, 0.1M MES pH 6.5).  Crystals were cryoprotected by 

supplementing the mother liquor with 12% glycerol and flash cooled in liquid nitrogen 

prior to data collection. 

 

4.2.13 Data collection, processing, and model building (H74A)  

  X-ray diffraction data were collected by Prof. Pozharski and Dr. Gonzales using 

an  in-house Rigaku Micromax007 rotating anode generator and RAxisIV++ image plate 

detector at 100 K.  Diffraction images were processed with DENZO/SCALEPACK using 

customized python scripts for automatic error model adjustment, outlier rejection and 

mosaicity refinement.  Based upon the Matthews coefficient calculation, it was assumed 

that the asymmetric unit contains two HpNikR chains.  Initial phases were obtained by 

molecular replacement using a single metal binding domain (residues 62-142) fragment 

from the previously determined structure (PDB ID 3LGH).  Using PHASER, two copies 

of the search model were placed.  An attempt to place a single copy of the DNA binding 

domain failed to identify a suitable solution. 

 The initial model was subjected to several rounds of iterative refinement 

(REFMAC) and model rebuilding (COOT).  Two well-refined nickel ions were identified 

in the electron density per asymmetric unit in identical coordination with H88, H99, 

H101 and C107.  In the later stages of refinement, the model refined with isotropic 

atomic displacement parameters was analyzed for the presence of potential TLS groups 

using the TLSMD server.  It was determined that the optimal Rfree is obtained by using 

two groups per HpNikR chain.  Data collection and refinement statistics are shown in 

Table 1 and the final model has been deposited in the Protein Databank (PDB ID 3PHT). 
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4.2.14 Small angle X-ray scattering (SAXS)  

 SAXS data were collected at Stanford Synchrotron Radiation Lightsource BL 4-2, 

using an FPLC-coupled SAXS system to obtain homogeneous samples by Dr. Carter and 

Prof. Tsuruta. [manuscript in preparation].  Samples were prepared by concentrating 

either   wild type HpNikR or the H74A mutant to ~10 mg/ml and extensively dialyzing 

the samples against a buffer of 20 mM Tris, 100mM NaCl, pH 7.5.  A Superdex 

PC3.2/200 size-exclusion column was pre-equilibrated with the buffer and 200l of 

sample was injected onto the column using an AKTA FPLC system (GE Healthcare) with 

a flow rate of 0.05 ml per minute.  The protein samples were exposed to the beam via a 

2.0 mm quartz capillary (Hampton) with a sample-to-detector distance of 1700 mm and 

an energy of 11 kEV.  An exposure was taken every second during the FPLC run and 

SasTool (http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm) was used to obtain a 

one-dimensional intensity profile for each image in the form of I(q) versus q, where q = 

4π (sin θ/λ). The first one hundred images were scaled and averaged to create a buffer 

scattering profile, and this was then subtracted from each of the subsequent images to 

produce the final scattering curve for each exposure.  The scattering curves for each 

exposure were examined and those corresponding to the elution peak were combined 

using Primus.  

 The SAXS profiles for both wild type HpNikR and the H74A mutant were used to 

determine the radius of gyration, Rg, using CRYSOL and GNOM software.  Predicted X-

ray scattering profiles were calculated using CRYSOL from the crystal structures that 

were generated as follows.  For wild type HpNikR, the full length model was obtained by 

http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm
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using the domain swapping as described in 
24

. Briefly, the symmetry related copy of the 

DBD was added to complete the model.  For the H74A mutant, which is missing most of 

the DBD in the crystal structure due to disorder, the copy of the DBD was placed by 

aligning it with the single helix that is visible in electron density.  To produce the models 

with the DBDs in a cis-orientation, a full-length model was transformed by 

superimposing the MBD part of one of the two chains forming the DBD subunit on top of 

the other.  Thus, a rotated half of the full length protein was combined with the remainder 

of the protein, resulting in a cis-orientation of the DBDs in which both DBDs retain 

identical MBD/DBD interactions.  These models were used to calculate the predicted 

SAXS profiles for both proteins. Ab initio modeling of both structures was performed 

using DAMMIF software.  20 models were obtained by simulated annealing and further 

analyzed using DAMAVER software to determine the most likely molecular envelope.  

In addition, the most common part of the resulting model was used for the additional 

round of ab initio modeling using DAMMIF.  

 

4.3 Results and discussion 

4.3.1 Nomenclature 

  HpNikR can be isolated using two protocols: (i) either directly in the holo-form 

upon over-expression in E. coli or (ii) by first reconstituting apo-HpNikR (prepared by 

addition of excess EDTA to holo-HpNikR followed by exhaustive dialysis) with Ni(II) 
15, 

24, 31
. We will refer to HpNikR that is prepared directly as holo-HpNikR and HpNikR that 

is prepared via addition of Ni(II) to apo-HpNikR as r-HpNikR. The mutants described in 

this work (MBD and H74A) will be designated similarly. The tetrameric metal-binding 
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domain and the dimeric DNA-binding domain will be referred to as the MBD and the 

DBD, respectively. Individual chains that form these will be referred to as MBD/DBD 

monomers. 

 

4.3.2 Crystal structure of the HpNikR metal binding domain (MBD) at pH 7.5   

 As part of our efforts to structurally characterize and identify the Ni(II) sites of 

HpNikR, we have prepared just the metal binding domain (MBD) by truncating the 

protein at position 58. ICP-MS analysis confirmed a stoichiometry of 4 Ni ions per MBD 

tetramer. Apo-MBD was generated using methods developed to prepare apo-HpNikR and 

a titration of apo-MBD with Ni(II) monitored by UV-visible spectroscopy saturated at 4 

equivalents of Ni(II) per MBD tetramer (Figure 4.1). 
15

 Holo-MBD was crystallized at 

pH 7.5 (Figure 4.2). 

Holo-MBD adopts a ferredoxin-like fold with an antiparallel β-sheet sandwiched 

against a pair of α-helices forming a characteristic βαββαβ secondary structure pattern. 

The four chains that form the central MBD subunit of HpNikR and coordinate the nickel 

ions adopt a "dimer of dimers" architecture with each nickel ion utilizing ligands from 

two MBD monomers. The asymmetric unit contains ten MBD monomers that form three 

tetramers, with the last subunit assembled by crystal symmetry. The four nickel ions are 

separated into two sites: two nickel ions bind to ‘4-sites’ composed of H88', H99, H101 

and C107; and two nickel ions bind to ‘5/6-sites’ composed of H74, H88' and H101 and 

up to three putative water molecules (due to the limited resolution, no explicit water 

ligands were placed in the crystal structure; H88' is contributed by a different MBD 
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monomer than the rest of the residues in both sites). Thus, mixed Ni(II) coordination can 

be observed for HpNikR at neutral pH.  

No overall changes in the backbone conformation of the MBD are observed when 

compared to the crystal structure of full length holo-HpNikR at lower pH. 
24

 The 

maximum likelihood based estimates of coordinate uncertainty 
33

 for the holo-HpNikR 

and MBD structures are 0.29 Å and 0.46 Å, respectively. Accordingly, the differences 

between the two structures that are ≤ 0.55 Å are within experimental error. With the 

exception of the third tetramer, which is formed by crystal symmetry (see below), the 

baseline difference in atomic positions, as defined by the percentile based spread (p.b.s.) 

38
  is at 0.52Å, hence the two MBDs can be considered identical. 

 

Figure 4.1. Plot of the absorption spectrum at 304 nm of MBD as a function of added 

Ni(II). The spectrum saturates at one nickel equivalent per protein monomer. 
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Figure 4.2. (A) Cartoon of the domain architecture of HpNikR. The tetrameric protein is 

composed of four metal binding domains (MBD, blue) and four DNA binding domains 

(DBD, red). (B) Structure of MBD subunit of HpNikR with the two Ni(II) sites 

highlighted. The Ni(II) 4-sites are colored dark green and the Ni(II) 5/6-sites are colored 

light green. PDB: 2qsi. (C) Ligands that coordinate Ni(II) at 4-site (sp) and 5/6-site 

(sqp/oc). His88 and His101 (colored red) serve as ligand for both sites 

 

 

 

 

 

 

 

Figure 4.3. The overall structure 

of the third copy of the HpNikR-

MBD, which only coordinates 

two nickel ions in square-planar 

4-sites. 
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It was recently suggested by Benini et al. that the mixed coordination observed in 

the pH 5.6 structure of holo-HpNikR was due to the lower pH. 
31

 However, the pH 7.5 

MBD structure reported here clearly demonstrates that mixed coordination for Ni(II) is 

not abolished at neutral pH. Analysis of the conditions utilized to generate crystals by 

Benini et al. 
31

, suggests that the singular type of nickel coordination observed in their pH 

7.3 structure may be attributable to the method of protein isolation which involved first 

preparing apo-HpNikR and then reconstituting the protein with Ni(II). We also note that 

all of the structures of HpNikR, which range in pH from 5.6 to 7.5, are physiologically 

relevant because the cytoplasmic pH of H.pylori fluctuates between 5.3 and 7.5. 
5-7

  

Previously published isothermal titration calorimetry (ITC) data for Ni(II) binding 

to HpNikR identified a two-step Ni(II) binding process. 
39

 The Ni(II) binding affinities 

differ for each binding step  (e.g. ~12/125 nM at pH 7.0) and correspond to two nickel 

ions each per protein tetramer. These data are consistent with the mixed nickel 

coordination environments that we have observed structurally. Although the binding 

affinities exhibited a slight pH dependence, the difference between the corresponding free 

energies of binding remained constant at ~1.5 kcal/mol supporting a model in which 

Ni(II) binds to two different sites over a range of pH values. 

Ni(II) binds to ‘5/6-sites’ and ‘4-sites’ in two of the three tetramers present in the 

asymmetric unit of the holo-MBD crystals. In the third tetramer, generated by crystal 

symmetry, only two Ni(II) ions, both of which are coordinated to 4-sites are observed 

(Figure 4.3). The ‘5/6-site’ is unoccupied, although the corresponding ligands are 

properly positioned to coordinate Ni(II) in this geometry. There is a higher level of 

positional variation in this ‘half-occupied’ form of the protein, when compared to the two 

fully occupied forms. The overall p.b.s. between the two forms is ~ 0.9 Å (which 

substantially exceeds the experimental error). 
38

 More detailed analysis shows that these 

differences may be described as a slight ‘opening up’ of the interface between the two 

MBDs as the nickel ions no longer keep the domains together (Figure 4.3). 
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 In the context of the ITC data, this crystal form suggests that Ni(II) binds to the 

‘4-site’ with higher affinity than the ‘5/6 site’. 
39

 

 

4.3.3 Crystal structure of an HpNikR mutant, H74A 

  To determine the role of Ni(II) coordination to the ‘5/6-site’ in protein function, a 

mutant protein (H74A) was constructed in which a ligand unique to the ‘5/6-site’ (H74) 

was mutated to a non-coordinating alanine. This mutant should force all four Ni(II) ions 

to coordinate 4-sites. H74A was isolated in the holo form and ICP-MS analysis 

confirmed 4 Ni ions per H74A tetramer. Apo-H74A was also prepared using protocols 

developed for HpNikR
15

, and a titration of apo-H74A with Ni(II), monitored by UV-

Visible spectroscopy showed that the H74A tetramer binds four Ni(II) ions, as predicted 

(Figure 4.4). As evidenced by CD spectroscopy, no changes to the secondary structure 

were observed upon addition of Ni(II) to apo-H74A or between r-H74A and  holo-H74A 

(Figure 4.5).Holo-H74A was crystallized at pH 6.5 and the structure was solved to 2.04Å 

resolution (Figure 4.6). As predicted, all four nickel ions are bound to square planar ‘4-

sites’ via a His3Cys ligand set. The asymmetric unit contains two polypeptide chains (the 

full tetramer is obtained by crystal symmetry), that are related by nearly perfect non-

crystallographic two-fold rotation. In both positions nickel is coordinated by H88', H99, 

H101 and C107. The two chains are structurally similar and upon superposition are 

characterized by all atom percentile-based spread of 0.38Å. The main differences are 

observed upstream from K64 in the loop connecting MBD and DBD, apparently due to 

differences in the positions of the corresponding DBD helices. 
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Figure 4.4. Plot of the absorption spectrum at 304 nm of apo-H74A as a function of 

added Ni(II). The spectrum saturates at one nickel equivalent per protein monomer. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. CD spectra of 2.5M holo-H74A (dotted line), 2.5M apo-H74A (solid line) 

and 2.5M r-H74A (dashed line) in 25 mM NaH2PO4, 100 mM NaCl, pH 7.5 at 25 °C. 

The Y-axis units are Molar CD per residue (ε M-1 cm-1). 
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Figure 4.6. Structure of H74A mutant HpNikR with the Ni(II) sites highlighted in green. 

PDB: 3pht   

 

 A large portion of the H74A DBD is disordered, with only the α-helix comprising 

residues 37-54 traceable in the electron density. There is room for the full DBD in the 

unit cell as indicated by the Matthews coefficient 
40

 of ~ 2.23 for the complete HpNikR 

tetramer (~ 45 % solvent content). An extrapolated positioning of the DBDs, based upon 

the structure of the wild type protein and the single α-helix found in the electron density, 

indicates an absence of potential clashes with symmetry-related copies. We note that a  

lack of electron density for the most of the DBD is also observed in the crystal structure 

of r-HpNikR, reported by Benini et al. 
31

 Inspection of the electron density from that 

structure (PDB ID 2Y3Y) shows that the same α-helix can be traced (though the authors 

of the structure have chosen to model this density as either unexplained undecapeptide or 
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several polyethyleneglycol fragments). This suggests that mixed nickel coordination may 

be required for proper docking of the DBD and MBD to form an interface. 

A global analysis of the domain movement that occurs when H74 is mutated to 

alanine using the DynDom server 
41

 shows that the overall global conformational change 

can be described as ~15° closure-type rotation. The two domains undergoing the motion 

each consist of two of four MBD monomers. The four nickel ions in the holo-HpNikR 

structure form a rectangle with the square-planar sites located on one side (and not in a 

diagonal arrangement). The hinge region connecting the two moving domains 

of the molecule is primarily composed of the residues at the section of the interface of the 

two MBD dimers closest to the square-planar nickel-binding sites. This arrangement is 

expected because these two metal ions and their coordinating residues may be considered 

largely unaffected by the transition. 

 A structural comparison of holo-H74A with holo-HpNikR reveals several notable 

differences. The most striking observation is the significantly higher degree of flexibility 

of the DBD in H74A. As a result of this increased flexibility, H74A binds target DNA 

with weaker affinity (vide infra). The nickel coordination environment triggers certain 

conformational changes that affect the DBD flexibility. Two helices (α3 and α4) are 

shifted when Ni(II) is coordinated to all 4-sites in H74A compared with their location 

when the Ni(II) is coordinated to 5/6-sites in holo-HpNikR (Figure 4.7). The helix α3 

contains H88, which serves as a ligand for Ni(II) in both coordination geometries. H88 

translates by ~5 Å upon changes in Ni(II) coordination, inducing a shift of the entire α3 

helix. The α4 helix is located between α3 (from the MBD) and α2 (from the DBD), and 

does not contain any residues directly involved in nickel coordination. It shifts in concert 
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with α3. The interaction between the amphiphilic α3 and α4 helices occurs primarily via 

hydrophobic interactions. The movement of the α4 helix disrupts hydrogen-bonding 

interactions of two residues, S117 and Q121, which contribute to the MBD/DBD 

interface via an interaction with α2 (Figure 4.7). As a result of this disruption to 

hydrogen bonding, the conformations of two lysines, K64 and K140 from the MBD, 

which form stacking interactions with W54 from theDBD, are altered. Thus, the switch in 

Ni(II) coordination from 5/6-sites to 4-sites that occurs in the H74A results in a series of 

conformational changes (e.g., shifting of helices, disruption of H-bonds, and disruption of 

the MBD/DBD interface) that likely contribute to the decreased DNA-binding affinities. 

When the MBD of H74A is compared to the corresponding portion of holo-

HpNikR, each H74A monomer is closer to the conformation in which H88 is part of a 

square planar site (percentile based spread of 0.8Å and 0.6Å, respectively), as expected. 

The largest difference in local conformation is observed in the loop connecting the first 

α-helix of the MBD with its second β-strand, with the largest changes in dihedral angles 

for residues G91, T92 and H93. T92 is displaced by 4.7Å and its side chain shifts from 

being buried against the hydrophobic patch formed by V94/L113/I120/L123 to being 

completely solvent exposed. Interestingly, this transformation is observed in both chains, 

even when the nearest nickel-coordinating residue, H88, retains its position with respect 

to the wild type structure.  
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Figure 4.7. Overlay of the HpNikR (yellow) structure with the H74A (green) structure. 

α4 and α3 shift when Ni(II) moves from 5/6-site coordination in HpNikR to 4-site 

coordination in H74A. Concomitantly, hydrogen bonding interactions for Q121 and S117 

are disrupted (bottom). 
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 It has been reported that in the structure of the EcNikR the two nickel ions that are 

closer to each other are connected via a hydrogen bonding network that includes residues 

H87, E97, Y58, Q75, and H89'. 
29, 30

 This network is not found in holo-HpNikR. This 

absence can be attributed to the presence of the ‘5/6-site’ in which ligands important for 

the network, Q87 and H101 (Q75 and H89 in EcNikR) have shifted ~ 5 Å to 

accommodate the ‘5/6-site’ geometry.  In H74A, the distance between corresponding 

nickel ions is shortened and matches that observed for EcNikR, at 15Å. Residues 

Q87/H101 are in symmetrical positions, and the properly positioned water molecule 

substitutes for the Oη of the missing Y58 (mutated to valine in HpNikR), thus completing 

the hydrogen bonding network connecting the two metal ions (shown in Figure 4.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. The hydrogen bonding network connecting Ni(II) ions at two of the ‘4-sites’ 

in H74A. 
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4.3.4 HpNikR/DNA binding studies to define the contribution of Ni(II) coordination 

to DNA recognition 

  Using fluorescence anisotropy, the affinities of holo-HpNikR, holo-H74A and r-

H74A for two DNA targets, PureA and PexbB were measured. We had previously reported 

the affinity of r-HpNikR for these two DNA targets, and measured dissociation constants 

(Kd) of 67 ± 1 nM and 1.20 ± 0.15 µM, respectively. 
16

 Given our discovery that the 

Ni(II) coordination geometry for r-HpNikR is all 4-coordinate, it was necessary to 

measure the DNA binding properties for holo-HpNikR to determine the role(s) of mixed 

nickel coordination in protein/DNA recognition. Holo-HpNikR bound PureA with a 

dissociation constant (Kd) of 8 ± 1 nM, and PexbB with a dissociation constant of 0.7 ± 0.1 

µM. The binding is tighter for both DNA targets and also, the selectivity (defined here as 

the ratio of the corresponding dissociation constants) improves from ~20 to ~100. 

 Both reconstituted and holo-H74A bound to PureA and PexbB targets with 

dissociation constants of 62 ± 4 nM and 72 ± 5 nM for the former, and 2.1 ± 0.1 µM and 

1.9 ± 0.2 µM for the latter, which are similar selectivities to r-HpNikR (Figure 4.9, 4.10 

and gel shifts shown in Figure 4.11). Taken together, these data demonstrate that when 

Ni(II) is coordinated to mixed sites in “as isolated” holo-HpNikR, the protein binds to its 

target DNA with higher affinity and greater selectivity than when Ni(II) is coordinated to 

all 4-sites (i.e. r-HpNikR, holo-H74A and r-H74A). These findings suggest that the 

method of isolation for HpNikR is extremely important, and raises the question as to 

whether mixed Ni(II) sites are present in structurally conserved homologs of NikR as 

these homologs have all been studied in the reconstituted form.  
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4.3.5 W54A mutation abrogates DNA binding 

To further clarify the role of the MBD/DBD interface in nickel-mediated DNA 

recognition by HpNikR, we mutated W54, a key residue in the α2 helix that is 

anchored between two lysines from the MBD, K64, and K140, to alanine. Mutation at 

this site was expected to impact DNA recognition by significantly weakening the 

interaction between the MBD and DBD domains. W54A was prepared using standard 

mutagenesis techniques, and the protein was isolated in both the apo and holo forms. 

ICP-MS and Ni(II) titrations monitored by UV-visible spectroscopy conformed a 

stoichiometry of four Ni(II) ions per W54A tetramer, and CD spectroscopy matched data 

attained for holo-HpNikR as well as H74A (Figure 4.12). DNA binding by W54A is 

completely abrogated, as measured by fluorescence anisotropy (FA; Figure 4.9), 

providing strong evidence that the correct orientation of the DBD with respect to the 

MBD is essential for nickel-mediated DNA recognition by HpNikR. 

 

 4.3.6 Small Angle X-ray Scattering (SAXS) studies of HpNikR vs. H74A 

  As observed in the crystal structures, “r-” HpNikR 
31

 and holo-H74A exhibit 

significant disorder at the DBD; whereas, holo-HpNikR orients the DBD in a “trans” 

conformation. 
24

 This disorder may be a function of Ni(II) coordination and thus explain 

the differences in DNA recognition properties. To determine if this disorder is also 

observed in solution, Small Angle X-ray Scattering (SAXS) studies were performed with 

holo-HpNikR and holo-H74A. The radius of gyration, Rg, decreases by ~ 5 % for H74A 

compared to holo-HpNikR.  
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Figure 4.9. Fluorescence anisotropy-monitored binding (FA) of holo-HpNikR(), r-

HpNikR (), holo-H74A () and r-H74A (), and holo W54A (▲)  with the PureA 

promoter. All FA experiments were performed in 20 mM Hepes, 100 mM NaCl, 20 mM 

glycine, and 3 mM MgCl2 at pH 7.5 and 25°C. Data were fit to a 1:1 binding equilibrium. 

 

P ureA P exbB

holo-Hp NikR 8 ± 1 nM 0.7 ± 0.1 M

r-Hp NikR 67 ± 1 nM 1.2 ± 0.15 M

holo-H74A 72 ± 5 nM 1.9 ± 0.2 M

r-H74A 62 ± 4 nM 2.1 ± 0.1 mM

holo-W54A nb nb

r-W54A nb nb
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Figure 4.10. Competitive titrations of PExbB DNA into PureA-F and HpNikR or H74A.  

 

  

holo-HpNikR  r-HpNikR  

holo-H74A r-H74A 
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Figure 4.11. All EMSAs between protein (holo-HpNikR, r-HpNikR, holo-H74A, r-

H74A) and DNA were conducted using a 7% nondenaturing acrylamide gel and a TAE 

(Tris-acetate EDTA) running buffer containing 800M NiSO4 and 3 mM MgCl2. 

Approximately 250nM PureA or PexbB DNA was incubated with increasing concentrations 

of protein (0, 5, 25, 50 M for PureA and 0, 50, 200 M for PexbB) for 1 hour at room 

temperature followed by electrophoresis at 4˚C and 100 V. The acrylamide gel was 

stained with eithidium bromide and viewed with a UV light box. 

 

PureA PexbB 

1           2           3          4   1              2            3 

Holo-HpNikR 

Reconstuted-

HpNikR 

Holo-H74A 

Reconstituted-

H74A 
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Figure 4.12. CD spectra of 2.5 μM holo-W54A (dotted line), 2.5 μM apo-W54A (solid 

line), and 2.5 μM r- W54A (dashed line) in 25 mM NaH2PO4, 100 mM NaCl (pH 7.5) at 

25 °C. The y axis units are molar CD per residue (ε M−1 cm−1). 

 

This is comparable to the expected theoretical changes (e.g. the calculated Rg is 27.5 Å 

for holo-HpNikR and 26.0 Å for H74A with the DBDs in a trans-conformation). 

Importantly, the cis-conformation models (i.e. the expected conformation for the 

HpNikR/DNA complex) have a smaller Rg for both proteins, indicating that the reduction 

of the experimental Rg may be a consequence of the shift of the equilibrium towards cis-

conformation and the corresponding general increase in the flexibility of the DBDs.  

 Protein models, based upon crystal structures were used to calculate predicted 

SAXS profiles for holo-HpNikR and H74A which were then compared to the 

experimental results. Curiously, neither of the models can be selected as the best model 
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based solely on their fits to the experimental data. This might be attributable to the 

approximate nature of the crystal structure based models (e.g. the positions of the DBD 

are projected rather than determined directly) or because the protein exhibits a range of 

conformations in solution, particularly with the orientation of the DBDs with respect to 

the MBD.  

Ab initio models for the SAXS data were generated and the analysis was 

performed assuming either no symmetry or two-fold internal symmetry of the scattering 

particle, and the resulting molecular envelopes are shown in Figure 4.13 and Figure 

4.14. The atomic models were manually placed inside the molecular envelope and are 

presented here purely to provide a guide with respect to the protein size. The ab initio 

molecular envelope of the holo-HpNikR matches the expected shape of the molecule, 

with the spherical central (MBD) domain flanked by two somewhat elongated (DBD) 

domains. The shape of the molecule does not change when a two-fold symmetry is 

imposed during simulated annealing (see Figure 4.14). 

The SAXS profile of the H74A mutant produces an ab initio molecular envelope 

that appears to lack one of the two DBD domains. This is consistent with an increased 

flexibility of the DBD domains and disruption of the MBD/DBD interface for the mutant, 

as seen in the crystal structure. Interestingly, when a two-fold symmetry is imposed on 

H74A data, the resulting envelope resembles the full length protein that lacks the 

peripheral part of both DBDs, consistent with the crystal structure. Thus, the SAXS data 

support a model in which the conformational flexibility in the DBD is significantly 

increased when Ni(II) is coordinated only to 4-sites. 
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Figure 4.13. The ab initio molecular envelopes determined from the SAXS data for (A) 

holo-HpNikR, (B) H74A. These were obtained without imposing particle symmetry 
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Figure 4.14. Ab initio molecular envelopes for the holo-HpNikR (A) and the H74A 

mutant (B) obtained with imposed two-fold particle symmetry. 
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4.4 Conclusions: The role of nickel coordination in DNA recognition by HpNikR 

  Two important conclusions can be drawn from the structural and functional 

studies of HpNikR, MBD and H74A that are presented here. (i) Ni(II) is found 

coordinated to two different sites- a ‘4-site’ and a ‘5/6 site’ over the pH range of 5.6-7.5, 

which spans the range of cytosolic pH encountered by the bacteria. 
5-7

   The singular 

nickel coordination with all four Ni(II) ions coordinated to 4-sites, as observed by Benini 

et al., 
31

 is likely a consequence of the method utilized to isolate the protein, but also 

could reflect an equilibrium between the two forms of the protein at elevated pH. (ii) 

Ni(II) coordination to two different sites promotes tighter and more selective DNA 

binding (lower Kd)  than Ni(II) coordination to a singular site. This DNA recognition 

affect appears to be related to the conformational flexibility of the DBD – when Ni(II) is 

coordinated to two different types of sites, the DBDs are oriented in a ‘trans’ 

conformation; whereas, when Ni(II) is coordinated to a singular site, the DBDs are highly 

disordered. To bind to DNA, the DBD must re-orient from a ‘trans’ to a ‘cis’ 

confirmation and dock to the MBD via an interface centered at W54. The all ‘4-site’ 

structure with its disordered DBD, may represent an intermediate conformation between 

the ‘trans’ protein and the ‘cis’ conformation that binds DNA. This explanation suggests 

that nickel ions exchange their coordination sites (i.e. the ‘4-site’ and the ‘5/6 site’) as 

they recognize DNA. Alternatively, the all ‘4-site’ could be an artifact of the method of 

protein preparation and not relevant biologically.  

 Scheme 4.1 shows a proposed mechanism for nickel mediated DNA recognition 

by HpNikR that incorporates all of the currently available structural and spectroscopic 

data. In this mechanism, apo-HpNikR is primed to bind Ni(II) at ‘5/6 sites’ (21). Upon 

addition of two equivalents of Ni(II), the ligands rearrange to bind two Ni(II) ions in two 

‘4-sites.’ Addition of two more Ni(II) ions results in mixed Ni(II) coordination geometry 

(2 Ni(II) ions at ‘4-sites’ and 2 Ni(II) ions at ‘5/6-sites’). At this point, the protein is 

primed to bind to target DNA and the orientation of the DBD changes from ‘trans’ to 
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‘cis.’ Upon DNA binding, the fate of the Ni(II) sites is not known. The nickel ions may 

maintain mixed coordination geometry or they may re-arrange to bind nickel at singular 

sites.  

 The biological role of HpNikR is to regulate multiple genes with different 

sequences via a direct protein/DNA interaction in response to acid stress and nickel 

availability 
8-10

. This function is more complex than that of the well-studied homolog, 

EcNikR, which evolved to regulate a single gene directly 
42

. The complexity in the nickel 

sites observed for HpNikR may be a consequence of the protein’s biological role. As we 

continue to unravel the mechanism of nickel mediated multi-DNA recognition by 

HpNikR, we will be able to clarify the role(s) of nickel in this process and understand 

why Ni(II) can coordinate to different sites in the protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Proposed mechanism of DNA recognition by HpNikR. 
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Chapter 5 

 

The HpArsRS two-component system is necessary for maximum activation of 

HpNikR mediated urease transcription* 

 

5.1 Introduction 

Helicobacter pylori is a microaerophilic, Gram negative pathogen that infects 

over half the world’s human population. 
1, 2

 Colonization occurs in the highly acidic 

gastric mucosal layer as well as at the gastric epithelial surface of the human stomach. 

Prolonged H. pylori infection is associated with the development of gastritis, peptic ulcer 

disease, Mucosal-Associated Lymphoid Tissue (MALT) lymphoma and gastric 

adenocarcinoma. 
1-5

 Current therapies for H. pylori infection require antibiotic cocktails 

of two, three or four drugs that are often not well tolerated due to adverse side effects. 
2, 3

 

If H. pylori infection is left untreated, colonization will persist throughout a person’s 

lifetime. 
1, 2, 4-7

  

* Manuscript in preparation. West, A.L., Gancz, H., Pich, O.Q., Gilbreath, J.J., Merrell, D.S., Michel, S.L.J. The 

HpArsRS two-component system is necessary for maximum activation of HpNikR mediated urease transcription. Abby 

conducted all in vitro studies and in vivo reporter assays. Dr. Gancz and Dr. Pich and Mr. Gilbreath assisted with the 

construction of bacterial strains and growth. Collectively, we analyzed the data. 
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The propensity for chronic infection by H. pylori, coupled with the large rate of infection, 

manifests as a significant disease burden worldwide. 
3
 Thus, there is a  

great need to develop novel anti-helicobacter agents that are more targeted and well 

tolerated. 
2
 

 

5.1.1 The role of HpNikR in infection 

While displaying optimal growth at neutral pH, H. pylori is one of a select 

number of bacteria that can survive under highly acidic conditions; this makes it ideally 

suited to life in the gastric mucosa. The cytosolic pH of H. pylori ranges from 5.3-7.5, 

and the organism can endure periodic acid shocks of pH < 2. 
8-10

  One key feature that 

enables H. pylori to survive under such harsh conditions is its ability to convert host urea 

into ammonia, which serves to buffer the cytoplasmic/periplasmic pH, as well as to 

neutralize the immediate environment upon excretion from the bacterial cell. 
9-14

 The 

majority of the ammonia is produced by the nickel dependent urease enzyme, which 

converts urea to ammonia and bicarbonate. Urease accounts for approximately 10% of 

the total protein content of H. pylori, 
10, 15

 and expression of the operon of genes that 

encode urease is known to be subject to environmental regulation.  

 

5.1.2 The structure of HpNikR 

The nickel dependant metalloregulatory protein, HpNikR, is known to be a key 

regulator of urease expression. HpNikR functions as a tetrameric metalloregulatory 

protein. Each HpNikR monomer is comprised of two domains, named the N-terminal and 

C-terminal domains. 
16-20

 To form the tetrameric protein, all four C-terminal domains 
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form a central tetrameric metal binding domain (MBD), which serves as the site of nickel 

coordination. The MBD is then flanked on either side by two N-terminal domains that 

form two dimeric DNA binding domains (DBD).  The DBDs adopt a classic ribbon-

helix-helix fold, which is commonly found in DNA binding proteins (Figure 5.1). 
17, 21-25

 

HpNikR requires Ni(II) coordination to the MBD in order to recognize and bind 

to DNA via the DBD. 
26-32

 Crystallographic studies conducted by our laboratory have 

shown that Ni(II) coordinates to two distinct sites at the MBD of HpNikR: two Ni(II) 

ions coordinate at square planar sites that utilize a 3 His/1Cys ligand set and two Ni(II) 

ions coordinate to a square pyramidal/octahedral sites that utilize a 3 His/ 2-3 H2O ligand 

set (Figure 5.1). 
19, 25

 This heterogeneous nickel coordination controls the overall 

flexibility of the DBDs to favor high affinity DNA binding. 
19

 

 

5.1.3 Gene regulation by HpNikR 

HpNikR is a global regulator of transcription in H. pylori. 
10, 26, 33, 34

 In addition to 

urease, HpNikR activates and represses the expression of at least forty genes in response 

to nickel availability. 
26, 29, 30, 33-45

 Genes which have been shown to be directly regulated 

by HpNikR encode for proteins that regulate nickel uptake (nixA, frpB4, fecA3), storage 

(hpn, hpn-like) and regulation (nikR); genes involved in iron uptake and storage (fur); 

genes involved in infection (hspA); and genes that encode for outer membrane proteins 

(exbB/tonB). 
26, 29, 30, 34, 37, 39-41, 46

  The direct binding of HpNikR to the promoter 

sequences of these genes has been shown via DNase footprinting, electrophoretic 

mobility shift assays (EMSA), fluorescence anisotropy (FA) and/or  
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Figure 5.1. Structure of holo-HpNikR highlighting the MBD (red), DBD (blue), 4-site 

(top left) and 5/6-site (bottom right). (pdb 3LGH, made in PyMol) 

 

 

isothermal titration calorimetry (ITC). 
26, 29, 30, 33, 34, 36, 38-41, 43-46

 From those studies, a 

general model for HpNikR gene regulation has been formulated. In this model, HpNikR 

activates transcription by binding upstream of the RNA polymerase binding site, which 

aids in the recruitment of RNA polymerase (i.e. for ureA). In contrast, HpNikR represses 

transcription by a simple steric hindrance mechanism in which HpNikR blocks the 

interaction of RNA polymerase with the promoter by binding at promoter sequences 

overlapping the -10 or -35 hexameric boxes (e.g. nikR, nixA, fur, frpB4, exbB, fecA3). 
37, 

40, 41, 46-48
 In addition to the genes for which direct protein/DNA binding has been 

established, approximately thirty additional genes have been predicted to be regulated by 

HpNikR. 
26, 29, 30, 33, 34, 36, 38-41, 43-46

 Whether these additional genes are regulated directly or 
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indirectly has yet to be established. These genes include components involved in motility 

(cheV, flaA, flaB) and stress response (hrcA, grpE, dnaK), as well as outer membrane 

proteins (omp11, omp31, omp32). 
33, 40

 

 The promoters for the genes that are directly regulated by HpNikR share common 

sequences, but are not identical. These DNA target sequences are all pseudo-palindromic 

and are composed of two sets of seven base pairs (half-sites), separated by eleven bases. 

29, 40, 42, 46, 49
 HpNikR binds to a subset of the promoters with high affinity (Kd ~ nM) and 

a subset of the promoters with low affinity (Kd ~ µM). 
40

 The promoter sequences for 

which high affinity recognition is measured are from genes that encode for nickel 

regulated proteins (ureA, nixA, frpb4, fecA3), while the promoter sequences for which 

low affinity binding has been measured are from genes that encode for the other proteins 

(fur, nikR, exbB). 
40

 Thus, in vitro HpNikR preferentially recognizes genes that encode 

for nickel-regulated proteins. The DNA target sequences for which high affinity DNA 

binding is observed have greater conservation of sequence at the second half-site.
42

 

Studies in which these sequences have been systematically altered have identified key 

bases within the second half-site that are essential for high-affinity protein/DNA 

binding.
40, 42, 46

 In addition, the full pseudo-palindrome is required for high affinity DNA 

binding by HpNikR.
40

 When either half of the pseudo-palindrome was modified to all 

cytosines, the affinity of HpNikR for the DNA sequence decreased from 8.0 ± 1 nM to 

1000 ± 94 nM for Wt/C (CTTCAAAG ATATAACACTAATTCAT 

TTTACCCCCCCATTAGTTAATGA) and 4900 ± 780 nM for C/Wt  

(CTTCAAAGATACCCCCCCAATTCATTT TAAATAATAAT TAGTTAATGA). 

When both halves of the palindrome were modified, DNA binding is fully abrogated. 
40
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5.1.4 The HpArsRS two-component system 

 The HpArsRS two-component system has also been shown to regulate a wide 

variety of genes in H. pylori. These genes include those that encode for proteins involved 

in acid resistance, (including urease), acetone metabolism (acetone carboxylase), 

resistance to oxidative stress (thioredoxin reductase), and quorum sensing. 
50-55

 Within 

the regulatory pathway, HpArsS serves as a sensor protein that phosphorylates the 

HpArsR response regulator. Phosphorylation occurs via a two-step process:  HpArsS 

autophosphorylates at histidine 94 and then transfers the phosphate to aspartic acid 52 on 

HpArsR to generate HpArsR-P. 
52, 56-59

 HpArsR appears essential to bacterial viability 

and binds to different promoter elements based on the phosphorylation state.  Binding at 

PureA requires phosphorylation and the binding site of HpArsR-P overlaps with the 

binding site recognized by HpNikR (Figure 5.3).  
50

 Given that HpArsR and HpNikR 

respond to different environmental conditions, acid and nickel, respectively, these two 

regulators are believed to function independently of one another. 
50

  

The majority of studies that have investigated binding of HpNikR to target 

promoters have been conducted in vitro.  However, it is clear that the cytoplasm of the 

bacterial cell is a much more sophisticated environment than that found within the 

laboratory. Therefore, in vitro findings may not always translate to the in vivo 

environment.  

  The goal of the studies described herein was to determine if the DNA sequence 

dependence associated with recognition of PureA by HpNikR are the same in vitro and in 

vivo. This work is part of a collaborative effort with Dr. D. Scott Merrell (USUHS), Dr. 

Hanan Gancz (USUHS), Dr. Oscar Q. Pich (USUS) and Jeremy Gilbreath (USUHS). 
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Abby conducted all in vitro studies and in vivo reporter assays. Dr. Gancz and Dr. Pich 

and Mr. Gilbreath assisted with the construction of bacterial strains and growth. 

Collectively, we analyzed the data. 

 To this end, we constructed transcriptional reporters in which the wildtype ureA 

promoter or mutant versions of the promoter were fused to the gene encoding GFP. 

Reporter assays were then used to monitor ureA promoter activity directly in H. pylori. 

The wildtype PureA sequence exhibited high levels of GFP expression that increased with 

increasing concentrations of nickel. Unexpectedly, mutation of the half-sites did not 

prevent urease expression, but negated the Ni(II) dependence of ureA expression. These 

results suggested that another factor rescues PureA transcription when the DNA target 

sequence for HpNikR is compromised. Herein, we show that HpArsRS acid response 

regulatory system, which has previously been shown to regulate ureA expression in 

response to low pH, is also able to regulate ureA transcription at neutral pH. This is the 

first time that HpArsR has been shown to regulate urease expression in conjunction with 

HpNikR and we propose that there is a cooperative interaction between these two 

regulators to control urease expression in H pylori. 

 

5.2 Materials and Methods:  

5.2.1 Bacterial strains and growth 

Primer sequences are listed in Table 5.1 and bacterial strains and plasmids used in 

this study are listed in Table 5.2. The H. pylori strains used in this study are all 

derivatives of G27 
60

.  
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Table 5.1. List of oligonucleotides used in this study. 
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H. pylori strains were maintained as frozen stocks at -80˚C in brain heart infusion broth 

(BD Biosciences) supplemented with 10% fetal bovine serum (Gibco) and 20% glycerol 

(EMD chemicals, Inc.). Bacterial strains were grown with the assistance of Dr. Gancz, 

Dr. Pich and Mr. Gilbreath. Bacterial strains were grown on horse blood agar (HBA) 

plates that contained 4% Columbia agar base (Neogen Corporation), 5% defibrinated 

horse blood (HemoStat Laboratories, Dixon, CA), 0.2% b-cyclodextrin (Sigma), 10 

mg/ml vancomycin (Amresco), 5 mg/ml cefsulodin (Sigma), 2.5 U/ml polymyxin B 

(Sigma), 5 mg/ml trimethoprim (Sigma), and 8 mg/ml amphotericin B (Amresco). Liquid 

cultures of H. pylori were grown in brucella broth (Neogen Corporation) supplemented 

with 10% fetal bovine serum and 10 mg/ml vancomycin at 37˚C with shaking at 100 rpm. 

As noted in Table 5.2, where appropriate, cultures and plates were supplemented with 8 

mg/ml chloramphenicol (Cm) (EMD Chemicals, Inc.) and/or 25 mg/ml kanamycin (Kan) 

(Gibco). In addition, where detailed below, some HBA plates contained 5% sucrose (Suc) 

(Sigma). Both liquid and plate cultures were grown under microaerophilic conditions (5% 

O2, 10% CO2, and 85% N2) generated with an Anoxomat gas evacuation and replacement 

system (Spiral Biotech) in gas evacuation jars. Exponential phase cultures were grown in 

liquid culture for 20 hrs, while stationary phase cultures were grown for 44 hrs. 
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Plasmid or Strain Description Reference

Plasmids

pDSM278 pGEM T-easy::cat This study

pDSM923 pGEM T-easy::upstream region of nikR  fused to downstream region This study

pDSM924 pGEM T-easy::ΔnikR::cat This study

pDSM922 pBluescript:: ΔArsS::KanSacB This study

pDSM1070 pGEM T-easy::upstream region of arsS  fused to downstream region This Study

pDSM199 pTM117::promoterless This Study

pDSM463 pTM117::Wt ureA promoter This study

pDSM697 pTM117:: ureA  promoter mutant C/C This study

pDSM698 pTM117:: ureA  promoter mutant C/Wt This study

pDSM796 pTM117:: ureA  promoter mutant Wt/C This study

Strains

H. pylori strains

G27 WT 60

43504 Clinical isolate of H. pylori 62

DSM215 G27 pTM117::promoterless This Study

DSM464 G27 pTM117::Wt ureA promoter This Study

DSM763 G27 pTM117:: ureA promoter mutant C/C This Study

DSM764 G27 pTM117:: ureA promoter mutant C/Wt This Study

DSM797 G27 pTM117:: ureA promoter mutant Wt/C This Study

DSM975 G27 ΔnikR ::cat  Cm
r

This Study

DSM980 G27 ΔnikR ::cat  Cm
r
 pTM117::promoterless This Study

DSM976 G27 ΔnikR ::cat  Cm
r
 pTM117::Wt ureA promoter This Study

DSM977 G27 ΔnikR ::cat  Cm
r
 pTM117:: ureA promoter mutant C/C This Study

DSM978 G27 ΔnikR ::cat  Cm
r 
pTM117:: ureA promoter mutant C/Wt This Study

DSM979 G27 ΔnikR ::cat  Cm
r 
pTM117:: ureA promoter mutant Wt/C This Study

DSM983 G27 ΔarsS  markless This Study

DSM1069 G27 ΔarsS ::KanSacB This Study

DSM1071 G27 ΔarsS /nikR ::cat  Cm
r

This Study

AW2420 G27 ΔarsS  markless pTM117::promoterless This Study

AW2421 G27 ΔarsS  markless pTM117::Wt ureA promoter This Study

AW2422 G27 ΔarsS  markless pTM117:: ureA promoter mutant C/C This Study

AW2423 G27 ΔarsS  markless 
 
pTM117:: ureA promoter mutant C/Wt This Study

AW2424 G27 ΔarsS  markless
  
pTM117:: ureA promoter mutant Wt/C This Study

AW2445 G27 ΔarsS/nikR ::cat Cm
r
 pTM117::promoterless This Study

AW2446 G27 ΔarsS/nikR ::cat Cm
r
 pTM117::Wt ureA promoter This Study

AW2447 G27 ΔarsS/nikR ::cat Cm
r
 pTM117:: ureA promoter mutant C/C This Study

AW2448 G27 ΔarsS/nikR ::cat Cm
r
 
 
pTM117:: ureA promoter mutant C/Wt This Study

AW2449 G27 ΔarsS/nikR ::cat Cm
r  

pTM117:: ureA promoter mutant Wt/C This Study

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2. List of strains used in this study. 
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5.2.2 Construction of a ΔnikR::cat H. pylori strain 

 The strain was created with the assistance of Dr. Gancz and Dr. Pich 

(USUHS).The nikR mutant strain was constructed using a strategy that resulted in 

replacement of the nikR sequence with the cat gene, which encodes for chloramphenicol 

resistance. Briefly A 968 bp fragment containing the region directly upstream of NikR 

was amplified with primers U1338-F and 1338-R, the latter of which was engineered to 

contain SmaI and XhoI restriction sites. This fragment was then fused via splicing by 

overlap extension (SOE) PCR to a 1098 bp fragment containing the region immediately 

downstream of NikR; this region was amplified with primers D1338-F and D1338-R, the 

former of which contains SmaI and XhoI restriction sites. The SOE product was cloned 

into pGemT-Easy to create pDSM923. Sequence analysis showed that only the SmaI site 

was preserved in the SOE fusion product.  The cat gene,
61

 which had first been cloned 

into pGemT-Easy, was liberated via restriction digestion with EcoR1, Klenow (NEB) 

treated (New England Biolabs) (NEB), and then ligated with the SmaI (NEB) digested, 

and calf intestine phosphatase (CIP) treated, pDSM923; the resulting nikR deletion 

construct was named pDSM924. pDSM924 was subsequently transformed into G27 and 

transformants were selected for on HBA plates containing 8 µg/mL Cm. Resulting 

colonies were screened for differences in size in the nikR region via PCR with the 

U1338_F and D1338_R primers.  For those colonies showing the expected change in 

size, the PCR product was next sequenced to verify deletion of nikR. One such colony 

showing a deletion insertion of nikR was named DSM975. 
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5.2.3 Construction of a markerless ΔarsS H. pylori strain 

This strain was created with the assistance of Dr. Gancz and Dr. Pich (USUHS). 

The arsS mutant strain was created using pDSM922, which is a suicide plasmid that 

contains a counter selectable marker (generous gift of Liz Marcus and David Scott, 

UCLA School of Medicine).  Briefly, the plasmid contains a KanSacB counter selectable 

cassette, previously described by Copass, et al., 
62

 that is flanked by the 600 bp and 400 

bp immediately upstream and downstream, respectively, of HP0165 (arsS); these regions 

were originally amplified using strain 43504 as the template. 
63

 pDSM922 was naturally 

transformed into G27, and transformants were selected on HBA plates containing 25 

ug/ml kanamycin. The resulting transformants were patched on HBA plates containing 

5% sucrose to ensure sucrose sensitivity; deletion insertion of arsS was then confirmed 

by PCR amplification of the region with HP0165_up_F and HP0165_down_R primers 

followed by sequencing with the same primers. One such arsS mutant was named 

DSM1069 and then served as the background strain to create the markerless mutant.   

To create the markless deletion strain, the region immediately upstream and 

downstream of arsS were fused together via SOE PCR; the upstream region was 

amplified with the HP0165_Up_F and HP0165_Up_R primers, the downstream region 

was amplified with the HP0165_Down_F and HP0165_Down_R primers and the 

products from these reactions were gel purified and fused together via SOE PCR using 

primers (HP0165_Up_F and HP0165_Down_R CGCTTTCAGCCAAAATAAGC. The 

resulting product was gel purified, and naturally transformed into DSM1069. 

Transformants were selected on HBA plates containing 5% sucrose and then patched 

onto HBA plates containing 25ug/ml kanamycin to ensure kanamycin sensitivity; double 
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crossover homologous recombination resulted in the replacement of the kan-sacB cassette 

to create a markerless deletion of the arsS gene. Proper integration was confirmed by 

PCR and sequencing with the HP0165_Up_F and HP0165_Down_R primers. The 

resulting strain was named DSM983.  

 

5.2.4 Construction of a arsS/nikR::cat H. pylori strain 

This strain was created with the assistance of Dr. Gancz and Dr. Pich 

(USUHS).The arsS/nikR::cat mutant strain was created by naturally transforming 

pDSM924, the nikR::cat deletion construct into H. pylori strain DSM983. Transformants 

were then screened on HBA plates supplemented with 8 g/mL Cm to ensure 

chloramphenicol resistance. Proper integration was confirmed first by PCR with the 

U_1338_F and D_1338_R  primers. For those colonies showing the expected change in 

size for the nikR gene, the PCR product was sequenced to verify deletion of nikR. To 

ensure that the arsS markerless deletion was still intact for this strain, PCR with the 

HP0165_Up_F and HP0165_Down_R primers followed by sequencing of the PCR 

product was performed. The resulting strain was named DSM1071.  

 

5.2.5 Construction of ureA::GFP transcriptional fusions 

These fusions were created with the assistance of Dr. Gancz (USUHS). 

Transcriptional fusions to the promoterless gfpmut3 allele carried on pTM117
61

 were 

constructed to monitor ureA expression. Briefly, the wildtype ureA promoter was PCR 

amplified from G27 using the UreA_F_Prom_KpnI and UreA_R_Prom_XbaI primers; 

these primers incorporate KpnI and XbaI restriction sites, respectively. The resulting 
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PCR fragment was subcloned into pGEM-T Easy (Promega) to create pDSM463. The 

ureA promoter was then removed via digestion with KpnI (NEB) and XbaI (NEB) and 

ligated into the appropriately digested pTM117 vector to create pDSM463. The proper 

fusion was confirmed by PCR amplification with the UreA_F_Prom_KpnI  and 

UreA_R_Prom_XbaI primers and by sequencing with the same primers. pDSM463 was 

then naturally transformed into G27, DSM975, DSM983 and DSM1071 and 

transformants were selected on HBA plates containing 25 µg/ml Kan. The individual 

strains transformed with pDSM463 are described in Table 5.2. 

 Mutant ureA promoter constructs were each created using SOE and primer pairs 

that incorporated the desired mutation during the process of amplification.  Specifically, 

the C/Wt mutant promoter was created using the primer pairs F1_ureA_prom_switch and 

UreA_R_Prom_XbaI, and UreA_F_Prom_KpnI and R1_ureA_prom_switch. The Wt/C 

mutant promoter was created using the primer pairs F2_ureA_prom_switch and 

UreA_R_Prom_XbaI, and UreA_F_Prom_KpnI and R2_ureA_prom_switch. Finally, the 

C/C ureA promoter mutant was created using the primer pairs F3_ureA_prom_switch and 

UreA_R_Prom_XbaI, and UreA_F_Prom_KpnI and R3_ureA_prom_switch. Each of the 

mutant ureA promoters were subcloned into pGEM-T Easy (Promega), removed by 

digestion with KpnI (NEB) and XbaI (NEB), and ligated into the appropriately digested 

pTM117 vector. The constructed plasmids are pDSM763 (C/C), pDSM764 (C/Wt) and 

pDSM797 (Wt/C). All fusions were confirmed by PCR amplification with 

UreA_F_Prom_KpnI  and UreA_R_Prom_XbaI primers and by sequencing with the 

same primers. Each of the resulting plasmids containing the individual ureA promoter 

mutations were naturally transformed into G27, DSM975, DSM983 and DSM1071 and 
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transformants were selected on HBA plates containing 8 µg/ml Cm and 25 µg/ml Kan 

(DSM 975 and DSM 1071), or 25 µg/ml Kan alone (G27 and DSM 983).  

 

5.2.6 GFP reporter assays 

These studies were conducted with the assistance of Dr. Gancz and Dr. Pich 

(USUHS). The ability of the ureA transcriptional fusions to drive expression of GFP was 

assessed visually utilizing an Olympus BX61 fluorescent microscope (Figure 5.2), as 

well as using flow cytometry as previously described. 
61

 Briefly, strains containing the 

ureA promoter fusions were grown overnight in liquid cultures containing varying NiSO4 

concentrations (0, 0.5, 1.0, 10 µM) (Sigma). Following overnight growth, 1.5 ml of each 

culture was pelleted and resuspended in 1 ml of sterile 1× phosphate-buffered saline. 

Bacterial clumps and culture debris were subsequently removed by passing the 

resuspended culture through a 1.2-µm Acrodisc PSF syringe filter (Pall). Flow cytometry 

analysis was performed using a Beckman Coulter Epics XL-MCL flow cytometer with a 

laser setting of 750 V for the ureA fusion construct. 20,000 events were collected for each 

assay. WinList 3D, version 6.0 (Verity Software House) was used to analyze the flow 

cytometry data. 

 

5.2.7 H. pylori His6-HpArsR expression and purification 

The His6-HpArsR expression strain (DSM1177) was the generous gift of Dr. Mark 

Forsyth, Department of Biology, College of William and Mary. His6-HpArsR was 

overexpressed in E. coli and purified as follows. Strain DSM1177 was grown in 2 liters 

of LB media containing ampicillin (100 µg/mL) and kanamycin (20 µg/mL). 
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Figure 5.2. Comparison of both fluorescent (FL) microscopy and bright field (BF) 

microscopy of H. pylori G27. (Top) FL and BF microscopy of G27 transformed with the 

PureA Wt/Wt (DSM 464) GFP fusion which expresses GFP. (Bottom) FL and BF 

microscopy of G27 transformed with the promoterless (DSM 215) GFP fusion which 

does not. 
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When the culture reached an A600 of 0.6, protein expression was induced for 4 h 

with 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG). Cells were collected by 

centrifugation at  

12,000 × g for 10 minutes. All buffers utilized in the HpArsR studies contained 5 mM 

tris(2-carboxyethyl) phosphine hydrochloride (TCEP) to prevent oligomerization of the 

protein. Cell pellets were resuspended in 20 mM Tris-HCl, 500 mM NaCl, 5mM TCEP, 1 

mM phenylmethylsulfonyl fluoride (PMSF) pH 7.5, and then lysed by sonication on ice. 

After sonication, the preparation was centrifuged at 31,000 × g for 20 min. The 

supernatant (∼100 ml) was collected and applied to a 30-ml metal affinity 

chromatography column (His-Bind, Novagen) charged with Ni(II). The column was 

washed with a 50 mM imidazole gradient to remove proteins bound non-specifically to 

the column, and the protein of interest was eluted with 250 mM imidazole over 45 ml. 5-

ml fractions corresponding to the elution were collected, and the purity of the proteins 

was visually assessed using 15% SDS-PAGE gels stained with coomasie. Fractions 

determined to be > 95% pure were pooled, and buffer exchanged into 50 mM Tris-HCl, 5 

mM MgCl2, 50 mM KCl, 5 mM TCEP, pH 7.5 and concentrated to a volume of 6 ml 

using Amicon Ultra-15 centrifugal filters [5-kDa molecular weight cut-off (MWCO) 

membrane] for use in DNA binding assays. 

 

5.2.8 In vitro phosphorylation of His6-HpArsR. 

His6-HpArsR was phosphorylated (His6-HpArsR-P) in vitro by incubating the 

protein in phosphorylation buffer (50 mM Tris-HCl, 5 mM MgCl2, 50 mM KCl, 5 mM 

TCEP, pH 7.5) with 50 mM acetylphosphate for 60 minutes at 25˚C. Post 

http://www.jbc.org/cgi/redirect-inline?ad=Novagen
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phosphorylation, the KCl concentration was adjusted to 100 mM to be consistent was 

past salt concentrations used in the studies of HpNikR DNA recognition.  

 

5.2.9 Oligonucleotide probes 

HPLC-purified oligonucleotide probes were purchased from Integrated DNA 

Technologies (Coralville, IA) and were either labeled with fluorescein (F) or unlabeled as 

indicated in Table 5.1. Upon receipt, the probes were resuspended in DNase-free water 

and quantified. To obtain double stranded probes, each oligonucleotide probe was mixed 

with a probe with the complementary sequence such that there was a 1.25:1 ratio of 

unlabeled to labeled oligonucleotide probe in annealing buffer (10 mM Tris, 10mM NaCl 

at pH 8.0). The annealing reaction mixtures were placed in a water bath set to a 

temperature 10 ˚C higher than the melting temperatures (Tm’s) of the component 

oligonucleotides. The water bath was then immediately turned off, and the annealing 

reaction mixtures were allowed to cool overnight. Double-stranded oligonucleotides were 

quantified and stored at -20 ˚C. 

 

5.2.10 Direct fluorescence anisotropy titrations with His6-HpArsR-P. 

A fluorescence anisotropy (FA) assay was used to measure His6-HpArsR-P 

binding to the ureA promoter. Measurements were taken on an ISS PC-1 

spectrofluorimeter configured in the L format with an excitation wavelength of 495 nm 

and an emission wavelength of 519 nm.  The band-pass for excitation was 2 nm and 1 nm 

for emission.  15 nM of PureA in 50 mM Tris-HCl, 5 mM MgCl2, 100 mM KCl, 5 mM 

TCEP, pH 7.5 was added to a cuvette that had been pretreated with 5 mM bovine serum 
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albumin (BSA) to prevent adherence of either the protein or DNA to the cuvette walls. 

The anisotropy, r, of the free oligonucleotide was measured. His6-HpArsR-P was titrated 

and the change in anisotropy measured. The data were analyzed by converting the 

anisotropy to fraction bound, Fbound (the fraction of His6-HpArsR-P bound to DNA at a 

given DNA concentration), using the equation: 
64

 

   

Fbound =
r-rfree

(rbound - r)Q + (r - rfree)
 

Where rfree is the anisotropy of the fluorescein-labeled oligonucleotide, rbound is the 

anisotropy of the DNA/protein complex at saturation, and Q, is the quantum yield ratio of 

the bound to the free form and is calculated from the fluorescence intensity changes that 

occur (Q =Ibound /Ifree). The typical Q for His6-HpArsR-P DNA binding experiments was 

Q = 0.87. Fbound was plotted against the protein concentration, treating His6-HpArsR-P as 

a monomer and fit using a one-site binding model: 

P + D   PD 

   

Kd =
P[ ] D[ ]
PD[ ]

 

   

Fbound =
Ptotal + Dtotal + Kd - Ptotal + Dtotal + Kd( )

2
- 4Ptotal Dtotal

2Dtotal

 

Where P is the protein [His6-HpArsR-P] concentration and D is the DNA concentration. 

Each data point from the FA assay represents the average of thirty-one readings taken 

over a time course of 100 seconds. Each titration was carried out in triplicate.  
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5.2.11 Competitive fluorescence anisotropy titrations with His6-HpArsR-P 

The competitive FA assays were conducted in a 50 mM Tris-HCl, 5 mM MgCl2, 

100 mM KCl, 5 mM TCEP, pH 7.5 prepared in a 0.5 cm PL Spectrosil far-UV quartz 

window fluorescence cuvette (Starna Cells) that had been pretreated with 5 mM (BSA) to 

prevent adherence of protein or DNA to the walls of the cuvette. In a typical experiment, 

an unlabeled DNA oligomer was titrated into a solution containing 1500 nM His6-

HpArsR-P and 5nM PureA-F and the decrease in anisotropy (r) as the unlabeled DNA 

oligomer competed with the labeled oligonucleotide was recorded. The anisotropy was 

converted to fraction bound, to take into account changes in quantum yield, using the 

following equation. 

   

Fbound =
r-rfree

(rbound - r)Q + (r - rfree)
 

Where rfree is the anisotropy of the fluorescein-labeled oligonucleotide,  rbound is the 

anisotropy of the DNA-protein complex at saturation taken from the forward titration, 

and Q, is the quantum yield ratio of the bound to the free form and is calculated from the 

fluorescence intensity changes that occur (Q =Ibound /Ifree). 
65

 The competition experiment 

was performed with His6-HpArsR-P concentrations at levels near saturation to minimize 

the amount of unlabeled DNA required to complete the titration.  

Binding isotherms were fit using Mathematica (version 8 Wolfram Research) to a 

model that involved the mass action equations for the three competing equilibria:  

 (1) 

 (2) 

fKf DPDDPD +¾®¬+
3

 (3) 
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Where P is the protein (His6-HpArsR-P), Df is fluorescently labeled DNA, and D 

represents unlabeled DNA. The value for K1 was determined from the forward titrations 

and thus used as a known parameter for the fit. Mathematica software was used to 

combine equations (1), (2) and (3) and to solve the resulting cubic equation in terms of 

PDf  using non-linear, least squares analysis. All titrations were carried out in triplicate. 

 

5.3 Results 

5.3.1 Regulation of PureA by HpNikR  

 HpNikR positively regulates the expression of urease by binding to a pseudo-

palindromic sequence located on the ureA promoter (PureA). 
29, 40, 42

 The DNA sequence 

that HpNikR recognizes and binds to is highly AT rich and consists of seven base pairs 

separated by an eleven base pair linker sequence that is not thought to be directly 

involved in the protein/DNA recognition event (Figure 5.3). When either half of the 

palindrome is mutated to all cytosines, the in vitro affinity of HpNikR for the DNA 

sequence is diminished from a Kd of 8.0 ± 1 nM to a Kd of 1.0 ± 0.09 or 4.9 ± 0.79 µM 

for the Wt/C or C/Wt mutants, respectively (Table 5.3). When both halves of the 

palindrome are mutated to all cytosines, DNA binding is fully abrogated. 
40

 Thus, both 

sides of the recognition palindrome appear to be important for HpNikR/DNA binding. To  

 

 

 

 

 



174 
 

 

 

 

Figure 5.3. Recognition sites for HpNikR and HpArsR on the H. pylori ureA promoter.  

Highlighted in grey is the palindromic recognition site for HpNikR, while solid and 

dashed lines above the sequence designate the minimum and maximum protected regions 

from DNase protection assays for the two distinct binding sites of HpArsR as described 

by Pflock et al. in 2005. 

 

 

Table 5.3. Dissociation constants from HpNikR, His6-HpArsR-P for the various PureA 

mutants.   

 

 

 

PureA:

A G T T T T T G A T C T T T A T A A A T T C T A A A G G G G T A T T A A A C G C A C T T C T A A T A A C G A T

T C A A A A A C T A G A A A T A T T T A A G A T T T C C C C A T A A T T T G C G T G A A G A T T A T T G C T A

T T T A T A G C G C T T C A A A G A T A T A A C A C T A A T T C A T T T T A A A T A A T A A T T A G T T A A T

A A A T A T C G C G A A G T T T C T A T A T T G T G A T T A A G T A A A A T T T A T T A T T A A T C A A T T A

box

G A A C GC T T C T G T T A A T C T T A G T A A A T C A A A A C A T T G C T A C A A T T A C A T C C A A C C T

C T T GC G A A G A C A A T T A G A A T C A T T T A G T T T T G T A A C G A T G T T A A T G T A G G T T G G A
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-140 -120
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DNA oligomer Hp NikR Kd (nM) His6-Hp ArsR-P Kd (nM)

His6-Hp ArsR-P Kd(nM) 

Corrected for 2% 

phosphorylation efficiency* 

PureA - Wt/Wt 8.0 ± 1.0
1

826 ± 90 17 ± 2.0

PureA - Wt/C 1000 ± 94
2

1190 ± 21 24 ± 0.5

PureA - C/Wt 4900 ± 780
2

994 ± 24 20 ± 0.6

PureA - C/C no binding
2

1160 ± 35 23 ± 0.7

* As calculated by Dietz et al. in 2002

1
 West et al. 2012

2
 Dosanjh et al. 2009
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determine if these in vitro identified DNA sequence requirements are also observed in 

vivo, a series of Green Fluorescent Protein (GFP) reporter constructs in which the DNA 

recognition sequence within the ureA promoter was varied, to mirror the modifications 

that were studied in vitro were created. These constructs, named Wt/Wt, Wt/C, C/Wt and 

C/C, were unmodified or modified at each palindrome as indicated in Table 5.2.  To 

measure the effect of these modifications on the nickel-dependent transcription of urease 

controlled by endogenous HpNikR, expression of GFP was monitored in H. pylori strain 

G27 and an isogenic nikR strain grown in the presence of increasing Ni(II) 

concentrations.  

Visual inspection of the strains by fluorescence microscopy showed that 

fluorescence was only observed in strains carrying constructs in which the ureA promoter 

was fused to GFP; promoterless controls showed no fluorescence (Figure 5.2 and data 

not shown). Quantitative analysis of GFP expression was achieved using flow cytometry. 

Maximum GFP expression was observed for the Wt/Wt reporter construct carried in the 

wildtype H. pylori strain. This was the only reporter construct for which a Ni(II) 

dependence was observed; a concentration-dependent increase in GFP expression was 

observed as the Ni(II) concentration was increased (Figure 5.4, black bars and Table 

5.4). In keeping with our previous in vitro results, 
40

 the reporter constructs containing 

mutation of the palindrome half sites (Wt/C and C/Wt) exhibited decreased GFP 

expression levels when compared to the unmodified Wt/Wt construct and the Wt/C 

fusion exhibited higher basal levels of expression than the C/Wt fusion. In contrast, GFP 

expression levels for the C/C reporter construct were similar to the GFP expression levels 

observed for the Wt/Wt reporter construct when media was not supplemented with Ni(II). 
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Figure 5.4. Mean GFP expression for the PureA mutants for the various parental strains: 

Wt G27 (black bars), ΔnikR (cross bars), ΔarsS (white bars) and ΔarsS/nikR (grey bars) in 

NiSO4 supplemented  (0, 0.5, 1, 10 µM)  growth media [brucella broth (Neogen 

Corporation) supplemented with 10% fetal bovine serum and 10 mg/ml vancomycin]. 

 

 

 

 

 

 

Table 5.4. Mean GFP fluorescence in normal and 10 µM NiSO4 supplemented media for 

the four PureA mutant constructs and four H. pylori strains studied. 

 

 

 

 

Strain N. Media* + Ni(II) †
Ni(II) 

Dependent
N. Media* + Ni(II) †

Ni(II) 

Dependent
N. Media* + Ni(II) †

Ni(II) 

Dependent
N. Media* + Ni(II) †

Ni(II) 

Dependent

G27 3380 10500 yes 2390 2460 no 1440 1240 no 3610 3280 no

ΔnikR 212 204 no 1850 2090 no 1060 1130 no 463 455 no

ΔarsS 1060 4100 yes 443 452 no 890 882 no 399 343 no

ΔarsS/nikR 1040 1000 no 474 618 no 1120 1250 no 418 440 no

* all values are represented as mean GFP flourescence

† 10µM NiSO4 added to media

Wt/CWt/Wt C/Wt C/C
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This result was unexpected as our in vitro findings suggested that mutation of both sides 

of the palindrome completely abrogate NikR binding at the ureA promoter. 
40

 Given that 

nickel responsiveness was completely lost for each construct (Figure 5.4) and because 

increasing nickel concentrations are known to result in increased HpNikR activity, this 

finding potentially suggests that another regulator may play a role in ureA expression in 

the in vivo conditions being tested here. 

To specifically examine the contribution of HpNikR to the observed levels of 

ureA expression, the same four promoter constructs were next examined in an isogenic 

nikR strain. GFP expression was abrogated for the Wt/Wt promoter, suggesting that the 

GFP expression observed in the wildtype strain is regulated by HpNikR. However, when 

either half-site of the HpNikR binding sequence of the PureA promoter is disrupted, ureA 

can still be transcribed in a NikR-independent fashion. Conversely, disruption of both 

segments of the palindrome results in a dramatic decrease in ureA expression in the NikR 

mutant.  These findings suggest that an additional regulatory factor is involved in urease 

transcription.  Furthermore, the abrogation of transcription when HpNikR is absent in the 

C/C mutant suggests that HpNikR has a hitherto unidentified indirect role in PureA 

transcription as in vitro studies have clearly shown that HpNikR does not bind to the C/C 

mutant. 
40

 

 

5.3.2 Regulation of PureA by HpArsR 

 The observation that PureA transcription occurs for the Wt/C and C/Wt GFP 

reporter constructs in the presence and absence of HpNikR independently of nickel 

availability suggested that another factor regulates ureA transcription in these conditions. 
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The two-component system HpArsRS has been shown to mediate pH-responsive urease 

expression.
50-53, 66

 Furthermore, the HpArsR binding site within the ureA promoter 

partially overlaps the site recognized by HpNikR (Figure 5.3). To determine if HpArsR 

was responsible for the observed urease expression, arsS and arsS/nikR deletion 

strains of H. pylori were constructed and GFP fluorescence was measured for each of the 

PureA constructs. Of note, this strategy was chosen since HpArsR is essential and cannot 

be deleted; however, HpArsR regulates urease in its phosphorylated form (HpArsR-P). 
50

 

Therefore, deletion of HpArsS effectively inactivates HpArsR dependant regulation of 

urease since HpArsS is required for HpArsR phosphorylation. 
50, 52

 

 The role of HpArsR (arsS) on ureA transcription was measured for each of the 

PureA constructs. As expected because HpNikR is present in the arsS strain background, 

the Wt/Wt promoter showed Ni(II) dependent GFP expression. However, the relative 

amounts of GFP expression were 2.5 lower in this strain background as compared to the 

wildtype strain; for example, a mean GFP fluorescence of 4100 fluorescence units was 

measured for the arsS strain in 10 µM nickel as compared to 10500 fluorescence units 

for wildtype under the same nickel concentrations (Figure 5.4, Table 5.4). This finding 

suggests that under non-acid conditions, HpArsR interacts cooperatively with HpNikR to 

increase urease expression. In the arsS/nikR background, though a basal level of GFP 

expression is observed, this expression is nickel independent. These results suggest that 

either an additional factor is also involved in regulating expression of urease, or that 

removal of HpArsR and HpNikR from the system simply results in a higher overall basal 

level of expression from the ureA promoter due to a decrease in the number of factors 

binding in this region.   
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For the Wt/C mutant promoter, the absence of endogenous HpArsS (and thus, 

HpArsR-P) resulted in lower levels of GFP expression as compared to those observed in 

the nikR and wildtype strains. For the C/Wt mutant promoter, the absence of 

endogenous HpArsR-P showed no significantly affect on GFP expression; levels were 

similar to those observed for the nikR and wildtype strains. In each case, GFP 

expression was unaffected by nickel concentration. Analogous results were observed for 

both constructs in the arsS/nikR background (Figure 5.4, Table 5.4). In the arsS and 

arsS/nikR backgrounds, the C/C promoter fusion produced low levels of GFP 

expression that were comparable to the levels observed in the nikR background. 

Significant GFP expression was only observed for this construct in the wildtype strain. 

Taken en masse, these findings are consistent with cooperative interaction of HpNikR 

and HpArsR at the ureA promoter to achieve maximal regulation of urease.  Of note, the 

role of HpArsR in this regulation occurred in the absence of acidic pH, which is 

considered to be the major environmental signal controlling HpArsR activity.
50-53, 66

 

  

5.3.3 Fluorescence anisotropy to measure His6-HpArsR-P/PureA binding in vitro 

 Based on previous DNase footprinting studies, HpArsR-P binds to two regions of 

the PureA promoter 
50

. These two operators are made up of 41 and 57 base pairs, 

respectively, and the larger one overlaps with 29 base pairs of the 49 base pair 

recognition sequence recognized by HpNikR (Figure 5.5).  Thus, based upon our in vivo  
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Figure 5.5.  Competitive titration of unlabeled PureA mutants; ● PureA Wt/C, ■ PureA C/Wt, and 

▲ PureA C/C into 5 nM PureA-F and 1.5 µM His6-HpArsR-P. Data were fit to a competitive 

binding equilibrium and represent the average of three sets of binding data. All FA experiments 

were performed in 50mM Tris-HCl, 5mM MgCl2, 100mM KCl, 5mM TCEP, pH 7.5 and 

25°C.  

 

HpArsR recognition of PureA requires phosphorylation of the response regulator, thus 

HpArsR was phosphorylated in vitro through incubation with acetyl phosphate following 

(FA). FA allows one to measure protein/DNA binding in solution, and this technique has 

results that suggest co-regulation of the ureA promoter by HpArsR and HpNikR, the in 

vitro DNA binding properties of HpArsR were measured using fluorescence anisotropy  
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been extensively utilized to measure HpNikR/DNA binding. 
19, 29, 40, 67

 The resulting His6-

HpArsR-P was then utilized for the FA studies. The salt, pH and fluorescently labeled 

DNA concentration for the His6-HpArsR-P FA studies matched those utilized for 

HpNikR/PureA binding studies.
40

 The affinities of His6-HpArsR-P for PureA Wt/Wt, Wt/C, 

C/Wt and C/C were all comparable (Table 5.3 and Figure 5.5). Assuming 100% 

phosphorylation efficiency of His6-HpArsR, the binding constants (Kds) for each 

promoter were estimated to lie in the micromolar regime.  However, previous studies 

have shown that the in vitro phosphorylation efficiency of HpArsR is typically on the 

order of 2%. 
28

 Taking this into account, the Kds for each construct were approximately 

20 nM. Together, these studies show that there is no variation in the affinity as a function 

of oligonucleotide sequence. Thus, the in vitro binding affinity of HpArsR for the ureA 

promoter does not appear to require the same binding sequence as required for HpNikR 

binding at this promoter.   

 

5.4 Discussion 

HpNikR regulates urease production by binding to and activating transcription of 

PureA. 
10, 26, 29, 37

 The details of the protein/DNA binding interaction have been 

systematically studied in vitro and a key ‘pseudo-palindromic’ recognition sequence has 

been identified. 
10, 26, 29, 37

 When either half-site of the recognition palindrome is modified 

to all cytosines, the affinity of HpNikR for the DNA is significantly reduced, while 

mutation of both half sites to all cytosines abrogates binding. 
40

 Those findings led us to 

conclude that these half-sites were the recognition elements required for HpNikR-

mediated activation of ureA expression.  Herein, we present studies designed to translate 
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our previous in vitro findings to the in vivo conditions present within the H. pylori cell. 

These in vivo findings revealed that additional factors are involved in the regulation of 

urease.  Specifically, maximal activation of ureA transcription required the HpArsRS 

two-component system.  

 

5.4.1 A second factor regulates ureA transcription in conjunction with HpNikR 

The initial suggestion that a second factor may regulate ureA transcription came 

from GFP reporter assays of the PureA Wt/C and C/Wt half-site mutants. As predicted, 

ureA transcription was decreased for these half-site mutants.  However, a significant level 

of nickel-independent GFP expression was still observed for these strains (Figure 5.4). 

Additionally, ureA transcription of the C/C mutant was similar to the Wt/Wt construct 

when carried in the wildtype strain background.  Once again, the levels of expression 

were not nickel dependent. These high levels of expression suggested that a second factor 

was involved in regulating ureA transcription in vivo. This hypothesis was further 

supported by the levels of ureA expression observed in the nikR strain background. For 

the PureA half-site mutants, Wt/C and C/Wt, the level of ureA transcription was similar to 

that observed in the wildtype strain. Conversely, expression of the C/C mutant construct 

was greatly diminished, indicating that the high level of expression seen for this construct 

in the wildtype strain background was HpNikR dependent. However, in vitro 

protein/DNA binding data has clearly demonstrated that HpNikR is unable to physically 

interact with this altered C/C DNA target. Thus, the role that HpNikR plays in regulating 

the C/C target appears to be indirect.  
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5.4.2 The HpArsRS two-component system 

Given these data, we sought to identify the other factor required for proper 

regulation of ureA transcription at neutral pH (pH 7.5). The HpArsRS two-component 

system is also known to control urease expression in H. pylori. However, this system, 

which is responsive to pH is thought to function primarily under acidic conditions. The 

data presented in this study, demonstrate that HpArsRS functions with HpNikR to 

properly regulate urease expression at neutral pH. Within the HpArsRS two-component 

system, HpArsS functions as the histidine kinase, and HpArsR functions as the cognate 

response regulator. Upon sensing acidic pH, HpArsS phosphorylates HpArsR, which 

results in activation of the regulator. 
52, 56-58

 Interestingly, HpArsS is not essential for H. 

pylori survival, but HpArsR is essential. 
59

 This suggests that the non-phosphorylated 

form of HpArsR regulates some essential component within the H. pylori cell.  HpArsR 

has been shown to bind some target promoters in its non-phosphorylated form, while it 

only binds other promoters in its phosphorylated form.
66

  The ureA promoter is known to 

be bound and regulated by the phosphorylated form of HpArsR.
50

 Thus, deletion of arsS 

from G27 results in an inactive HpArsR response regulator in terms of regulation of the 

ureA promoter. Using this strain we found that although expression of the Wt/Wt fusion 

was still nickel-dependent, the expression levels were 2.5 times lower than in the G27 

background, suggesting a role for HpArsR in maximal expression from this promoter. 

Similarly, the Wt/C half-site mutant showed considerable reduction in ureA expression, 

indicating a role for HpArsR. Interestingly, the C/Wt half-site mutant appeared to lead to 

the expression of ureA at a high basal level regardless of the strain background examined. 
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Conversely, the C/C mutation affected ureA transcription in all of the tested mutant strain 

backgrounds, suggesting concomitant regulation by both HpNikR and HpArsRS.  

Taken together, these data support a model of ureA transcription that involves 

‘cross-talk’ between HpNikR and HpArsRS to maximize induction of urease even under 

neutral conditions. Prior to this study, these two regulators were believed to function 

independently as HpNikR is responsive to nickel levels and HpArsRS is responsive to 

acidic shock. 
50

 Therefore, the observation that ureA transcription is 2.5 times lower in 

the arsS background is particularly compelling, since under these conditions, HpNikR is 

present and functional. Although, the discovery of cross-talk between HpNikR and 

HpArsR is unexpected, crosstalk between transcription factors in bacterial systems that 

are vital to infection is not unique. For example, the transcription factors MarA and Rob 

of E. coli, which are involved in the response to chemical stressors and thus enable 

antibiotic resistance, are co-regulated through transcriptional crosstalk with each other. 
68-

74 

 

5.4.3 His6-HpArsR-P binds to PureA in vitro 

Though these in vivo transcriptional assays reveal a role of HpArsRS in regulation 

of ureA transcription, they do not demonstrate whether this role is a direct protein/DNA 

binding interaction, or an indirect effect via another, yet to be identified, factor. As 

previous studies have shown a requirement of phosphorylation for DNA binding at the 

ureA promoter, 
50

 a direct effect would likely involve HpArsR-P. 
28

 Using FA, we 

measured His6-HpArsR-P binding to the four DNA targets (Wt/Wt, Wt/C, C/Wt and C/C) 

and found the affinities to be comparable. These data indicate that HpArsRS directly 
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regulates ureA. Although HpArsR is known to regulate ureA, the precise sequence of the 

promoter to which the protein binds has not been identified. DNase protection assays 

identified two distinct operator sites in the ureA promoter (Figure 5.3). One of the these 

sites overlaps with the HpNikR operator; the HpArsR operator ranges from -74 to -18 

relative to the transcriptional start site and the HpNikR operator ranges from -94 to -43 

relative to the transcriptional start site. 
50

 Thus HpArsR-P may recognize a region of the 

PureA promoter that does not include the two half-sites recognized by HpNikR. This would 

explain the invariance in binding affinity of HpArsR-P for the various PureA constructs.  

  

5.5 Conclusion 

 Prior to the work presented here, HpNikR and HpArsRS were thought to function 

as independent regulators of transcription, with HpNikR involved in regulation of urease 

in response to intracellular nickel availability and HpArsRS involved in urease regulation 

in response to intracellular acid shock 
50

. Strikingly, the studies presented here reveal that 

both HpNikR and HpArsR-P are necessary for maximum Ni(II) dependant regulation of 

urease in vivo; the two proteins are not independent regulators but, instead, work 

cooperatively to regulate ureA transcription.  This is the first time that ‘crosstalk’ 

between HpNikR and HpArsRS has been demonstrated and further studies are needed to 

tease out the interactions that promote this cooperative effect.  
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Chapter 6 

 

Conclusions 

 

6.1 Summary of research 

          My research has focused on understanding the mechanism of DNA 

recognition by the nickel regulatory protein NikR from Helicobacter pylori (HpNikR). 

HpNikR is a pleiotropic regulator of genes in H. pylori, which means that it regulates 

multiple genes. 
1-4

H. pylori colonize the highly acidic gastric epithelium of the human 

stomach. 
5-9

 One feature that enables H. pylori to survive under acidic conditions is the 

ability to release large quantities of ammonia to neutralize its immediate environment.
4, 

10-12
 Much of this ammonia is produced by the enzyme urease, which is regulated by 

HpNikR. 
4, 13-15

 Thus, HpNikR plays an important role in H. pylori infection. In addition, 

HpNikR regulates the expression of multiple other genes including genes involved in 

nickel ion homeostasis, acid adaptation and iron uptake. 
1-3, 16-26

 The genes for which 

direct regulation have been established contain variable recognition sequences; and part 
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of my research has been aimed at elucidating the biophysical basis for DNA recognition 

and the role of sequence in this protein/DNA binding event. The overall aim of my 

research has been to determine the mechanism of nickel mediated multi-DNA recognition 

by HpNikR using both in vitro and in vivo assays. Upon the conclusion of my studies, 

there are still several questions that remain to be answered with respect to the 

structure/function properties of HpNikR. These remaining avenues of investigation will 

be described herin. 

 

6.2. Structural analysis of the HpNikR/DNA interaction: Predicting the structure 

 Although obtaining a crystal structure of HpNikR bound to any of its DNA targets 

has been unsuccessful, there is a crystal structure of the E. coli homologue, EcNikR, in 

complex with its singular operator DNA sequence called nikA (Figure 6.1). 
27

 While the 

nikA DNA target sequence for EcNikR is different from the multiple DNA target 

sequences recognized by HpNikR, we can use the E. coli NikR/nikA structure to make 

some predictions regarding the structure of HpNikR in complex with one of its DNA 

targets.  

 

6.2.1. The metal ion binding sites observed in the EcNikR/DNA structure 

EcNikR has been crystallographically characterized both in the absence and 

presence of nikA DNA. The coordination geometry at the metal sites does not change 

upon DNA binding – in both cases Ni(II) is found at four square planar sites. The four 

Ni(II) ions are coordinated via a His3Cys ligand set involving His 87, His 99 and Cys 95 

from one monomer and His 76 from an adjacent monomer in a square planar geometry. 
27

  



195 
 

 

 

 

 

 

Figure 6.1. Structure of EcNikR in complex with the cognate DNA operator. The 3 

helix becomes ordered upon Ni(II) binding and the 2 helix is the site of K
+ 

coordination. 

The asterisks highlight the sites of nonspecific interactions between the MBD and the 

phosphate backbone of DNA. (Figure adapted from Schreiter et al. 2006, PDB 2HZV) 

 

 

 

 



196 
 

In addition to the coordination of Ni(II) ions in the MBD, there are also two K
+ 

ions coordinated at the MBD/DBD interface. The authors propose that this site serves a 

role to anchor the DBD with respect to the MBD. 
27

 

From what we know regarding the structure/function properties of HpNikR, we 

can draw some comparisons between the metal ion binding sites of EcNikR and those we 

would expect to see in the HpNikR/DNA complex structure. Because the Ni(II) 

coordination is retained when EcNikR binds to nikA,  we hypothesize that the 

HpNikR/DNA complex structure will retain its mixed Ni(II) coordination geometry 

observed in the holo and MBD structures when it is bound to DNA.
28, 29

 This hypothesis 

stems from the observation of the increase in DNA binding affinity exhibited by HpNikR 

containing mixed Ni(II) coordination.
28

  We do not expect to see the coordination of 

potassium at the interface of the MBD and DBD when HpNikR binds to DNA. This 

prediction is based upon our experimental observations that (1) HpNikR does not bind to 

DNA when potassium is the second metal ion and (2) the secondary divalent cation 

requirement has been shown to be involved in an interaction with the N-terminus of the 

DNA binding domain via interaction with three aspartate residues, D2, D7 and D8. This 

interaction likely serves to anchor the DBD to the phosphate backbone of DNA.
30, 31

 

Another possible explanation for the role of Mg is that in the absence of cations, the 

unstructured extension would hinder DNA binding and the coordination of Mg(II) serves 

to structurally stabilize the N-terminal tail to allow for DNA binding. 

Because HpNikR does not have a requirement of potassium for binding to DNA 

we postulate that that the protein utilizes a different mechanism to stabilize the 

orientation of the DBD with respect to the MBD.  
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Figure 6.2. Alignment of the MBD/DBD interface between NikR homologues. They are 

grouped by similarity to HpNikR. Neither W 54 or Lys 64 and 140 are conserved among 

the dissimilar homologues.  

 

 

This mechanism involves Trp 54, which is a residue conserved in a subset of NikR 

homologues, but not in the E. coli homologue (Figure 6.2). Trp 54 is located on the DBD 

and is observed to participate in hydrophobic stacking interactions involving lysines 64 

and 140 in the crystal structures. This stacking interaction appears to stabilize the 

conformation of the DBD with respect to the MBD as mutational studies demonstrate a 

lack of DNA recognition for the W54A mutant. 
28

 Thus, by comparing the HpNikR 

structure to that of EcNikR/DNA along with the body of biochemical data, we can 

predict: (1) the Ni(II) binding sites will be retained upon HpNikR binding to DNA, (2) 

the interface of the MBD/DBD is stabilized by a conserved tryptophan residue in 

HpNikR in contrast to potassium which is seen for EcNikR and (3) the extended N-

terminuse of HpNikR plays are role in DNA recognition. 
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6.2.2. Interactions between EcNikR and DNA  

By careful examination of the EcNikR/nikA crystal structure, three tiers of 

interactions with partner DNA are observed. 
27

  First, there are base specific polar 

interactions involving the ribbon-helix-helix (RHH) DNA binding motif. Second, there 

are nonspecific polar interactions with the phosphate backbone of DNA from the RHH 

domain and third, there are nonspecific interactions with the MBD and the phosphate 

backbone of the DNA (Figure 6.1). The base specific polar interactions occur between 

residues 2, 4, and 6 of the N-terminal -sheet of the RHH domain and one half site of the 

DNA recognition sequence. The RHH motif is not unique to NikR proteins. It was first 

discovered in the structures Arc and Mnt repressors and has emerged as a super-family 

for DNA recognition motifs. 
32, 33

 Proteins with a RHH DNA recognition motif make 

base specific contacts with cognate DNA though insertion of residues 2, 4, and 6 of the 

N-terminal -sheet via hydrogen bonding into the major groove of the DNA. 
27, 32-34

 The 

base specific contacts are further stabilized by non-specific polar interactions between the 

RHH domain and either the backbone phosphates or amide nitrogens on either side of the 

recognition half site. These interactions are proposed to anchor the RHH domain to the 

DNA and to properly orient the -sheets into the major groove. 
27, 34

  In addition to the 

interactions between the RHH domain and DNA, there are also nonspecific polar 

interactions between two regions of the MBD subunit: Arg 119 and the loop prior to the 

3 helix, and the DNA phosphate backbone (Figure 6.1). 
27

 Ni(II) binding in the EcNikR 

structure appears to order the 3 helix by pulling it closer to the MBD. Upon 

restructuring of the 3 helix, Arg 119 and the loop prior to the helix are positioned to 

participate in nonspecific interactions with the DNA backbone.   It is also possible that 
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when the 3 helix is unstructured, it interferes with promoter recognition via a steric 

hindrance mechanism. These data suggest that the nonspecific contacts involving the 

MBD and the DNA phosphate backbone are needed for the overall stability of the 

protein/DNA complex. We postulate that HpNikR will participate in similar specific and 

nonspecific polar interactions with its partner DNA. As HpNikR also contains a RHH 

motif, the base specific contacts should look much the same as those observed in the 

EcNikR complex structure. However, as it is thought that the Mg
2+

 ions bind at the 

extreme N-terminus of the protein, the magnesium may also participate in nonspecific 

interactions. Or, as previously proposed, coordination of magnesium could simply 

structure the N-terminal extension and thereby allow DNA contact by the RHH domain. 

If the second mechanism for Mg
2+

 coordination holds true, then the nonspecific 

phosphate backbone interactions for HpNikR with DNA are likely very similar to those 

observed for EcNikR with its DNA target, as both proteins recognize DNA via residues 

two, four and six on the RHH domain. It is possible that the MBD of HpNikR is also 

involved in nonspecific polar interactions with the DNA phosphate backbone as the 

overall fold between HpNikR and EcNikR are very similar.  

Upon DNA binding, EcNikR does not bend the DNA as the DNA retains a B 

form conformation in the EcNikR/DNA complex structure. 
27

 It is possible that the linker 

length of 16 bases in the recognition sequence allows for EcNikR to make base specific 

contacts without major strain to the protein or the DNA.  However, as the linker for the 

HpNikR DNA recognition sequence is only 11 bases, we propose that either the DBDs or 

the DNA will have to bend significantly during DNA recognition (Figure 6.3). 
35, 36

 

Previous x-ray crystallography data obtained from incubation of HpNikR with conjugate 
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DNA may shed light on which partner will bend upon binding.  In these structures, no 

DNA was ever observed bound to the protein, however in some instances, we determined 

that the linker between the MBD and DBD had been proteolyzed. This observation is 

consistent with the mechanism of HpNikR undergoing significant rotational strain in 

order to make contact with the DNA. Therefore, we hypothesize that like EcNikR, the 

DNA will remain B form upon binding by HpNikR and the DBDs, in a similar manner to 

that observed in the EcNikR complex structure, will rotate to a cis conformation for DNA 

recognition, albeit the rotation will be much more significant. It is also possible that 

HpNikR is able to bend or unwind DNA similar to what has been observed for the MerR 

mercury resistance regulator, but this seems unlikely as the DNA recognition motifs 

between the two proteins are completely different. 
37-39 

 

 

 

Figure 6.3. DNA recognition sequences for various NikR homologues. HpNikR has the 

shortest linker between half-sites of all the studied homologues. 

 

 

PnikA

GTATGACGAATACTTAAAATCGTCATAC
EcNikR

PureA

TAACACTAATTCATTTTAAATAATA

HpNikR

Pnik(MN)1

GACATACTTAAATTATTTTTGTGCTAC

GuNikR

N= 11

N= 13

N= 16
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A third, much more unlikely possibility, is that we have not correctly determined that 

recognition sequence for HpNikR. 

Overall, we hypothesize that the HpNikR/DNA structure will be significantly 

different than that seen for EcNikR/DNA in a few key areas. First, Ni(II) will be 

coordinated to two distinct sites, the four coordinate square planar site and the 5/6  

coordinate square pyramidal/octahedral site. Second, the secondary metal ion is Mg
2+

, 

Ca
2+

 or Mn
2+

 bound at the N-terminal extension in contrast to a K
+
 ion bound at the 

interface between the metal and DNA binding domains. Finally, the DBDs of HpNikR 

will have to rotate more significantly in order to contact operator DNA. These hypotheses 

follow with the general theme when comparing HpNikR structure/function to the 

structural and functional properties of EcNikR; the two homologues are very different.  

 

6.3 The unique properties of HpNikR 

Why have these two homologous proteins evolved disparate structural and 

functional properties? They remain similar only in the most basic of qualities: (i) they are 

Ni(II) responsive and (ii) they are tetrameric, with an overall fold  similarity. HpNikR  

has numerous structure/function properties that are unique in comparison to EcNikR  

These properties are: (i) HpNikR is a “master” regulator of transcription that directly 

regulates at least twelve genes, (ii) HpNikR acts as both an activator and repressor of 

transcription, (iii) HpNikR contains a nine amino acid N-terminal extension that is 

required for DNA recognition, (iv) HpNikR requires Ni(II) coordination to two distinct 

sites (the 4-site and the 5/6-site) in addition to a low affinity metal ion (Mg
2+

, Ca
2+

, Mn
2+

) 

binding site for maximum DNA recognition, and (v) HpNikR participates in cooperativity 
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with the HpArsRS two-component system in the activation of ureA transcription. We 

hypothesize that HpNikR may belong to a subgroup of NikR homologues that possess 

similar structure/function properties. Recent bioinformatics studies, vide infra, support 

this hypothesis. 

 

6.4 The evolution of bacteria to adapt to specific biological niches 

The biological role of HpNikR is to regulate multiple genes with different 

sequences via a direct protein/DNA interaction in response to acid stress and nickel 

availability. 
40-42

 The role of HpNikR is more complex than that of the well-studied 

homolog, EcNikR, which evolved to regulate a single gene directly. 
43

 Therefore, the 

complexity observed in HpNikR function may be a consequence of the protein’s 

biological role.  

Bacteria have evolved to live in incredibly diverse environments. As such, there is 

extraordinary genomic variation between species. For example, among the eubacterial 

phyla, Proteobacteria represents the largest and one of the most diverse groups of 

organisms. 
44, 45

 The Proteobacteria phylum consists of over 200 genera and contains the 

majority of Gram-negative bacterial species. 
44, 45

 Five subdivisions are found within 

Proteobacteria: alpha, beta, delta, gamma and epsilon. 
44, 45

 All subdivisions evolved 

from a common ancestor, but the estimated divergence dates show that the subdivisions 

branched out separately and in a particular order with delta subdivision branching first, 

approximately 2.38 billion years ago, followed by the epsilon, alpha, beta and gamma 

subdivisions. 
44-46
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 Escherichia coli has often been used as a model organism to study the biological 

processes of bacterial pathogens even though E. coli is from the gamma subdivision of 

Proteobacteria, which diverged most recently. In contrast, Helicobacter pylori lies within 

the epsilon subdivision of Proteobacteria, which was one of the first to diverge. As these 

two organisms not only hail from different subdivisions, but also from very 

evolutionarily distinct timepoints, one could hypothesize that these two bacteria have 

very different methods for carrying out biological processes.  However, EcNikR is the 

prototypical example used in the study of NikR homologues. A recent review by 

Gilbreath et al. has begun to highlight the difficulties in using E. coli as a model organism 

for studying bacteria such as H. pylori. 
44

 For instance, Gilbreath et al. discuss distinct 

differences in various bacterial architectures between the model systems of the gamma 

proteobacteria, E. coli and Salmonella, and the epsilon proteobacteria, H. pylori and C. 

jejunum. These include; (i)  flagellar gene expression and biosynthesis, (ii) DNA 

transformation and recombination, (iii) iron homeostasis and regulation by the ferric 

uptake regulator, Fur, (iv) bacterial adherence and invasion mechanisms and (v) protein 

glycosylation. 
44

 As there are large differences in such fundamental requirements for 

bacterial growth and virulence, a hypothesis could be formed regarding differences in the 

metal sites between the NikR homologues of the epsilon proteobacteria subdivision such 

as H. pylori and H. mustelae and the gamma proteobacteria subdivision such as E. coli 

and S. flexneri. Of great interest would be a comparison of the nickel sites within NikR 

from the fellow epsilon proteobacteria, Helicobacter mustelae; as the sequences of the 

two proteins are very similar as shown in the phylogenetic tree in Figure 6.4.  
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Figure 6.4. Phylogenetic tree obtained from an alignment of five NikR homologues from 

each of the five subdivisions of Proteobacteria (alpha, beta, delta, gamma and epsilon). 

 

H. mustelae, like H. pylori, is also a gastric pathogen but is responsible for gastric 

diseases within the ferret population instead of humans.  

We hypothesize that HpNikR and HmNikR will function similarly in both DNA 

recognition and nickel coordination. A recent bioinformatics study has indentified 

multiple HmNikR DNA recognition sequences within the H. mustelae genome through 

using a consensus DNA recognition sequence from HpNikR. 
47

  This finding supports our 

hypothesis regarding HpNikR and HmNikR function.  
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The studies described herein have revealed that even though in general NikR 

proteins share some common features, e. g. act as nickel sensors, their specific functions 

differ, which is reflected by their divergent structure-function properties. EcNikR was the 

first NikR homologue characterized and purported to be the archetype for NikR protein 

structure/function; however our findings have demonstrated that the homologue HpNikR, 

is significantly different. These findings coupled with bioinformatics analysis as well as 

recent studies on GuNikR and GbNikR,
48

 reveal that the NikR family of proteins is  

highly diverse with members evolving specific properties as a result of their 

environmental niche.  

 There are two homologues that would be of high interest to study in the search for 

subsets of NikR proteins with similar functionality. The first would be a homolog that is 

highly similar to HpNikR in both environmental niche and sequence identity, the NikR 

protein from Helicobacter mustelae (HmNikR, Figure 6.4)  is 62% identical and 84%  

homologous in sequence to HpNikR.  

 

Figure 6.5. N-terminal extension for HpNikR and HmNikR compared to the N-terminus 

of EcNikR and SfNikR. The latter do not possess and extended N-terminus. 
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The second would be the NikR protein from Shigella flexneri (SfNikR, Figure 6.4) as it 

is very similar to EcNikR in sequence identity, 98% identical and 99% homologous, and 

environmental niche. HmNikR thrives in the gastric mucosal layer of ferrets and exhibits 

the same acid adaptation coping mechanisms as HpNikR, i.e. urease production etc.
47

 In 

addition, HmNikR also contains an N-terminal extension with two glutamate residues that 

are capable of binding Mg
2+

 whereas SfNikR, like EcNikR, does not (Figure 6.5). S. 

flexneri infect the colonic mucosa of humans and higher primates, as does E. coli.
49, 50

 

HmNikR also possesses W54 and K64 involved in the stabilization of the DBD in 

HpNikR, however; K140 from HpNikR is replaced by a glutamine in HmNikR (Figure 

6.2). Glutamine, as it has a fairly long side chain may still be able to participate in the 

hydrophobic stacking interaction that stabilizes the DBD in respect to the MBD as seen 

with HpNikR. In addition, the interface between the DBD and MBD, shown in Figure 

6.2, contains a large number of hydrophobic residues in both HmNikR and HpNikR: V50, 

A66, I120 and L138 which may serve to create a hydrophobic pocket for W54 (Figure 

6.6). These features are not present in the interfaces present in EcNikR and SfNikR, 

however the ligands for the K
+
 site, E30 and D34, are conserved in SfNikR. These data 

suggest that HmNikR, like HpNikR, may use a mechanism for DBD stabilization that 

requires W54, while SfNikR may coordinate a secondary metal ion (K
+
) at the interface 

to stabilize the DBDs in a mechanism similar to that observed for EcNikR.  

  In addition to the similarity observed between the N-terminus and the DBD/MBD 

interface between HpNikR and HmNikR as well as between EcNikR and SfNikR, we 

propose that the Ni(II) binding sites will also be conserved between the two different 

NikR subsets.   
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W54

K64

K140
V50 A66

L138

I120

DBD MBD

  

Figure 6.6. Hydrophobic pocket found at the DBD/MBD interface for HpNikR. The 

interface for HmNikR is very similar with the only change being K140 replaced by a 

glutamine. Figure made using PyMoL, PDB 3LGH. 

 

 

Figure 6.7. Alignment of HpNikR and HmNikR. Residues only involved in Ni(II) 

coordination to the 5/6-site are boxed in green, residues only involved in Ni(II) 

coordination to the 4-site are boxed in orange and residues involved in both sites are 

boxed in blue. 

H.pylori        MDTPNKD-DSIIRFSVSLQQNLLDELDNRIIKNGYSSRSELVRDMIREKLVEDNWAEDNP 59 

H.mustelae      MRTMEKEKNSLMRFSVSLQKNLLDNLDARLTNQGYASRSEVIRDLIREKIVQESWEKDD- 59 

                * * :*: :*::*******:****:** *: ::**:****::**:****:*::.* :*:  

 

H.pylori        NDESKIAVLVVIYDHHQRELNQRMIDIQHASGTHVLCTTHIHMDEHNCLETIILQGNSFE 119 

H.mustelae      NSEDKVAVFVIVYDHHQRELNQRMIDIQHSADTEILCTTHVHLDHHNCLETIIFRGKSAD 119 

                *.*.*:**:*::*****************::.*.:*****:*:*.********::*:* : 

 

H.pylori        IQRLQLEIGGLRGVKFAKLTKASSFEHNE 148 

H.mustelae      IHQIALEIAGLKGVKFSKLTQTGHFPKDL 148 

                *::: ***.**:****:***::. * ::  
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Figure 6.8. Alignment of EcNikR and SfNikR. The residues involved in Ni(II) 

coordination to the 4-site are boxed in purple. 

 

 

 

 

 

Figure 6.9. Alignment of HpNikR and EcNikR demonstrating the presence of ligands 

involved in both the 4-site and the 5/6-site in the E. coli homologue. The box color 

scheme is the same as for Figures 6.7 and 6.8. 

 

E.coli          MQRVTITLDDDLLETLDSLSQRRGYNNRSEAIRDILRSALAQEATQQHGTQGFAVLSYVY 60 

S.flexneri      MQRVTITLDDDLLETLDSLSQRRGYNNRSEAIRDILRSALAQEATQQHGTQGFAVLSYVY 60 

                ************************************************************ 

 

E.coli          EHEKRDLASRIVSTQHHHHDLSVATLHVHINHDDCLEIAVLKGDMSDVQHFADDVIAQRG 120 

S.flexneri      EHEKRDLASRIVSTQHHHHDLSVATLHVHINHDDCLEIAVLKGDMGDVQHFADDVIAQRG 120 

                *********************************************.************** 

 

E.coli          VRHGHLQCLPKED 133 

S.flexneri      VRHGHLQCLPKED 133 

                ************* 

H.pylori        MDTPNKDDSIIRFSVSLQQNLLDELDNRIIKNGYSSRSELVRDMIREKLVEDNWAEDNPN 60 

E.coli          ---------MQRVTITLDDDLLETLDSLSQRRGYNNRSEAIRDILRSALAQEATQQHGTQ 51 

                         : *.:::*:::**: **.   :.**..*** :**::*. *.::   :...: 

 

H.pylori        DESKIAVLVVIYDHHQRELNQRMIDIQHASGTHVLCTTHIHMDEHNCLETIILQGNSFEI 120 

E.coli          G---FAVLSYVYEHEKRDLASRIVSTQHHHHDLSVATLHVHINHDDCLEIAVLKGDMSDV 108 

                .   :***  :*:*.:*:* .*::. **      :.* *:*::..:***  :*:*:  :: 

 

H.pylori        QRLQLEIGGLRGVKFAKLTKASSFEHNE 148 

E.coli          QHFADDVIAQRGVRHGHLQCLPKED--- 133 

                *::  :: . ***:..:*   .. :   
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The ligands for both the 4-site and the 5/6-site are conserved in H. mustelae and are 

highlighted in the alignment in Figure 6.7. Therefore, it is possible that HmNikR also 

coordinates Ni(II) with mixed geometry. In following the general theme, the Ni(II) 

binding ligands for the square planar site of EcNikR are also conserved in SfNikR 

(Figure 6.8). Notably, EcNikR also contains the residues required for Ni(II) coordination 

to the 5/6-site (Figure 6.9). To date, EcNikR has only been studied in the reconstituted 

form. 
27, 51-55

As there was one study that claimed Ni(II) coordination changed from square 

planar to octahedral upon DNA coordination, 
56

 it would be interesting to study Ni(II) 

coordination to the protein in the as isolated form as it is possible that EcNikR also 

contains mixed Ni(II) sites. However, this hypothesis seems unlikely due to the vast 

differences in function between the homologues. 

 

6.5 Future directions 

 There are many avenues for investigation left with respect to the study of 

HpNikR. We have shown that HpNikR and HpArsR participate in crosstalk to regulate 

the expression of the urease enzyme. Also previously demonstrated, is that HpNikR and 

HpFur co-regulate the fur and nikR promoters.
19

 However, how NikR and the other 

proteins interact in order to co-regulate these genes has yet to be determined. Do these 

proteins actually interact via protein/protein interactions or just compete for binding at 

the DNA promoter? FA could be employed to verify if the two proteins interact or 

compete to regulate the promoter. For example, ArsR-P could be labeled with a 

fluorescent probe (fluorescein) and then NikR could be titrated into the cuvette. An 

increase in anisotropy would be indicative of binding between the two regulators. In 
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addition, a competition assay could be conducted using the fluorecein labeled ArsR-P 

bound to PureA. The ability of NikR to compete ArsR-P off PureA would manifest as a 

decrease in anisotropy. These FA studies would answer the question of whether NikR and 

ArsR-P bind to each other or simply compete for binding at the promoter and could be 

expanded to study the NikR/Fur interaction at the fur and nikR promoters. There are 

several other methods that could also be used to probe for protein/protein interactions. 

Analytical ultracentrifugation is a robust method for studying these interactions as in 

addition to providing support for protein/protein interactions, it can also provide the 

stoichiometry of the macromolecular complex using a technique known as sedimentation 

velocity. 
57, 58

 X-Ray crystallography can also be used to characterize protein/protein 

interactions and a clear advantage of this technique is that direct molecular interactions 

can be observed. 
59, 60

 For example, the recent structure of the haptoglobin-hemoglobin 

complex highlights an unexpected -strand swap that leads to the dimerization of 

haptoglobin. 
61

 In addition, the structure describes how haptoglobin binds hemoglobin so 

tightly it is irreversible and how the binding of hemoglobin to haptoglobin protects the 

heme from ROS within the cell.
61

 Another useful assay for understanding protein/protein 

interactions is the Förster resonance energy transfer (FRET) assay. FRET assays involve 

tagging both a fluorescent donor and acceptor molecule to different places on the same 

molecule or two different macromolecules. The excitation and emission spectra of the 

donor and acceptor overlap, therefore if the donor and acceptor come within a certain 

distance ~ 10-80 Å, excitation of the donor flourophore will result in transfer of the 

fluorescent signal from the donor to the acceptor and a peak will be measured at the 

emission wavelength for the acceptor.
62, 63

 The FRET technique has been used to study a 
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variety of both in vitro and in vivo protein-protein interactions and one could envision 

applying it to study the interactions of HpNikR with HpArsR-P or HpFur. 
62, 63

 

 We would also like to understand if and how the Ni(II) ions in HpNikR can be 

transferred from the 4-site to the 5/6-site and vice-versa. We know that apo-HpNikR is 

pre-organized to bind Ni(II) in the 5/6 site, yet Ni(II) coordination in the protein is 

mixed.
28, 29

 Therefore the Ni(II) may be trafficked from the 5/6-site to the 4-site. 

Histidine 75 lies between the two sites and we hypothesize that it may be involved as a 

chaperone to shuttle the Ni(II) from the 5/6-site to the 4-site. It would be interesting to 

clone and study a H75A mutant to characterize the Ni(II) binding, DNA binding and 

obtain a structure of the mutant. If crystallography proves unsuccessful, extended X-ray 

absorption fine spectrum (EXAFS) could be used to characterize the coordination 

environments of the Ni(II) ions. We currently collaborating with Dr. Timothy Stemmler 

(Wayne State University, Dept. of Biochemistry and Molecular Biology) to conduct 

EXAFS studies on several proteins studied in the lab including WT NikR and H74A. 

EXAFS is able to distinguish between N/O-ligands and S-ligands. Comparison between 

the WT (one sulfur ligands), H74A (no sulfur ligands) and H75A (X potential sulfur 

ligands) would be very interesting as we propose H75 transitions the Ni(II) between the 

two sites.  Complete biochemical and biophysical characterization of H75A may lend 

insight into the complex Ni(II) coordination environments within HpNikR. 

 

6.6. Conclusion 

Upon conclusion of these proposed studies, we postulate that two structurally and 

functionally distinct subsets of NikR proteins will emerge: HpNikR-like and EcNikR-



212 
 

like. It is possible that the very small genome size of H. pylori 1.6 Mb, compared to 4.6 

Mb for E. coli, is responsible for the major differences in protein functionality. As H. 

pylori has a small genome, there are fewer response regulators within the cell. This 

means that fewer regulators are going to have to respond to a high number of 

environmental stimuli and regulate gene transcription within the cell. As E. coli has a 

much larger genome EcNikR does not need to be as functionally diverse as HpNikR 

because there are more response regulators within the cell.  

The possible discovery of two subsets of NikR functionality will set the stage for 

further study and refinement of NikR homologue classification within the general super-

family of NikR proteins.  
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