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1 

INTRODUCTION 
 

1.1 Pseudomonas aeruginosa denitrification: involvment of 
this pathway in the biofilm formation  

 
P. aeruginosa is one of the most studied among Gram-negative bacteria due to 
its metabolic versatility, its ability to thrive in many different environments, and 
its important role as a pathogen. It is an important cause of both community- 
and hospital-acquired infections, accounting for 11-13% of all nosocomial 
infections. In addition, P. aeruginosa chronic lung infection is the major cause of 
death in cystic fibrosis (CF) patients (Driscoll et al., 2007; Buchanan et al., 

2009). In the thick CF airway mucus, P.aeruginosa grows forming antibiotic- and 
phagocyte-resistant multicellular assemblies, named biofilm, which is a highly 
organized structure consisting of cells embedded within a matrix of 
extracellular polymeric substance, attached to a surface (Hassett et al., 2008; 
Drago l. et al., 2009) (Fig. 1.1).   
 
 
 
 
 
 
 
 
 
Figure 1.1. Biofilm developmental cycle 
 
 
The stagnant mucus overlaying the CF lung epithelium constitutes a nitrate-rich 
microaerobic/anaerobic environment; nitrate in CF mucus is generated in part 
by the host inflammatory response to infection via nitric oxide. In this 
environment, P. aeruginosa, which is a facultative anaerobe, can use 
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denitrification as the anaerobic energy producing pathway (Moreau-Marquis S 
et al., 2008; Hassett et al., 2002; Hoboth et al., 2009).  
The complete denitrification pathway (Fig. 1.2) involves four enzymes: the 
nitrate reductase (NAR), the nitrite reductase (NIR), the nitric oxide reductase 
(NOR) and the nitrous oxide reductase (NOS), operating sequentially to 
reduce nitrate to dinitrogen gas via nitrite (NO2

-), nitric oxide (NO) and 
nitrous oxide (N2O) (Zumft, 1997).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic representation of the denitrification in Pseudomonas aeruginosa. 
Q/QH2 indicates the quinol mediated electron transfer; cyt is cytochrome. 
 
 
The activity of the four enzymes is tightly controlled both kinetically and 
transcriptionally because it is mandatory for the bacteria to keep the 
concentration of intracellular NO below cytotoxic levels, to limit nitrosative 
stress (Hassett et al., 2002).  
At low concentration (nM) NO functions as a signalling molecule whereas at 
high concentration (above µM) NO is toxic: mutations which inactivate the 
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NOR protein are lethal for the bacterium but this effect could be abolished by 
inactivating the NIR protein (Braun & Zumft 1991). 
The toxicity of the NO molecule is due to its chemical properties: the 
presence of an unpaired electron, a long half–life, the capability to permeate 
through the membranes confer to this gas high reactivity (Feelisch & Stamler, 
1996). The NO gas can alter biological macromolecules both directly or 
indirectly through NO-derived species.  
At high concentration, the gas reacts mainly with heme centres and labile 4Fe–
4S clusters and thus inhibits terminal oxidases and aerobic respiration (Poole 
and Hughes, 2000; Wink and Mitchell, 1998). NO can also react both with 
molecular oxygen or superoxide (O2

-) to produce nitration/nitrosation 
modifications or peroxynitrite (OONO-, Huie and Padmaja, 1993) respectively. 
Moreover the NO molecule has also mutagenic effect on bacterial DNA 
(Richardson, et al., 2009) with complex effects escaping from chromosomal 
repair system.   
Eukaryotic cells use high concentrations of NO to fight invading prokaryotic 
pathogens and parasites (Bastian and Hibbs, 1994; Nathan and Hibbs, 1991). 
The NO released  by macrophages is not the only source of NO that microbes 
need to deal with, because this compound is also produced abiotically (e.g. by 
decomposition of nitrite) and biotically by denitrifiers (Zumft, 1997) and as a 
product of side reactions in ammonification and nitrate assimilation/respiration 
(Corker and Poole, 2003).  
It has been also described that NO can be cytoprotective because it’s involved 
in adaptation to oxidative stress in bacteria (Gusarov and Nudler, 2005). 
Recently, the NO produced by the bacterial nitric oxide synthases (bNOS) has 
been shown to increase the resistance of bacteria to a broad spectrum of 
antibiotics, enabling the bacteria to survive and share habitats with antibiotic-
producing microorganisms (Gusarov et al., 2009). 
Recent findings suggest that in P. aeruginosa the regulation of the NO levels is 
crucial also for the formation and survival of persistent biofilms and thus in 
pathogenesis; it has been, ideed, demonstrated that the exposure to non-toxic 
concentrations of NO causes biofilm dispersal and restores P.aeruginosa 
vulnerability to conventional antimicrobials (Barraud et al., 2006). Moreover, 
the NO concentration affects the two important systems involved in the 
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biofilm development: the quorum sensing (Yoon et al., 2002), which is a 
communication system which optimizes the metabolic and behavioral activities 
of bacterial communities towards changes in environmental conditions 
(Williams and Cámara, 2009) and the turnover of the c-di-GMP (3', 5'-cyclic 
diguanylic) (Barraud et al., 2009) which is a novel intracellular second 
messenger controlling an array of cellular processes linking environmental 
sensing with the sessile-motile transition (Camilli and Bassler, 2006).  
Hassett et al., (2002) demonstrated that under low oxygen tension and the 
presence of N-oxides produced by the host defence mechanism there is high 
levels of expression of nir-nor operons. Moreover Van Alst et al., (2007) 
described that genetic mutants lacking nar and nir genes show swarming 
defects and reduced virulence.  
These findings suggest that denitrification, NO regulation and pathogenesis are 
therefore strictly related but the molecular basis of these complex regulation 
system is yet to be revealed.  
 
 

1.2 Regulation of NO homeostasis in Pseudomonas 
aeruginosa  

 
In P. aeruginosa the expression of the denitrification gene clusters is controlled 
by redox signalling through a cascade of oxygen-responsive regulators 
activating the N-oxides-responsive ones.  
These regulators belong to the CRP-FNR (cAMP receptor protein/fumarate 
and nitrate reductase regulator) superfamily of bacterial regulators which play a 
crucial role on the control of the nitric oxide (NO) homeostasis, maintaining 
the steady-state concentration of nitrite and NO below cytotoxic levels; as a 
consequence, free NO concentration is in the nanomolar range (Spiro, 2007).  
In particular, the global oxygen-sensing regulator ANR (anaerobic  regulation of 
arginine deaminase and nitrate reduction) (Galimand et al., 1991), an 
homologue of  the Escherichia coli oxygen sensor FNR (fumarate and nitrate 
reductase regulator) activates, under anaerobic conditions, the gene coding for 
the transcription factor DNR (dissimilatory nitrate respiration regulator); this 

(A) Properties of the recombinant DNR expressed in the 
presence, of hemin: olo protein, bold line, apo protein thin 

line. (B) EMSA of the DNA binding activity with the 
radiolabelled nirS promoter: the band shift assay wash 
performed with fractions of protein belonging to the 

purification of the apo-DNR (1) or olo-protein (2). The arrows 
show the DNA/DNR complex migration in the acrylamide 

gel.  
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NO3
-    

        
NO2
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protein, in the presence of N-oxides, promotes the expression of the nir, the 
nor and the nos genes (Arai et al., 1995, 1997, 1999, 2003) (Figure 1.3).  
  
  

  

  

  

  

  

  

  

  

  

  
 
Figura 1.3 Signals and components involved the regulation of the denitrification in P. 
aeruginosa.  

  

 
P. aeruginosa mutants lacking the anr (anr-) or dnr (dnr-) genes are not able to 
activate the nir and nor promoters under growth conditions where 
denitrification should be active (Arai et al., 1995). The anr- strain transformed 
with a plasmid carrying the dnr gene (anr-pDNR) recovers the promoters 
activation (Arai et al., 1997). DNR-mediated transcriptional activation of 
denitrification depends on endogenous NO concentration (Arai et al., 1999, 
2003); the transcriptional activation analysis is summarized in Table 1 
 
 

strains dnr ni r  nor 

anr- - - - 

dnr-  - - 

anr-pDNR  + + 

 

Table 1 Transcriptional activation analysis of the dnr, nir and nor promoters carried out by 
using reporter gene systems. P. aeruginosa mutants lacking the anr (anr-) or dnr (dnr-) genes are 
not able to activate these promoters. The anr- strain transformed with a plasmid carrying the 
dnr gene (anr-pDNR) recovers the nir and nor promoters activation. 
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DNR is a member of a large superfamily of regulators, the CRP-FNR 
superfamily of transcription factors; this transcription factor will be described in 
more detail below. 
 
 

1.4 The CRP-FNR superfamily of transcription factors 

 
The CRP-FNR regulators are DNA-binding proteins that mainly function as 
positive transcription factors, even if an additional role as repressors cannot be 
ruled out. CRP-FNR superfamily classification based on a phylogenetic 
relationship results in the assembly of the regulators in the following distinct 
clusters or subgroups: ArcR, CooA, CprK, Crp, Dnr, FixK, Flp, Fnr, FnrN, MalR, 
NnrR, NtcA, PrfA, and YeiL (Figure 1.4, A). Several other groups consist of 
sequence-derived proteins of unknown physiological roles; some of them are 
tight clusters of highly similar members (Körner et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 1.4 A) The main branches of the CRP-FNR superfamily of transcription factors 
(modified from Körner et al., 2003). B) Signals processed by regulators of the CRP-FNR family. 
(Körner et al., 2003; Joyce et al., 2006). 
 

A B 
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The CRP-FNR regulators are involved in the regulation of many enzymatic 
pathways including oxygen respiration, denitrification, nitrogen fixation, 
methanogenesis, CO-respiration, halo-respiration and virulence activation. 
Therefore they respond to a broad spectrum of intracellular and exogenous 
signals such as cAMP, anoxia, the redox state, oxidative and nitrosative stress, 
nitric oxide, carbon monoxide, 2-oxoglutarate, or temperature (Figure 1.4, B) 
(Aono, 2003; Eiting et al., 2005; Joyce et al., 2006). To accomplish their roles, 
CRP-FNR members have intrinsic sensory modules allowing direct binding of 
allosteric effector molecules, or have prosthetic groups which interact with the 
signalling molecule(s).  
The CRP-FNR proteins are constant in size with 230-250 amino acid residues, 
the first 150-170 residues corresponding to the effector domain (Korner et al., 
2003). They are usually homodimers, each monomer being formed by three 
domains (McKay & Steitz, 1981): (i) an N-terminal sensing domain (also 
referred to as the effector domain) with the typical fold of the cAMP binding 

domain of CRP; (ii) a long dimerization !-helix recruited to form the dimer 
interface; and (iii) a C-terminal DNA binding domain that contains a helix–
turn–helix (HTH) motif (fig. 1.5). These transcription factors present an high 
plasticity, in fact the binding with the signal molecule entail a large 
conformational change of the protein from an “OFF” conformation to a “ON” 
conformation able to bind the DNA; an example of the ON conformation is 
shown in fig. 1.5 which represent the CRP or CAP (Catabolite Activator 
Protein) protein structure from E. coli crystallized bound to the DNA. 
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Figure 1.5 (CAP) from E. coli. B) The fold of these proteins consists of three conserved 
domains: a N-terminal sensor domain, a dimerization helix and a DNA binding domain (helix-
turn-helix). 
 

 
This protein is very well known as it was the first transcription activator to be 
discovered and to have its X-ray structure solved. The relatively simple 
activation mechanism of a target gene, requiring in the basic case besides CRP 
and RNA polymerase no additional protein factor, has made CRP a prime 
object of structural, biochemical, and genetic research (Schultz et al., 1991; 
Botsford et al., 1992; Busby et al., 1999). Being CRP the first member of the 
superfamily, all the proteins which share the same domain organization (see 
below) are classified as CRP-FNR regulators. The mechanism of action of this 
transcription factor is based on its capability to bind a molecule of cyclic AMP 
(cAMP). The increase of the cAMP level depends on the concentration of 
glucose in the growth medium: at low glucose concentration cAMP increases 
and activates the CRP protein. This entails the consequent transcription of 
genes coding for enzymes which are able to utilize alternative carbon sources 
for energy production.  

 

  

 

HELIX-
TURN-
HELIX 

DIMERIZATION 
DOMAIN 
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Another CRP-FNR factor well-characterized structurally is CooA. The crystal 
structure of CooA has been determined by Lanzilotta et al, (2000) and reveals 
similarity whit the individual domains of CRP. 
It is a homodimeric protein containing one type-b heme for subunit which 
interacts with the CO gas. In this case the CO molecule binds to the heme 
iron and triggers a conformational change, thus regulating the expression of the 
coo operon (Lanzilotta et al,. 2000). These genes encode for the CO 
dehydrogenase and for accessory proteins for the biosynthesis of the NI-Fe-S 
center.  
A wide group of the CRP/FNR superfamily include the N-oxides sensors which 
is divided into different subgroups, namely the DNR, NnrR and FNR ones 
(Rinaldo et al., 2006), which recognize the same consensus sequence in their 
target promoters, the FNR-box (TTGATN4ATCAA) (Eiglmeier et al., 1989; 
Hoeren et al., 1993; Hasegawa et al., 1998) (fig. 1.6).  
 
 
 
 
 
 
Figure 1.6 A FNR-box is present in both the E.coli FNR target promoter (melR)  and in the 
P.aeruginosa DNR target promoters (nirS and norCB) 
 
 
All members of the DNR subgroup contain a highly conserved aminoacid 
sequence motif Glu--SerArg (E--SR), directly involved in the interaction with 
the FNR-box (Green et al., 2001), while most members of the NnrR subgroup 
contain an histidine instead of a glutamate residue. Another transcription factor 
belonging to the E subgroup (fig. 1.5) of the CRP/FNR superfamily, i. e. NssR 
from Campylobacter jejuni, has been recently described to act, perhaps 
indirectly, as a NO sensor (Elvers et al., 2005). 
FNR contains an iron-sulphur cluster, and can be considered as the paradigm 
of an oxygen responsive transcription regulator (Green and Scott, 2001; Spiro, 
1994; Guest et al., 1996; Unden, 1998; Kiley and Beinert, 1999). Moreover, it 

nirS        …atcTTGATtccggTCAAg… 
norC       …atcTTGATtgccATCAA… 
melR      …aatTTGATgtacATCAA… 

 



CHAPTER 1. Introduction 
 

 
 

10 

may be included into the NO-sensor group due to its capability to respond to 
the NO molecule, which is able to entail the inactivation of the protein by 
nitrosylation of the iron-sulfur cluster (Creack et al., 2008).  
The FNR scaffold must have a high degree of adaptability and flexibility to 
accommodate interaction with several chemically distinct sensor molecules, and 
to allow for different DNA-binding and RNA polymerase contacts. The 
spectrum of regulated functions in which FNR is involved is considerable. 
Among them are genes coding for alcohol dehydrogenase, aconitase, 
asparaginase, C4-dicarboxylate transporter, cytochrome d- and o-type 
oxidases, dimethylsulfoxide reductase, fumarate reductase, molybdenum 
cofactor biosynthesis, hydrogenase, nickel transport, and NADH and succinate 
dehydrogenases (Körner et al., 2003).  
ANR is the homologue of FNR in P. aeruginosa. It was discovered in the 
context of studying arginine and pyruvate catabolism (Galimand et al., 1991). It 
has four conserved cystein residues and an iron-sulphur center suggesting that 
this protein is involved in the oxygen response (Schreiber et al., 2007); when 
the oxygen levels are low or not sufficient for an aerobic growth, ANR activate 
the transcription of the DNR regulator as described above. ANR is also 
involved in the regulation of the transcription of genes for hydrogen cyanide 
biosynthesis (Cooper et al., 2003). 
The DNR-type class of regulator will be discusses below in more detail. 
 
 

1.3 DNR-type class of regulators 

 
DNR was discovered in the context of investigating the expression of the 
anaerobic respiratory system of nitrate denitrification. DNR does not contain 
enough cysteines for iron-sulfur clusters formation contrary to FNR, suggesting 
a different mechanism of N-oxide(s) sensing. In Pseudomonas aeruginosa DNR 
is found to exert the transcriptional regulation in the presence of  N-oxide(s) 
and under low oxygen tension (Arai et al. 1999; Hasegawa et al., 1998). In 
Paracoccus denitrificans it was shown, by genetic approach, that the 
transcriptional regulator designated Nnr (belonging to the DNR subgroup) can 
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activate the expression of the nitrite and NO reductase genes in response to 
NO  (Van Spanning et al., 1999; Lee et al., 2006).  
The members of DNR-type class of regulators found in the Pseudomonas sp.  
(Arai et al., 1997 and Vollack and Zumft, 2001) share a high sequence identity 
(Figure 1.7) but may not fulfil an identical physiological role. This is not  
surprising given that Pseudomonads are well known for their metabolic  
flexibility which reflects the capability of the different species to survive as free 
living organisms in soil, water and animals, where are often responsible for 
diseases. 
 
Dnr  Reinekea sp.      --MIQDPKVITNLSSHHLFSSLNEVQLSTLLRNATRRTLDEREVLFRQSE 48  
Dnr  Moritella sp.     --MITDSHIIDIVSTHHLFSALTDAEFKQLFATAKTFKVEPLENVFHQGD 48  
Dnr  P.aeruginosa      --MEFQRVHQQLLQSHHLFEPLSPVQLQELLASSDLVNLDKGAYVFRQGE 48  
DnrD P.stutzeri        --MVLHRVHHQILRSHHLFEPLNEEQMEELLNASQLLNLDKGDNLFHQGE 48  
DnrS P.stutzeri        --MLTEKTLVAELRRHHLFSRLPDAALQEVCASANLKRLPAGASLFHQGD 48  
DnrE P.stutzeri        MAMLTGSAVLNTLRRHHLFSGLAEAALQDIAAHTTVKRLPAGCTLFHQGD 50  
                         *         :  ****. *    :. :   :    :  :*:*.:  
Dnr  Reinekea sp.      PADRFYYVSHGIIRLYRTSPSGHEKVVDIVREGQCFAEAIMFNAQERYPV 98  
Dnr  Moritella sp.     EANRFYLVLRGHLKLYRTSPSGQEKVVEVMRQGNTFAEALMFNNKPFYPV 98  
Dnr  P.aeruginosa      PAHAFYYLISGCVKIYRLTPEGQEKILEVTNERNTFAEAMMFMDTPNYVA 98  
DnrD P.stutzeri        PAHNFYFVISGAVKVYRLTPDGQEKVFEVIGNRQTFAEAMMLMDTPNYVA 98  
DnrS P.stutzeri        KADRFYFLFSGQIKLHRVVCDGQEKLVEVMRAGESFAEALLFKGTPCYPV 98  
DnrE P.stutzeri        AAEHFHVLINGQVKLHRVTCDGQEKVIEVVRPGEAFAEAMLFNKLPEHPL 100  
                        *. *: :  * ::::*   .*:**:.::    : ****:::     :   
Dnr  Reinekea sp.      TADAQVASEVIGIENGSFHGLLKSDNELCMALMRQMSIRLHSQLNEIENL 148  
Dnr  Moritella sp.     AAQAVSESELISIDNETYLKILKINPEAGIAIMANMSIRLHHDLNEIEML 148  
Dnr  P.aeruginosa      TAQAVVPSQLFRFSNKAYLRQLQDNTPLALALLAKLSTRLHQRIDEIETL 148  
DnrD P.stutzeri        SAQAVCPSQVYRFSNAAYMRLLEANQRLTFALLGKLCVRLHQRINEIETL 148  
DnrS P.stutzeri        SATALKASLVASLNGPHYRRILEQQPDICLDILATLSIRLHQRMTEIDTL 148  
DnrE P.stutzeri        SATTLKESLVLNVQNSHYLRLLETQPQLCMQLLSSLSARLNQRLHQIDSL 150  
                      :* :   * :  ...  :   *: :    : ::  :. **:  : :*: *  

Dnr  Reinekea sp.      SLQNALHRLVNYLLHDLQSPN---DTLTFDIPKRLIASQLGIQPETFSRL 195  
Dnr  Moritella sp.     SVENAKNRLLLFLLKNLQDNNGNEGIIELDIPKRTLASLLSIQPETFSRL 198  
Dnr  P.aeruginosa      SLKNATHRVVRYLLTLAAHAPGENCRVEIPVAKQLVAGHLSIQPETFSRI 198  
DnrD P.stutzeri        SLKNATHRVVRYLLTQLARVKDGSNSFELPMAKQLVAGHLSIQPETFSRI 198  
DnrS P.stutzeri        TLANASHRVVRFLAQSQQDD---SGVVVLDVPKRLIASKLGIQPETFSRI 195  
DnrE P.stutzeri        TSSNVSQRVVRYLFQELQAAR--SGVIDLDMPKRLIASQLGIQPETLSRI 198  
                      :  *. :*:: :*             . : :.*: :*. *.*****:**:  

Dnr  Reinekea sp.      LRKLEDNQLIQVSNRDLKILDRDGLYQLTRD-NQPLRARKP--------- 235  
Dnr  Moritella sp.     LKKMTKEGLIEERKGLIRIMDIDALYAASDIPVQSVTGNIPTQFVPGE   246  
Dnr  P.aeruginosa      MHRLGDEGIIHLDGREISILDRERLECFE--------------------- 227  
DnrD P.stutzeri        IRRLIDEAIITQEGRQIAILDRQRLEQFE--------------------- 227  
DnrS P.stutzeri        LHRLIDAGTISVQRRRIEILDNRKLAAYDE-------------------- 225  
DnrE P.stutzeri        LHRLTDAGLIAVQRRRIEILDHLSLSAYLDAAA----------------- 231  
                       :::: .   *      : *:*   *  
 

 

Figure 1.7 Multiple sequence alignment of DNR proteins from Pseudomonas aeruginosa, 
Moritella sp., Reninekea sp. (DNR) and Pseudomonas stutzeri (DnrD, DnrS and DnrE). Amino 
acid one-letter code is used. Dashes represent insertions and deletions; numbers indicate 
absolute sequence numbering. Invariant positions are marked with asterisk; alignment columns 
displaying amino acid with the same physico-chemical properties are signed with points.  
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In Pseudomonas stutzeri there are at least three regulators (DnrD, DnrE, DnrS) 
involved in the NO-sensing, activation of the nitrate pathway and possibly in 
redox sensing, respectively, under anaerobic conditions (Korner et al., 2003). 
The DnrD transcription factor induces the expression of nirSTB, norCB, nosZ 
operons (encoding respectively nitrite, nitric oxide and nitrous oxide 
reductases) in the presence of NO but not nitrite (the nos gene is activated 
also in presence of high concentration of nitrous oxide). The NO 
concentration required for the nir-nor operons activation is in the range of 5- 
50 nM (Vollack and Zumft, 2001). DnrD overexpression per se is not sufficient 
for the transcription of the nir-nor operons, indicating that additional factors 
may be required (Vollack and Zumft, 2001).   
 

DNR from P. aeruginosa. The gene encoding the DNR transcription 
factor was revealed upon sequencing the regions downstream of the nor 
operons encoding NO reductase of P. aeruginosa (Arai et al., 1995). In this 
bacterium DNR promotes the expression of the nir, the nor and the nos genes 
under anaerobiosis in the presence of N-oxides (Arai et al., 1995, 1997, 1999, 
2003). In the last years the structural/functional characterization of the DNR 
protein was undertaken, to gain further insight into the mechanism of NO-
sensing. It was recently shown that this transcription factor forms stable 
complexes with heme, suggesting an involvement of this cofactor in the NO-
sensing (Giardina et al., 2008). These studies are described below.  
The first structural insight into DNR was obtained by looking at the structure 
of a truncated version of the protein, in which the DNA binding domain was 
removed by mutation of Asn152 into a stop codon. The crystal structure of 

this mutant (named !C-DNR) was solved by Dr Giorgio Giardina and is 
shown in Fig. 1.8.  
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Figure 1.8 Crystal structures of the DNRN152stop mutant (!C-DNR ), in which the helix-
turn helix domain was removed by mutagenesis. 
 

 
The protein is a homodimer and it crystallized as a apo-protein since no 

cofactor is bound in the structure. The !C-DNR contains a hydrophobic cavity 
which could be the binding site of a heme and thus form the active site for 
NO sensing. This hypothesis is supported by the observation that 15 of the 26 
residues conserved among the DNR subgroup (DNRD, DNRE and DNRS 
from Pseudomonas stutzeri and DNR regulators from Reinekea sphaeroides and 
Moritella sphaeroides) cluster around this cavity (Giardina et al., 2008). 

Comparing the !C-DNR structure with the available structures of other CPR-

FNR superfamily proteins it was assumed that the structure of the !C-DNR 
protein is in the “ON” conformation (see discussion). 
Moreover, spectral and kinetic characterization was carried out on the purified 
DNR protein reconstituted with the type-b heme (holo-DNR), to estimate the 
stability of the heme/protein complex and its reactivity with key ligands such as 
NO and CO. The spectral properties of the holo-protein are summarized in 
Fig. 1.9: the ferric derivative shows a peak at 417 nm (A, bold line), suggesting 
formation of a hexacoordinate hemichrome. This hypothesis is confirmed by 
looking into the spectrum of the reduced derivative, obtained in the presence 
of excess of sodium dithionite, which is characterized by a Soret band at 426 
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nm and two peaks at 530 and 560 nm in the visible region (B, grey line). The 
ferrous CO-bound derivative of holo-DNR has the typical Soret peak at 421 
nm and two bands at 540 and 570 nm (B, dashed line). On the other hand, 
addition of NO to the reduced protein yields a spectrum with a peak at 389 
nm and a broad band in the visible region (Fig. 1.9, B black line), which suggest 
the possibility of a five-coordinate NO-bound heme, similar to that typical of 
other NO sensors (Stone et al., 1995; Price et al., 2007). The spectroscopic 
data are consistent with the hypothesis that DNR binds heme specifically and 
forms with CO and NO derivatives typical of a heme protein. The two ligands 
are different in terms of heme coordination, a behaviour typical of other gas 
sensors (e.g., CooA and H-NOX domains), which highlights the capability of 
the protein to discriminate between different ligands (Boon et al., 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 DNR-heme complex. (A) Absorbance spectra of the oxidized (gray line) and 
reduced (black line) forms. (B) Absorbance spectra of reduced DNR-heme complex (black 
line) bound to NO (red line) or CO (dashed line). NO-bound complex formation is also 
shown (inset).   
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Moreover, to assign a role to the heme cofactor in the transcriptional activity 
of DNR, an in vitro functional assay was carried out with the nir promoter 
(Electrophoretic Mobility Shift Assay, EMSA). Recombinant DNR was 
expressed in the presence of hemin using a modified strain of E. coli 
harbouring a plasmid which produce ChuA, a protein known to be a heme 
transporter. DNR purification yields two pools of the protein (holo-protein, 
pools 1 and apo-protein, pool 2) that were characterized separately. A partial 
DNR/DNA binding was obtained only in the presence of the holo-protein (fig. 
1.10) (Giardina et al., 2008).   

(A) Properties of the recombinant DNR expressed in the 
presence, of hemin: olo protein, bold line, apo protein thin 

line. (B) EMSA of the DNA binding activity with the 
radiolabelled nirS promoter: the band shift assay wash 
performed with fractions of protein belonging to the 

purification of the apo-DNR (1) or olo-protein (2). The arrows 
show the DNA/DNR complex migration in the acrylamide 

gel.  
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Figure 1.10 Properties of the recombinant DNR expressed in the presence of hemin. Purified  DNR 
yields two pools of the protein (pools 1 and 2) that were characterized separately. In the figure, only 
selected fractions belonging to each pool are shown: holo protein, bold line, apo protein thin line. (B) 
EMSA of the DNA binding activity with the radiolabelled nirS promoter: fractions (from 1 to 5) 
belonging to pool 1 (panel 1) and pool 2 (panel 2), respectively.  The arrows show the DNA/DNR 
complex migration in the acrylamide gel.  
 

 

  

70x10 

60 

50 

40 

30 

20 

10 

0 

 
Abs 

600 550 500 450 400 350 300 

wavelength (nm) 

Holo-prote in from 
pool 1 

Apo-prote in 
from pool 2 

nirS 



CHAPTER 2. Aim of the work 
 

 
 

17 

AIM OF THE WORK 
 
Understanding the fate of nitric oxide (NO) inside the cell is a major issue in 
biology, given the large amount of processes controlled by this gas, both 
physiologically and pathologically.  
Denitrifying bacteria, that use denitrification as anaerobic energy producing 
pathway by reducing NO3

- to N2 via NO (Moreau-Marquis S et al., 2008; 
Hassett et al., 2002), can keep the concentration of the intracellular NO below 
cytotoxic levels thanks to the regulation of the expression and activity of the 
enzymes nitrite and NO reductases (NIR and NOR, respectively).  
Moreover, recent studies indicate that denitrification (Hassett et al., 2002) and 
in general anaerobiosis (Sarti et al., 2004) are responsible of the NO-resistance 
of pathogens. Among denitrifiers, P. aeruginosa is one of the most studied 
organisms due to its capability to colonize different environments also as 
opportunistic pathogen, mainly in cystic fibrosis patients (Driscoll et al., 2007). 
The lung epithelium of these patients is coated by a mucus layer, due to an 
altered ion transport which blocks the normal mucociliary clearance; the mucus 
adheres to the epithelium, and this layer is a barrier to oxygen diffusion. 
During colonization of the inflamed tissues this pathogen forms a biofilm which 
is a highly organized structure consisting of cells embedded within a matrix of 
extracellular polymeric substance, attached to a surface (Hassett et al.,2008). 
Cells within a biofilm have a number of advantages over their planktonic 
counterparts, including protection against antimicrobial agents and other 
stresses (Fux et al., 2005). The mechanisms that permit bacteria to make the 
transition from an free or planktonic cell to a multicellular biofilm and back 
have become a subject of intense interest to microbiologists over the past 
several years (Romeo, 2006). 
In this environment, P. aeruginosa, which is a facultative anaerobe, can use 
denitrification as alternative respiration pathway. The expression of the four 
reductases involved in this process (Zumft, 1997), namely nitrate (NAR), nitrite 
(NIR), nitric oxide (NOR) and nitrous oxide (NOS) reductases, is tightly 
regulated, being the intermediate nitric oxide (NO) a cytotoxic compound 
(Hassett et al., 2002). 
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The regulation of the expression of NIR and NOR enzymes is carried out by 
the DNR transcription factor which is an NO-sensor belonging to the 
CRP/FNR superfamily (Rinaldo et al., 2006; Giardina et al., 2008). 
Recent studies (Barraud et al., 2006 and 2009) have identified NO, at 
concentrations (nM) far below the toxic levels for this bacteria, as an elicitor of 
biofilm dispersal or detachment by Pseudomonas aeruginosa. Furthermore, low 
levels of NO were sufficient to sensitise the cells to at least some bactericidal 
agents. How these effects of NO are mediated is yet to be determined. 
Indeed a deeper insight onto NO-sensing in P. aeruginosa could lead to a new 
therapeutical approach in the treatment of chronic infections based on 
antipathogenic drugs and/or antibiotic compounds by attenuation of bacterial 
virulence and inhibition of biofilm formation such that the organism would fail 
to colonize (Hentzer and Givskov, 2003). One of these new targets could be 
the DNR-mediated denitrification pathway. 
The effect of N-oxides on the expression of the nir, nor and nos genes by DNR 
has been previously demonstrated in P. aeruginosa (Arai et al., 1999, 2003).  
To date, little structural and biochemical information on the molecular basis of 
the NO-dependent regulation is available.  
Recently a recombinant form of P. aeruginosa DNR has been expressed in E. 

coli and its structural and functional properties studied in vitro: it has been 
determined by X-ray crystallography the three-dimensional structure of the 
NO-sensing domain and it has been shown that DNR binds heme, thus 
suggesting a possible mechanism for the NO-dependent activity of the protein 
(Giardina et al., 2008). Moreover partial binding of heme-containing DNR to 
the target DNA can be obtained in vitro by EMSA (Giardina et al., 2008). The 
latter is one of the few examples of functional assays performed in vitro with a 
CRP/FNR regulator, which underlines the real difficulty in studying in vitro the 
activity of a protein belonging to this superfamily of transcription factors. 
The evidence of a direct interaction between DNR proteins and their target 
promoters was inferred by sequence analysis. All DNR proteins, in fact, share a 
helix-turn-helix motif in the C- terminal domain assumed to be involved, by 
sequences comparison, in the DNA binding. Moreover, this domain contains an 
FNR-box binding motif which is a signature of the FNR-like transcriptional 
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regulators and the DNR- dependent promoters share an FNR-box (Körner et 
al., 2003).   
Due to the difficutly to characterize the DNR activity in vitro, in order to get a 
deeper insight in the N-oxides mediated transcriptional activity of the protein, 
we decided to characterize the DNR function in vivo. The primary aim of this 
work was to optimize a NO-dependent DNR transcriptional activity in a 
heterologous model organism such as E. coli, which is unable to carry out 
denitrification, by using the P. aeruginosa nor promoter as a target. Moreover 
we studied the specificity of the DNR/DNA interaction analyzing both the 
transcriptional activity of DNR mutants and the effect of mutations in the FNR-
box of the nor promoter. We have also investigated the importance of heme 
as the cofactor in the mechanism of DNR-mediated activation of the nor 

promoter in E.coli, and analyzed if the protein responds specifically to NO, 
studing its activity in the presence of the alternative heme ligand carbon 
monoxide (CO). In parallel we have carried out structural and spectroscopic 
characterization to better understand the role of heme on DNR activity and to 
identify which residues were putatively involved in the coordination of the 
heme cofactor. These studies allowed us to hypothesizes a novel model of 
activation of the DNR protein.   
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METHODS 
 

3.1 Plasmids construction  

The following oligos (5'-GGAATTCCATATGGAATTCCAGCGCGTCCACC 
AGC-3', 5’-CCGCTCGAGTCACTCGAAGCACTCCAGGCGTTCGC-3’) 
were used to clone the dnr gene into the pET28b vector in frame with a 5'-
sequence encoding for a hisidine tag (his-tag); extra NdeI-XhoI restriction sites 
at the 5’ and 3’ ends, respectively, were also introduced.  
The dnr gene was linked to the his-tag motif through a sequence encoding a 
thrombin site, useful to remove the tag from the purified protein. The pET-
DNRHIS vector was transformed into BL21(DE3) Escherichia coli strain. 
The following oligos  (5'-GCGCGATATGTGATAAGAAGGAGATATACCAT 
GGAATTCCAGCGC -3';  5’-GCGCGATATCTCACTCGAAGCACTCCAGG 
CGTTCGCGGTCGAGG -3’) were used to clone the dnr gene into the 
pACYc184  (Biolabs) vector under the constitutive tet promoter; an extra 
EcoRV restriction site and the ribosome binding site were also added, yielding 
the pACY-DNR plasmid.   The nor-lacZ reporter system was obtained by 
cloning the nor promoter from P. aeruginosa PAO1 genome first into the 
EcoRI and BamHI sites of the pUC18 vector, yielding the pUC-NOR plasmid 
and subsequently into the EcoRI and BamHI sites of the pRS415 vector, 
yielding the pRS-NOR plasmid. The nor promoter fragment used in this work 
includes 150 bp upstream of the ATG of the norCB gene (Fig. 1). The pRW50 
carrying the FF-pmelR fragment (Wing et al.,1995) was also used. 
 
 

3.2 In vivo ß-galactosidase assay. 

The pACY-DNR and the pRS-NOR plasmids were transformed into the E. coli 
strain TOP10 (INVITROGEN) [F- mcrA "(mrr-hsdRMS-mcrBC) 
#80lacZ"M15 "lacX74 nupG recA1 araD139 "(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1 $-] or into the C600 E. coli strain [F- tonA21 thi-1 thr-1 
leuB6 lacY1 glnV44 rfbC1 fhuA1 $-(hemA::kan)]  (%hemA) (a kind gift of 
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Cécile Wandersman, Institut Pasteur, Paris, France). The rich medium for 
bacterial growth was Luria-Bertani (LB) broth (tryptone [10 g l -1], yeast 
extract [5 g l-1 ], NaCl [10 g l-1]), supplemented with 0,4 % (w/v) glucose (LG 
broth) and 0,4 mM ALA (5-aminolevulinic acid hydrochloride), as indicated.  
DNR activity was tested by the ß-gal assay at least in duplicate according to the 
method of Miller (Miller, 1972) on at least two independently grown cultures. 
The aerobic cultures were grown in 50 ml of medium in 250 ml-flasks at 37 °C 
to O.D.600= 0,4 and were shaken at 200 rpm. Anaerobic growth was carried 
out by transferring 10 ml of the aerobic samples (O.D.600= 0,4) from the 
flasks to the filled tubes sealed with a rubber cap. After 30’ of growth to 
remove the residual oxygen, selected samples were induced either with 10 µM 
aqueous NO from a saturated solution (2 mM) or 2 mM nitrite using a gas-
tight syringe or, if indicated, with 5 % (v/v) CO gas; the cultures were then 
incubated without shaking for 1 h before ß-gal was assayed. For the DNR 
mutants, the growth temperature has been switched from 37 °C to 20 °C 
after 1 h of growth. For the %hemA strain, the rich medium was supplemented 
with ALA when indicated. 
The O.D. values and the time of ß-gal reaction (Miller, 1972) were inserted 
into the equation (I) reported below (U.M.=Units Miller): 
 
 
U.M.= 1000 x (A420 - (1,75 x A550)) / (t x 0 ,1 x A600 )     ( I )  
 
 
 

3.3 Expression in E. coli and purification of DNR-HIS 

Expression of the protein was obtained in Luria Bertani (LB) medium 
containing 30µg/ml kanamicin. Cultures (0,75 l in 2 l flasks) were shaken at 

200 rpm and grown at 37°C for 1h and than at 20°C. DNRHIS protein 
expression was induced with 1 mM IPTG (isopropyl ß-d-thiogalactoside) when 
OD600 was 0,4. Cells were then grown for 15 hours. 
Cells were resuspended in the lysis buffer: 50 mM Tris-HCl buffer (pH 8.0), 50 
mM NaCl, and 1 mM PMSF (Phenylmethylsulfonyl fluoride) for 40’ at 4° and 
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then sonicated. The cell extract was centrifuged 45’ at 12000 rpm to remove 
any insoluble material. The soluble fraction was then applied on a HiTrap™ 
Chelating HP column (Amersham) containing nickel sulfate salt and 
equilibrated with 20 mM Tris-HCl pH 7.2, 300 mM NaCl; the protein is eluted 
with 300mM imidazole, in the same buffer. The purified protein was then 
loaded on a PD-10 Desalting column (SuperdexTM G-25) and eluted with 20 
mM Tris-HCl pH 7.2, 300 mM NaCl. Proteolytic digestion was carried out with 
25 units of thrombin (Amersham) per mg of tagged-protein, at room 
Temperature for 15 hours. The sample was then applied a second time on a 
HiTrap™ Chelating HP column (Amersham) loaded with nickel sulfate and 
equilibrated with 20 mM Tris-HCl pH 7.2, 300 mM NaCl. Under these 
experimental conditions, the thrombin enzyme was recovered in the 
flowthrough, while the his-tag free protein and the his-tag tails eluted in the 
presence of 100 and 300 mM imidazole, respectively. 
To remove the imidazole, the DNR protein was loaded on a HPLC column 
(Superdex 75 16/30) equilibrated with 20 mM Tris-HCl pH 7.2, 300 mM NaCl; 
the proteins concentration were calculated spectroscopically according to 
(Giardina et al., 2008) and the purified protein recovered was then frozen with 
liquid nitrogen and stored at -70°C.  
The extinction coefficient at 280 nm for DNR after digestion was determined 
by the BCA assay (Sigma) to be: 14.8 mM-1 cm-1 (per monomer). 
 
 

3.4 Western blot analysis  

A goat anti-rabbit IgG (SIGMA) alkaline phosphatase-conjugated was used as 
secondary antibody. 
The Western blot analysis was carried out to detect the DNR protein in the 
cultures grown for the ß-galactosidase assays and the DNR protein in all the 
purification steps: cells harvested and disrupted by boiling in the loading buffer 
(1.50 mM Tris-HCl pH 6.8, 300 mM DTT, 6 % SDS, 0.3 %  bromophenol blue, 
30 % glycerol) were separated by SDS-PAGE; for the western blot as a 
primary antibody a polyclonal rabbit antibody (Davids Biotechnologies) was 
used for the wild type and mutant proteins of the ß-gal assay and for the 
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digested purified protein; a anti his-tag polyclonal antibodies from rabbit (Santa 
Cruz Biotechnology, Inc.) was instead used for the DNR-HIS purified protein.  
A goat anti-rabbit IgG (SIGMA) alkaline phosphatase-conjugated as secondary 
antibody. 
 
 

3.5 Crystallization and data collection 

After screening a wide rage of conditions with a crystallization robot 
(PHOENIX; Art Robbins Instruments), crystals of native DNR were obtained 
by sitting drop vapor diffusion method mixing 1 µL of protein solution (5 
mg/mL in 150 mM NaCl, 20 mM TRIS pH 7.2 buffer) with 1 µL of the 500 µL 
reservoir solution - 20% (w/v) PEG3350, 0.2M ammonium tartrate. Crystal 
grew in 2 to 3 days as very thin plates. Before freezing in liquid nitrogen crystals 
were soaked into a solution of mother liquor and 25% (v/v) ethylene glycol. 
Data were collected at 100 K at European Synchrotron Radiation Facility 
(ESRF) (ID23-1), Grenoble (France). The best crystal diffracted weakly to 3.6 Å 
resolution and belongs to space group C2. Data collection strategy was 
calculated with BEST (Popov et al., 2003) Data were integrated using MOSFLM 
(Leslie et al., 1992) and, due to radiation damage, only the first 220 frames 
(154°) were scaled with SCALA (Evans et al., 1997) The asymmetric unit (AU) 
consists of 10 monomers (five noncrystallographic dimers).  
 
 

3.6 Mutagenesis 

 
Site-directed mutagenesis was done using the QuikChange mutagenesis kit 
(Stratagene) according to the manufacturer’s instructions, with pACY-DNR, 
pET28-DNRHIS or pUC-NOR as a template. Two mutants were obtained in 
the HTH region of DNR: N152stop, previously described (Giardina et al., 
2008), which lacks the entire HTH domain, and E193D, which presents a 
substitution (Glutamic Acid to Aspartic Acid) in position 193. The mutations 
introduced in the FNR-box of the nor promoter are: a double mutation in 
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which the GA bases in position 3 and 4 have been substituted with AG 
(TTAGTN4ATCAA, named nor1) and a single mutation in which the A base 
in position 4 has been changed into a G (TTGGTN4ATCAA, named nor2). 
The nor1 and nor2 fragments were then inserted into the EcoRI and BamHI 
sites of the pRS415 vector, yielding, respectively, the pRS-NOR1 and pRS-
NOR2 plasmids. All the histidines of the protein were mutated in alanines 
obtaining eight single-mutants and a double mutant (H14AH15A) The desired 
mutations were confirmed by DNA sequencing. 
 
 

3.8 Heme reconstitution 

 
The DNR apo-protein was reconstituted with a 1.5 stoichiometric excess of 
hemin in 20 mM Tris-HCl pH 7.2 and 300 mM NaCl at 16°C. Excess of free 
hemin was removed by gel filtration on a Sephadex G-25 column (Amersham). 
The ferric derivative was handled anaerobically in order to obtain the ferrous 
derivative by adding 1mM of sodium dithionite.  
The ferrous protein was incubated in anaerobiosis under either a saturated 
atmosphere of CO gas or with 100 µl of a 2 mM nitric oxide (NO) solution 

(20 °C and pH 7,5) to obtain the corresponding derivative. 
Spectra of the heme-reconstituted DNR species (4-7 µM solution) were 
recorded on a JASCO spectrophotometer, using gas tight tonometer 
containing a 1 cm quartz cuvette. 
 
 

3.9 Heme dissociation rate 

The dissociation rate constant of the heme from the holo- protein was 
determined according to Giardina et al., (2008) in the presence of excess of 
sperm whale apo-Mb (prepared according to Antonini and Brunori) as heme 
scavenger. The reaction has been carried out in 1-cm quartz cuvette in 800 µl 
of total volume, in the presence of 0.45 M sucrose, 0.15 M sodium phosphate, 

pH 7.0, 300 mM NaCl, 9 µMapo-Mb and 2.9 µM holo-DNR (final 
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concentration, added as concentrated solution to the reaction mixture); the 
process was recorded at 410 nm in a Hewlett Packard  
spectrophotometer (20 °C).  
 
 

3.10 Xanes 

 
The Fe K-edge XANES spectra of ferric and ferrous holo-DNR have been 
collected in fluorescence mode at ESRF-BM30B, Grenoble, by using a 30-
elements ultra-pure Ge detector. The spectra were calibrated by assigning the 
first inflection point of the Fe foil spectrum to 7112. The energy stability of 
each spectrum was carefully assessed by checking the position of a glitch in the 
I0 at 7220 eV. 
The ferric holo-DNR solution contains 1.6 mM of protein, 32 mM phosphate 
buffer, pH 7.4, 240 mM NaCl and gly 20%; to obtain a chemically reduced 
holo-DNR a slight excess of sodium dithionite was added at the protein 
solution. 
The tetra-coordinate FE(II)-protoheme was obtained by dissolving hemin in 
10% sodium dodecyl sulphate (SDS) and reducing it by sodium dithionite.
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RESULTS 
 

4.1 In vivo activation of DNR by N-oxides in the 
heterologous E.coli system  

 
Previous work in our group has shown that partial binding of DNR to the 
target DNA can be obtained in vitro by EMSA (Giardina et al., 2008). In order 
to get a deeper insight in the N-oxides mediated function of the protein, we 
decided to characterize the DNR transcriptional activity in vivo. We have 
optimized a reporter system based on the E.coli heterologous background 
using the P. aeruginosa nor promoter described in fig. 4.1. The pRS-NOR 
plasmid, carrying the lacZ gene (coding for ß-galactosidase) under the control 
of the nor promoter was transformed into the TOP10 E. coli strain together 
with the pACY-DNR plasmid harbouring the dnr gene under the control of a 
constitutive tet promoter (see methods for plasmids construction). DNR 
activity was tested by the ß-gal assay according to the method of Miller (Miller, 
1972) on at least two independently grown cultures. The aerobic cultures 
were grown in 50 ml of medium in 250 ml-flasks at 37 °C to O.D.600= 0,4 
and were shaken at 200 rpm. Anaerobic growth was carried out by transferring 
10 ml of the aerobic samples from the flasks to filled tubes sealed with a 
rubber cap. After 30’ of growth to remove the residual oxygen, selected 
samples were induced either with 10 µM aqueous NO from a saturated 
solution (2 mM) or 2 mM nitrite using a gas-tight syringe; the cultures were 
then incubated without shaking for 1 h before ß-gal was assayed. As a control, 
a ß-gal assay was performed also with the TOP10 E. coli strain containing only 
the pRS-NOR plasmid.  
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Figure 4.1 Sequence of the P. aeruginosa nor promoter fragment used in this study (150 bp). 
The putative binding site for the DNR protein is boxed and the bases of the consensus FNR-
box are highlighted in bold; the initial part of the coding sequence of the norCB gene, not 
included in the PCR fragment, is shown in grey and the translational start point is underlined.  
 
 
As shown in fig. 4.2, DNR is able to transactivate the nor promoter in E. coli 
under growth conditions similar to those found during denitrification in P. 

aeruginosa, i.e. anaerobic conditions and the presence of N-oxides. 
The results show that the DNR protein is not active under aerobic conditions, 
in agreement with its biological function to regulate the denitrification pathway 
in P. aeruginosa, which occurs under anaerobiosis. The low activation observed 
in air in the presence of 2 mM nitrite (Fig. 4.2) is somewhat unexpected; 
however it has to be underlined that, after several hours of growth, oxygen 
consumption by the rapidly growing culture may lead to a microaerobic 
environment.  As a control, the assay was also carried out with a strain 
containing the sole pRS-NOR plasmid under the same conditions described 
above; the results show that in E.coli the nor promoter is not activated in the 
absence of the DNR protein (Castiglione et al., 2009).  
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Figure 4.2 Activation of P.aeruginosa nor promoter requires DNR and N-oxides. The "-
galactosidase activity were reported as Miller units; the yellow bars refer to the control TOP10 
E. coli strain containing only the pRS-NOR plasmid in which the nor promoter is fused to lacZ, 
while the violet ones refer to the same strain carrying also the pACy-DNR plasmid.  
 
 
The concentration of NO used in the ß-gal assay was chosen after testing a 
range of NO concentrations from 5 µM to 100 µM: the maximal activation of 
the nor promoter was observed at 10 µM NO. Increasing the NO 
concentration from 5 µM to 100 µM has no significant influence on cell 
growth, at least under the conditions used in this assay (Fig. 4.3).  
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Figure 4.3 NO concentration dependence of promoter activation by P.aeruginosa DNR. The 
yellow bars refer to the control TOP10 E. coli strain containing only the pRS-NOR plasmid in 
which the nor promoter is fused to lacZ, while the violet ones refer to the same strain carring 
also the pACy-DNR plasmid. Cultures were grown anaerobically (AN) in LG (see methods), 
and, as indicated, induced by the addition of 5/10/20/50 or 100 µM NO.  

 
 

4.2 FNR discriminates between the nor promoter 
and the melR one. 

 
The results reported above show that the nor promoter is inactive in the 
absence of the DNR protein, under all the conditions tested. This result was 
quite surprising, since we expected that the endogenous FNR E. coli protein, 
which recognizes the canonical (-41,5) FNR-box containing melR promoter (fig 
4.4a) under anaerobic conditions (Barnard et al., 2003), could activate also the 
nor promoter due to the high degree of conservation of the FNR-box target 
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sequence among the two promoters (Fig 4.4a). To further investigate this 
aspect we verified if the E. coli TOP10 strain used in our study was fenotipically 
FNR+. Therefore, the E. coli pRW50-melR promoter, which contains the lacZ 
gene under the control of the melR promoter was transformed in the TOP10 
E.coli strain and the ß-gal assay was performed under aerobic and anaerobic 
conditions. The cultures were grown as described above. After 30’ of 
anaerobic growth, the cultures were then incubated without shaking for 1 h 
before ß-gal was assayed. The results show that in the TOP10 strain the melR 
promoter is very active under anaerobic conditions, whereas a lower level of 
activity was obtained under aerobic conditions (Fig. 4.4b). The lower (but 
significant) level of activity of the FNR protein observed under aerobiosis may 
occur since after several hours of growth, oxygen consumption by the rapidly 
growing culture leads to a microaerobic environment, responsible for the 
partial activation of the FNR protein observed in the assay.  
The results confirm that the TOP10 strain contains a functional FNR protein, 
which recognizes the FNR-box of its target promoter. On the other hand, the 
E. coli protein doesn’t bind the FNR-box of the P.aeruginosa nor promoter; this 
point will be further analysed in the discussion section. 
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Figure 4.4 The E. coli melR promoter is actively transcribed in the TOP10 strain. (A) 
comparison between the E.coli melR promoter and the P.aeruginosa nor promoter. In bold the 
consensus sequence (FNR-box). (B) the bars refer to TOP10 E. coli strain containing the 
pRW50-melR plasmid in which the melR promoter is fused to lacZ. The "-galactosidase 
activity was reported as Miller Units; 

 
 

4.3 DNR binds specifically the nor promoter 

 
To demonstrate the specificity of the DNR/nor promoter interaction in the E. 

coli system described above, we performed the ß-gal assay with different 
mutants harbouring mutations in either the HTH DNA recognition motif or in 
the FNR-box of the nor promoter.  

melR             …aatTTGATgtacATCAA…  
norC              …atcTTGATtgccATCAA… 
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Two mutants where produced by site-directed mutagenesis in the HTH 
domain: DNRN152stop, which lacks the entire HTH domain and DNRE193D 
which present a substitution of the Glu 193 to an Asp. Glu193 belongs to the 
Glu-SerArg (E-SR) conserved aminoacid sequence involved in the recognition 
of the FNR-box consensus (Green et al., 2001).  
The pACY-DNRN152stop or the pACY-DNRE193D plasmids were 
transformed in a TOP10 E.coli strain containing the pRS415-NOR plasmid and 
a ß-gal assay was carried out under anaerobic conditions +/- N-oxides as 
described above; due to the instability of the N152stop mutant at 37°, the 
growth temperature for this mutant has been switched from 37 °C to 20 °C 
after 1 h.  
As shown in Fig. 4.5A, the two mutants, compared to the wt protein, are 
unable to activate the nor promoter under any condition tested (Castiglione et 

al., 2009). This result confirms the specificity of the interaction of DNR with 
the nor promoter. To demonstrate that the lack of activation by the two DNR 
mutants in the E. coli strain was not due to the lack of expression of the 
mutated proteins, we have verified by Western blot that the proteins were 
correctly produced in the bacterium (Fig. 4.5B). 
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Figure 4.5.  Activation of the nor promoter requires the direct binding of DNR. (a) The 
N152stop protein, lacking the DNA binding domain (violet bars), or the E193D protein (blue 
bars), have been expressed constitutively in the TOP10 E. coli strain together with the pRS-
NOR plasmid and the !-galactosidase activity was measured. Pink bars refer to the !-
galactosidase activity of the wild-type protein. (b) Western blot of cell extracts induced by NO 
collected 1 h after induction. The two mutants are compared to the wt protein. The "-
galactosidase activity were reported as Miller units; the yellow bars refer to the control TOP10 
E. coli strain containing only the pRS-NOR plasmid in which the nor promoter is fused to lacZ, 
while the violet ones refer to the same strain carrying also the pACy-DNR plasmid. 
 
 
We have also probed the DNR/DNA interaction by producing specific base 
substitutions in the FNR-box of the nor promoter. Two mutants were 
produced by site-directed mutagenesis: the first one carries an inversion of two 
bases in the FNR-box (TTAGT-N4-TTGAT) (nor1) and the second one 
carries a single base change (A4 to G) (TTGGT-N4-TTGAT) (nor2). The nor1 
and the nor2 fragments were then cloned in the pRS415 vector and the 
corresponding plasmids (pRS-NOR1 and pRS-NOR2, see methods) were 
transformed in E. coli harbouring the pACY-DNR plasmid. The ß-gal activity 
under anaerobic conditions with or without NO (10µM) was then measured. 

 

wt N152
stop 

wt E193D 

2 

A B 
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As shown in Fig. 4.6, DNR is unable to activate both mutant promoters under 
anaerobiosis in the presence of NO (Castiglione et al., 2009).  
To control the basal activity of the promoters in the E. coli system, the assay 
was carried out also with a strain containing only the plasmids with the wild 
type or the mutant promoters. 

 
 
Figure 4.6 Activation of the nor promoter requires the direct binding of DNR. The pRS415 
plasmids containing the wt nor promoter or the mutant promoters nor1 (FNR-box: 
TTAGTN4ATCAA) or nor2 (FNR-box: TTGGTN4ATCAA) were expressed constitutively in 
the TOP10 E. coli strain together with the pACY-DNR plasmid (pink bars). As a control, the !-
galactosidase activity was measured under the same experimental conditions in the TOP10 E. 
coli strain containing only the plasmids with the wild type or mutant promoters (white bars).  
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4.4 DNR activity requires heme biosynthesis 

 
The mechanism whereby DNR can sense the signal molecule is not yet fully 
understood; however, spectroscopic evidence supports the hypothesis that 
heme is involved in NO sensing (Giardina et al., 2008 and see introduction).  
Therefore, to demonstrate that the heme is required for DNR activity in vivo, 
we have measured the NO-dependent activation of the nor promoter in a 
heme-deficient E.coli strain (!hemA strain), which lacks the HemA protein 
involved in the production of delta-aminolevulinic acid (ALA) a key precursor 
of heme (Fig. 4.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Biosynthetic pathway of heme production in E. coli. The blue circle indicated the 
role in the pathway of the HemA protein.   
 
 
The pRS-NOR plasmid was transformed into the E. coli !hemA strain with or 
without the pACY-DNR plasmid, and cells were grown in the presence or in 
the absence of 0,4 mM ALA, under anaerobiosis +/- aqueous NO (final 
concentration 10µM). The ß-gal activity was measured 1 hour after the 
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induction time. Moreover, to evaluate the basal activity of the nor promoter, 

we also measured the ß-gal activity in the E. coli !hemA strain containing the 
sole pRS-NOR plasmid.  
 
 

 
 
Figure 4.8 Heme dependence of DNR-mediated activation of the nor promoter. The DNR 
protein has been expressed constitutively in the !hemA E. coli strain together with the pRS-
NOR plasmid (pink bars). As a control, the !-galactosidase activity has been assayed under the 
same experimental conditions in the !hemA E. coli strain containing only the pRS-NOR vector 
(white bars). Samples marked with asterisk on the graph refer to cultures grown in the 
presence of 0,4 mM ALA.  
 
 
As shown in fig. 4.8, only in the presence of exogenous ALA a NO-dependent 
DNR activity comparable to that seen in the TOP10 strain is observed, 
strongly suggesting that heme biosynthesis is required for DNR activity 
(Castiglione et al., 2009). 
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4.5 DNR discriminates between different diatomic 
gases 

 
Given that heme is essential for DNR activation we tested if DNR is able to 
discriminate between different gases during its activity. Therefore, we used the 
E. coli system developed here to compare the activity obtained under 
anaerobiosis in the presence of NO to that obtained under anaerobiosis in the 
presence of carbon monoxide (CO).  
The pRS-NOR plasmid was transformed into the TOP10 E. coli strain with the 
pACY-DNR plasmid harbouring the dnr gene; a ß-gal assay was carried out, 
under anaerobic conditions and selected samples were induced either with 10 
µM aqueous NO or 5 % CO (v/v). The ß-gal activity was measured as 
described above. 
The results (Fig. 4.9) show that DNR is inactive in the presence of CO, 
suggesting that the protein responds differently to the two diatomic signal 
molecules, i.e. NO and CO (Castiglione et al., 2009). The in vivo result agrees 
with previous spectroscopic data showing that heme coordination in the CO 
and NO complexes is different (hexa- vs penta-coordinated). 
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Figure 4.9 DNR is not activated by CO. The DNR protein has been expressed 
constitutively in the TOP10 E. coli strain together with the pRS-NOR plasmid (pink bars). 
Cultures were grown anaerobically in LG medium (see methods), and, as indicated, induced by 
the addition of 10 µM NO or 5 % CO (v/v). As a control, the !-galactosidase activity  has 
been assayed under the same experimental conditions in the TOP10 E. coli strain containing 
only the pRS-NOR vector (white bars).  

 

4.6 Expression, purification and 3D crystallographic 
structure of the wt DNR 

 
To gain a deeper insight about the structure-function relationships of DNR and 
to clarify the role of the heme in the regulation of the transcriptional activity of 
the protein, we expressed and purified the protein in order to determine the 
3D structure of the protein by X-ray crystallography. 
DNR from P. aeruginosa has been purified by the heterologous system E.coli as 
described below. The dnr gene has been isolated by PCR from the genomic 
DNA of P. aeruginosa and cloned in the expression vector PET28b (Novagen) 
in frame with a 6xHistidine tail at the N- terminal of the protein; the 
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introduction of a tag facilitate the purification of high quantities of protein 
suitable for crystallization. The pET-DNR-HIS plasmid was transformed into the 
BL21(DE3) E. coli strain and the protein was expressed either in presence of 1 
mM IPTG or in the absence of inducers (Figure 4.10 A, lane 1 and 2, 
respectively). The DNR-HIS protein was detected by western blot, using 
commercial anti-histag antibodies (Figure 4.10 A, lane 3). The protein was 
expressed, purified to homogeneity and concentrated as reported in methods. 
With this method we obtained high amount of purified DNR-HIS (50 mg/l of 
cell culture). The his-tag tail was then removed by thrombin proteolysis (Fig. 
4.10 B). 
 
 
 
 

 

  

  

  

  

  

  

  

 
Figure 4.10 Expression and purification of the P. aeruginosa DNR-HIS protein from E. coli. 
SDS/PAGE. A) Lane 1: overnight cell extract without IPTG. Lane 2: overnight cell extract after 
induction with 1 mM IPTG. Lane 3: western blot analysis of overnight cell extract after 
induction with 1 mM IPTG using anti his-tag antibodies (Santa Cruz Biotechnology, Inc.). B) 
Lane 1: purified DNR-HIS protein. Lane 2-4: room temperature incubation of DNR-HIS with 
20 units of  thrombin at different times (2h, 4h and 15 h, respectively).  
 

  
The purified protein crystallized as a homodimer in the apo form. The 
structure of wtDNR was solved by Dr Giorgio Giardina, a component of my 
group, by molecular replacement at 3.6 Å resolution. The 3D structure is 
shown in Figure 4.11 (Giardina et al., 2009). 
As expected, the monomer fold of DNR is similar to that of the other 
transcription factors of the CRP-FNR superfamily. In particular (i) the sensing 
domain (N-terminal; residues 1-123) is formed by a !-barrel core (!-sheets 1-

1      2        3 1     2      3     4 

B    A 
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8) and three "-helices (-helix A-C); (ii) "-helix D (residues 124-152) is the 

dimerization helix; and (iii) the DNA binding domain (C-terminal; residues 153-
227) is constituted by three "-helices ("-helix E to G) and two !-sheets (-9 

and 10), where -G is the recognition helix of the HTH motif responsible for 
DNA binding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Structure of DNR from P. aeruginosa. 3D structure of DNR dimer, side and top 
views. The monomer domains are highlighted with different colors: green the sensing domain; 
blue the dimerization helix; salmon the DNA binding domain (the recognition helix -G is 
shown in red). The structural features hinge and flap are highlighted by red circles. The same 
color code is used throughout the figure. 
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4.7 Identification of the residues involved in the 
coordination of heme iron 
 

As described above, the DNR protein has been recently crystallized in the apo 
form but not yet in the holo form. Therefore, to gain further insight on the Fe-
heme environment we have studied the ferric and ferrous holo-DNR in 
solution by the XANES (X-ray Absorption Near Edge Structure) technique, in 
collaboration with the group of Prof. Arcovito (University Cattolica of Sacro 
Cuore of Rome) and Prof. Della Longa (University of L’Aquila). 
The Fe K-edge XANES spectra of the ferric and the ferrous holo-DNR (1.6 
mM of protein in 32 mM phosphate buffer, pH 7.4, 240 mM NaCl, gly 20%) 
have been collected in a fluorescence mode at ESRF-BM30B, Grenoble, by 
using a 30-elements ultra-pure Ge detector. The spectra were calibrated by 
assigning the first inflection point of the Fe foil spectrum to 7112.  
The derivative XANES spectrum of the ferric holo-DNR was compared with 
different coordination models (Figure 4.12), to gain information on the axial 
coordination and homogeneity level of heme-iron in DNR. As shown in this 
Figure, the highest similarities concerning the features  are obtained with the 
spectrum of formally ferric neuroglobin (Ngb): in this case a low-spin heme 
iron bis-histidine coordination occurs. Unlike other low-spin hexacoordinated 
species, the ferric Ngb was rapidly photo-reduced under X-ray irradiation, and 
thus it is a “formally” ferric Ngb. This result confirms the evidence reported in 
the introduction section about the 6-coordination of the heme iron in the 
holo-DNR and, moreover, indicates the nature of the residues involved in this 
coordination. 
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Figure 4.12. The derivative spectrum of DNR (plotted curves) is compared with various 
high-spin (HS) and low-spin (LS) coordination models of the heme iron in heme models and 
hemeproteins (solid lines). From top to bottom: neuroglobin (His-Fe(III)-His); Cytochrome C, 
His-Fe(III)-Met; alcaline LS met-myoglobin, His-Fe(III)-OH-; P450, Cys-Fe(III)-H2O; Fe(III)-
tetraphenyl-porphryn-(Imid)2, His-Fe-His; 1,2 metil-imidazole (penta-coordinate) hemin 
dissolved in SDS micelles, His-Fe(III) and acid aquomet-myoglobin, His-Fe(III)-H2O. The first 
derivative is fastly photo-reduced under X-ray irradiation. 
 
 
The holo-DNR protein was chemically reduced by excess of sodium dithionite 
and the XANES spectrum was obtained. The ferrous DNR compared with the 
formally ferric one (photoreduced) shows important differences between the 
two species which suggest the existence of an equilibrium between two 
different species. Mathematical fit of the data suggests the presence of an hexa- 
and a tetra-coordinate forms due to a partial destabilization of the axial ligation 
in ferrous DNR (data not shown).  
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Finally, the ferrous DNR-NO derivative has been compared with the TPP-NO 
(tetraphenylporphyrin-NO) and Mb-NO (Myoglobin-NO) derivatives. As 
shown in figure 4.13, the spectrum of DNR-NO in the ferrous form is similar 
to that of a 5-coordinate species instead of 6-coordinated species. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 XANES derivative spectrum of ferrous DNR-NO (upper curve): the 
comparison with the TPP-NO derivative (medium curve) and with the Mb-NO derivative 
(lower curve) suggests that the heme iron of the DNR-NO form is 5-coordinate.  
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4.8 In vitro and in vivo characterizations of DNR 
histidines mutants 

 
As described in the introduction, spectral and kinetic characterization on the 
holo-protein was carried out to estimate the stability of the heme/protein 
complex and its reactivity with key ligands such as NO and CO (see also 
Giardina et al., 2008); the holo-DNR protein presents a typical spectrum of a 
hexacoordinate species, both in the ferric and in the ferrous form. Moreover 
the holo-DNR-NO derivative presents a typical spectrum of a penta-
coordinate species; these results are also confirmed by the XANES assay, as 
described above, which also determined that the residues involved in the 
coordination of the heme iron are two histidines. For this reason we wanted to 
investigate which histidines of the protein were involved in this coordination. 
Therefore, we mutated all the histidines of the protein by site-specific 
mutagenesis, obtaining 8 single mutants of DNR, which present a substitution 
of a histidine to alanine and one double mutant (H14A/H15A) which present 
substitutions of both histidine 14 and histidine 15 to alanines. These mutants 
were expressed and purifyied, as described in the methods section, and were 
reconstituted with 1.5 stoichiometric excess of hemin in 20 mM Tris-HCl pH 
7.2 and 300 mM NaCl at 16°C. Excess of free hemin was removed by gel 
filtration on a Sephadex G-25 column. These mutants were characterized 
spectroscopically: the peaks of both the ferric and the ferrous of heme-
reconstituted DNR mutants, compared with the wild-type ones are 
summarized in the table II. 
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 FERRIC   

WT 417 538 570 
H7A 417 538 570 
dHis 415 538 568 

H51A 413 537   
H139A 415 539 570 
H155A 415 538 570 
H167A 416 537   
H187A 416 (360) 536   
H200A 415 538 575 
H209A 415 537  

 

 FERROUS  

WT 427 530 559 
H7A 427 530 560 
dHis 426 531 559 

H51A 427 530 560 
H139A 426 530 559 
H155A 425 530 559 
H167A 427 530 560 
H187A 426(390) 532 560 
H200A 425 531 560 
H209A 426 530 560 

 

Table 1I. Spectral properties of wt and mutant DNR proteins. Numbers indicate the 
wavelenght of the three maxima, in nm. 

 
 
As shown in Table II, all DNR mutants present the typical peaks of a hexa-
coordination of the heme cofactor as for the wild type protein. No HIS-
mutation to ALA does significantly change the spectral properties; only the 
DNRH187A shows some change in the spectrum, as reported in fig. 4.14.  
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Figure 4.14. The spectrum of the ferric (A) and the ferrous (B) holo-DNR H187A mutant 
(black line) compared with the spectrum of the ferrous holo-DNR (dotted line) 
 
 
The results obtained with the DNRH187A mutant suggested that the His 187 
is involved in the heme iron coordination. Since the affinity of heme/protein 
complexes is known to be mainly controlled by the rate of heme dissociation 
from the holo-protein (Hargrowe et al., 1996) we calculated the heme 
dissociation rate from the holo-DNRH187A mutant which is much faster  (2± 
0.4 ! 10" 3 s" 1) than that obtained with the holo-DNR wt (Giardina et al., 
2008).  
 
At the same time, all the DNR mutants were assayed by the in vivo !-gal 

reporter system, in order to understand if the lack of a histidine of DNR 
putatively involved in the coordination of the heme jeopardizes the 
protein/DNA interaction. The DNR mutants have been expressed 
constitutively in the TOP10 E. coli strain together with the pRS-NOR plasmid 
and the !-galactosidase activity was measured under anaerobiosis (white bar) 

and under anaerobiosis in the presence of 10 µM NO (violet bars).  
 
 
 

wavelenght (nm) 

Abs 

 
 

A B Abs 

 
 

wavelenght (nm) 



CHAPTER 4. Results  
 

 
 

47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15 The DNR mutants have been expressed constitutively in the TOP10 E. coli 
strain together with the pRS-NOR plasmid and the !-galactosidase activity was measured 
under anaerobiosis (white bars) and under anaerobiosis in the presence of NO (violet bars).  
 
 
The results show a high variability in the activity of the different mutants 
suggesting that a simple correlation between activity and interaction of the 
histidines with the heme cofactor is difficult to find (see discussion section). 
However, the DNRH187A mutant, which has particular features in vitro, such 
as a significant spectral change compared to the wild type (Fig. 4.14), also 
shows low activity in vivo (Fig 4.15) (manuscript in preparation). To 
demonstrate that the lack of activation by some DNR mutants in the E. coli 
strain was not due to the lack of expression of the mutated proteins, we have 
verified by Western blot that the proteins were correctly produced in the 
bacterium (data not shown). 
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DISCUSSION 
 
Denitrifiers can use nitrate instead of oxygen as the final electron acceptor in 
the respiratory chain, by reducing it to dinitrogen (Zumft, 1997). The complete 
denitrification pathway involves four enzymes: the nitrate reductase (NAR), the 
nitrite reductase (NIR), the nitric oxide reductase (NOR) and the nitrous oxide 
reductase (NOS), operating sequentially to reduce nitrate to dinitrogen gas via 
nitrite (NO2-), nitric oxide (NO) and nitrous oxide (N2O) (Zumft, 1997). The 
expression and the activity of the NIR and NOR enzymes are tightly controlled 
because it is mandatory for the bacteria to keep the concentration of 
intracellular NO below cytotoxic levels, to limit nitrosative stress.  
In Pseudomonas aeruginosa the expression of genes of the denitrification 
pathway is controlled by the NO-responsive regulator DNR (Dissimilative 
Nitrate respiration Regulator) belonging to the CRP-FNR superfamily of 
transcription factors. In denitrifiers the NO dependence of the transcriptional 
activity of promoters regulated by transcription factors of the DNR and NnrR 
subgroups of the CRP-FNR superfamily has suggested that they may act as NO 
sensors in vivo (Zumft, 2002). 
Recent findings indicate that NO is also an important signaling molecule in vivo, 
being able, at concentration far below cytotoxic levels, to induce dispersal of P. 

aeruginosa biofilms (Barraud et al., 2006); these results strongly suggest that 
denitrification, regulation of the NO-homeostasis and pathogenesis are strictly 
related in denitrifying bacteria.  
The understanding of the biochemical mechanisms used to respond to specific 
redox signals (such as NO) is a crucial point in order to dissect the in vivo 

function of a sensor protein. The molecular mechanism underlying the activity 
of DNR is still elusive, mainly because a reliable system to probe the NO-
dependent DNA binding of this regulator was missing to date. 
Recently it was shown, by our group, that the DNR protein binds heme in vitro 
forming stable complexes and that holo-DNR reacts with NO or CO 
obtaining derivatives typical of heme-proteins (Giardina et al., 2008). Moreover, 
to deeply understand the role of the heme molecule in the NO-dependent 
DNR activity, EMSA assays were carried out and a partial binding of the holo-
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DNR to the target nirS promoter was obtained (Giardina et al., 2008). Due to 
the difficulty to characterize the protein activity in vitro, we have decided to 
characterize it in vivo.  

 

5.1 E. coli-based reporter system: DNR specifically 
requires N-oxides to activate the nor promoter.  

 
The effect of N-oxides on the expression of the nir, nor and nos genes by DNR 
has been previously demonstrated, in vivo, in P. aeruginosa (Arai et al., 1999, 
2003). The first aim of our work was to obtain a NO-dependent DNR 
transcriptional activity in a heterologous model organism such as E. coli, unable 
to carry out denitrification, to develop a reliable system useful to characterize 
the DNR protein and its site-specific mutants. A ß-gal assay was performed 
under anaerobic conditions in the presence of N-oxides, using the putative 
DNR target promoter nor from P. aeruginosa (Fig. 4.2).  The choice of this 
promoter is supported by previous evidence showing that in P. aeruginosa, in 
the presence of N-oxides, nor is more strongly activated by DNR than nir (Arai 
et al., 1999). In our system DNR is able to transactivate the P. aeruginosa nor 
promoter in E. coli under anaerobic conditions and in the presence of NO 
(Fig.4.2), suggesting that the transcriptional machine of this bacterium can be 
efficiently used with a P. aeruginosa promoter such as the nor promoter 
(Castiglione et al., 2009). A similar response to NO in vivo has been reported 
for the DNR homologue NNR in Paracoccus denitrificans (Van Spanning et al., 
1999) and, for the same regulator, also in E. coli using the FNR-dependent E. 

coli melR promoter (Hutchings et al., 2000). 
The activation observed in our experiments in the presence of 2 mM nitrite 
(Fig. 4.2) can be explained since it is known that, in E. coli, nitrite is a source of 
NO due to the side activity of nitrite reductase, which reduces nitrite to 
ammonia (Corker & Poole, 2003). Nitrite is not directly involved in the 
activation of DNR since very low activity was observed in air in the presence 
of 2 mM nitrite, a condition under which NO is not produced (Darwin et al., 
1993). The inactivation of DNR under aerobic conditions is in agreement with 
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its biological function to regulate the denitrification pathway in P. aeruginosa, 
which occurs under anaerobiosis. 
As shown in fig. 4.1, the nor promoter fragment used in this studies includes 
150 bp upstream of the ATG of the norCB gene; this fragment contains the 
canonical recognition motif for the transcriptional activator protein FNR, 
named FNR-box, centred -64,5 bases upstream of the ATG translation 
initiation codon. Interestingly, no activation of the nor promoter was observed 
in the TOP10 strain containing only the pRS-NOR plasmid under anaerobic 
conditions (Fig. 4.2), suggesting that the endogenous E. coli FNR protein is 
unable to recognize this promoter. This result was unexpected because we 
thought that the FNR E. coli protein, which recognizes the melR promoter 
(Barnard et al., 2003) (fig 4.4a) under anaerobic conditions, could activate also 
the nor promoter due to the high degree of conservation of the FNR-box 
target sequence among the two promoters (Fig 4.4a). For this reason we 
verified if the TOP10 strain used in our study was fenotipically FNR+; our 
results confirm the presence of a functional FNR protein. Analyzing the region 
located between the palindromic TTGAT motif of the consensus FNR-box in 
the nor promoter we noticed a high GC content (Fig. 4.4a). Recently it has 
been demonstrated that the FNR protein favours an AT-rich motif against a 
GC-rich motif in this region (Scott et al., 2003); this may explain the observed 
lack of activation. We cannot exclude however that other features of the nor 
promoter may preclude the productive interaction between FNR and the E. 

coli transcriptional machinery. On the other hand, although the E. coli FNR 
protein seems unable to activate the nor promoter, the DNR protein is able to 
recognize in P. aeruginosa an FNR-dependent E. coli promoter (Hasegawa et al., 
1998) making the scenario more complicated. In the future we plan to 
investigate this point in more detail, using a nor/melR chimeric promoter: the 
region of the nor fragment located between the palindromic TTGAT motif will 
be changed to that of the FNR target promoter melR.  
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5.2 DNR binds specifically the nor promoter 

 
First of all, we have been able to demonstrate the specificity of the DNR/nor 
promoter interaction in the E. coli background (Castiglione et al., 2009). We 
carried out the ß-gal assay with mutants harbouring mutations both in the 
HTH domain and in the FNR-box of the nor promoter. We have analyzed the 
N152stop mutant, which, as shown in the crystal structure (figure 1.8), lacks 
the last 75 amino acids and hence the entire DNA binding domain  (Giardina 
et al., 2008). The inability of the N152stop mutant to transactivate the nor 

promoter under anaerobiosis in the presence of NO (Fig. 4.5a) suggests that 
the NO-dependent activation of the nor promoter requires the direct binding 
of DNR to the target DNA. To more deeply investigate the DNR/DNA 
interaction, we have also characterized the activity of a site-specific mutant in 
which Glu 193 is substituted with an Asp. This residue is highly conserved in 
the CRP/FNR superfamily (Green et al., 2001) and was shown to be involved 
in the direct interaction of the FNR protein with the FNR-box sequence on 
the target promoter (Spiro et al., 1990). The inability of this mutant of DNR to 
activate the nor promoter under anaerobiosis and in the presence of NO is in 
agreement with the predicted involvement of this glutamate in binding the 
FNR-box.  
Finally, for the first time we performed a detailed characterization of the nor 

promoter demonstrating that the NO-dependent DNR/DNA interaction was 
also blocked if the nor promoter carries mutations in the FNR-box consensus 
sequence: either an inversion of two bases in the FNR-box (TTAGT-N4-
TTGAT) or a single base change (A4 to G) (TTGGT-N4-TTGAT). The 
sensitivity of the FNR-box to the A4 to G mutation in the consensus sequence 
was shown also for the narGHJI promoter, an E. coli FNR target (Walker et al., 
1991). Therefore, for the first time, we demonstrated that a single nucleotide 
substitution in the FNR-box is sufficient to completely disrupt the activity of 
the DNR protein on the nor promoter. 
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5.3 DNR requires heme to bind the nor promoter 

 
The mechanism whereby DNR can sense the signal molecule is not yet 
understood; it is certain, however that DNR, which lacks conserved cysteines, 
is unable to form a Fe – S center that can interact with the signal molecule as 
reported for the O2-sensor FNR (Khoroshilova et al., 1995, 1997; Green et al., 
1996; Jordan et al., 1997).  
As previously mentioned, spectroscopical evidence demonstrates the 
formation of a stable DNR/heme complex, suggesting that the heme is the 
cofactor involved in the NO-sensing of the protein. Moreover, the only 
evidence in the literature in which a member of the DNR class of regulators is 
able to bind in vitro the target DNA was obtained by an EMSA assay using the 
P. aeruginosa DNR protein bound to heme (Giardina et al., 2008). In the 
present ph.D. thesis, it was demonstrated that the heme is required for DNR 
activity in vivo, by measuring the NO-dependent activation of the nor promoter 
in a heme-deficient E.coli strain (Castiglione et al., 2009), which lacks a key 
intermediate in the biosynthesis of heme (Harris et al., 1993) (Fig.4.7). This 
result confirms previous evidence obtained in vitro and supports the idea that a 
heme-based mechanism is the most likely to explain the NO-dependent 
regulation of the function of DNR. A similar approach was successfully 
employed to show that heme biosynthesis is essential for the sensing activity of 
NNR from Paracoccus denitrificans (Lee et al., 2006). 
Another heme-based mechanism within the proteins belonging to the CRP-
FNR superfamily has been thoroughly characterized for Rhodospirillum rubrum 
CooA (Shelver et al., 1997); in this case the CO molecule binds to the heme 
iron and triggers a conformational change, thus regulating the transcriptional 
activity (Lanzillotta et al., 2000). 
Given that heme is essential for DNR activation we tested if DNR is able to 
discriminate between different gases during its activity. Therefore, using the E. 

coli system to compare the activity obtained under anaerobiosis in the 
presence of NO to that obtained in the presence of CO we demonstrated 
that DNR responses differently to the two molecules. These findings are in 
agreement with previous results obtained in vitro, in which the reduced form of 
the DNR-heme complex was shown to bind in vitro both NO and CO 
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(Giardina et al., 2008). The adduct of NO with the heme-DNR complex is 
pentacoordinate, whereas the CO bound species is hexacoordinate. We can 
conclude that NO is the specific and unique signal required for DNR function; 
this selective activation in response to a particular ligand is shared with other 
heme-based gas sensors (e.g., CooA and H-NOX domains) (Andrew et al., 
2001; Boon et al., 2005; Gilles-Gonzalez & Gonzalez, 2005). 
 

5.4 Structural features of the DNR protein 

 
To bind DNA, the CRP-FNR transcription factors must be in an active or ON 
conformation; ligand binding, in fact, triggers the conformational changes from 
an OFF conformation (unable to bind DNA) to an ON conformation (able to 
bind DNA). Once the regulator is activated (ON conformation) the two 
recognition helices of the HTH motif are in the correct position to bind the 
cognate DNA sequence by interaction with the major groove as shown in 
Figures 1.5 and 5.1a for CRP from E. coli whose structure has been solved in 
complex with DNA. On the contrary, when these regulators are in the inactive 
form (OFF conformation), the DNA binding domain of each monomer can 
change its orientation dramatically by rotating around the connection with the 
dimerization helix (called hinge). Recently, the structure of the wtDNR protein 
was solved (Giardina et al., 2009); the comparison between DNR and CRP 
reveals that wtDNR has crystallized in an OFF conformation, in which the 
recognition helices of the HTH motif are oriented downward looking at the 
sensing domain (5.1 a and b), a topology that would not be effective in binding 
DNA.  
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Figure 5.1 comparison between the CRP, wtDNR and !C-DNR structures: A) CRP 
structure with the DNA bound (PDBid: 1run, Parkinson et al., 1996) B) wtDNR structure 
(PDBid: 3DKW, Giardina et al., 2008) C) !C-DNR structure (PDBid: 2Z69, Giardina et al., 
2009). D) Superposition of the CRP (yellow), !C-DNR (red) and DNR (blue) sensing 
domains (surface rapresentation) showing the angles of rotation around an axis perpendicular 
to the direction of the dimerization helix. The DNA binding domains have been removed for 
clarity. Comparing the !C-DNR and DNR structures, it is evident that the sensing domain of 
wtDNR is rotated with respect to the same domain in "C-DNR. 
 

#C-DNR pdb 2Z69 

(Giardina et al. 2008) (Giardina et al. 2009) 
DNR wt pdb 3DKW CRP pdb 1Run 

(Parkinson et al. 1996) 

A B C 

D 
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Moreover, comparison of the wtDNR with CooA (OFF conformation) reveals 
that wtDNR shows indeed a different position of the sensing domain, 
suggesting that the wtDNR structure in a different OFF position, thus named 
fullyOFF.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 (A) Superposition of the dimerization helices of wtDNR (in blue) and CRP (in 
yellow; pdb id:1run) monomers showing the different positions of the DNA binding domains 
and sensing domains in the active ON conformation (CRP) and in the inactive fully OFF 
conformation (wtDNR). (B) Superposition of the dimerization helices of wtDNR (in blue) and 
CooA OFF and ON conformations (in magenta and salmon, respectively, pdb id: 1ft9 and 
2hkx) showing different positions of the DNA binding domains and sensing domains. 
 
 

Looking carefully at the two 3D structures of the DNR protein, !C-DNR and 
wtDNR (Fig. 5.1 b and c) we clearly observe different features not due to 
changes in the overall fold but due to the peculiar orientation of the sensing 
domain with respect to the dimerization helix, which is dramatically different in 
the two proteins (Fig. 5.1 d). After superposition of the dimerization helix of 
the two structures, it is evident that the sensing domain of wtDNR is rotated 

with respect to the same domain in !C-DNR, the latter being more similar to 

A B 
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the active form of CRP suggesting that this DNR mutant could be in a ON 
conformation. For this reason we have created “in silico” a chimera by fusing 

!C-DNR with an HTH domain modelled on the structure of CRP in complex 
with the DNA (Fig. 5.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Chimera construction: A) crystal structure of !C-DNR (PDBid: 2Z69) B) 
chimera of a hypothetical ON conformation of DNR obtained by fusing the structure of "C-
DNR (blue) with an HTH domain (red) modelled on the structure of CPR in complex with 
the DNA (PDBid: 1run) (C).  
 
 
The model obtained represents a hypothetical ON conformation of DNR. This 
structure is quite different to the structure of the OFF wtDNR, suggesting that 
the large conformational change described for other transcription factors 
belonging to the CRP-FNR superfamily is also taking place in DNR. Moreover, 
this conformational change  allows the formation of a large hydrophobic 
pocket between the sensing domain and the dimerization helix in which the 
heme could be held.  
The DNR protein has been crystallized in the apo form but not yet in the holo 
form. For this reason, to deeply investigate on the Fe-heme environment of the 
holo-DNR, we have characterized the protein in solution by the XANES 
technique in collaboration with Prof. Arcovito (Cattolica of Sacro Cuore 
University of Rome) and Prof. Della Longa (University of L’Aquila). The results 
obtained confirmed that, in the absence of further available models for axial 
coordination (for example from tyrosine), the heme iron in formally ferric 

A B C 
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DNR is assigned to the low-spin hexacoordinated species and that it is 
coordinated by two histidines; moreover they confirm the 5-coordination of 
the ferrous DNR-NO derivative. 
Intriguingly, the results show an equilibrium in solution between two species, an 
hexa- and a tetra-coordinate one due to a partial destabilization of the axial 
ligation in ferrous DNR, thus suggesting that the heme cofactor is not steadily 
bound to the protein as in “canonical” hemo-proteins, but presents high 
degree of freedom inside the protein.   
 

5.5 DNR activation mechanism: current hypothesis 

 
As described above, DNR activation requires a large conformational change to 
bind the DNA: the heme cofactor may have a crucial role in protein structure 
rearrangement during its activation. As suggested by the XANES experiments, 
the heme cofactor is not stably bound to the protein but an equilibrium exists 
between the associated and the dissociated form; this hypothesis is also 
supported by the fact that the DNR protein always crystallized in a apo form. 
These findings demonstrated that the holo-DNR behaviour is different with 
respect to other canonical hemo-protein. 
Our in vivo results also show that the protein requires NO binding to fulfil its 
biological role. Based on these results we suggest a model of DNR activation 
involving 3 different conformational states whose interconversion requires a 
dramatic reorganization of the protein structure (fig. 5.4).  
Our hypothesis is that wtDNR activation may be driven initially by heme 
association, that promotes a first conformational rearrangement from the fully 

OFF towards a pseudo ON conformation (represented by %C-DNR), 
followed by NO binding to the heme with final conversion to the biologically 
active state of the protein. 
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Figure 5.4 Model of activation of the DNR protein: wtDNR activation may be driven initially 
by heme association, that promotes a first conformational rearrangement from the fully OFF 
(A) corresponding to the wtDNR crystal structure, toward a pseudoON (B) corresponding to 
the sensing domain represented by the %C-DNR crystal structure conformation, followed by 
NO binding to the heme with final conversion to the biologically active state of the protein 
(C). 
 
 
Our data are in agreement with the proposal that heme association to DNR is 
a prerequisite for NO binding and effective transcriptional regulation.  
 

5.6 DNR as a heme binding protein 

 
The hypothesis of DNR activation illustrated above has prompted us to further 
investigate both in vitro and in vivo mechanism of heme binding by protein 
engineering. Since the XANES experiments have shown that two histidines are 
involved in the coordination of the heme iron in the heme/DNR complex, we 
investigated which histidines of the protein were involved in binding the heme 
iron. We have mutated all the histidines of DNR to alanines obtaining 8 single 
mutants and one double mutant. These mutants were studied in vitro to 
evaluate effect of mutation on the heme environment and in vivo to 
understand if the substitution of a histidine putatively involved in the 
coordination of the heme jeopardizes the protein activity. In Figure 5.5 the 
wtDNR OFF structure and the wtDNR hypothetical ON model are shown 
with the histidines marked with different colours. 
 

fully OFF conformation 
(A) 

pseudo ON conformation  
(B) 

ON conformation  
(C) 
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Figure 5.5 crystal structure of wtDNR A) and model of the wtDNR hypothetical ON 
structure B). The histidines of the protein are marked with different colours: H7, light green; 
H14 and H15, red; H51, orange; H139, magenta; H155, yellow; H167, sky blue; H187, blue; 
H200 pink; H209, brown.  
 
 
Contrary to the expectation, all mutant holo-proteins displayed similar 
absorption spectra to the wt suggesting that the hexa-coordination of the 
heme iron is mantained; only the H187A shows some significant change in the 
spectrum indicating an involvement of this residue in the heme/DNR binding, 
although, also in this mutant, the heme iron appears partially to be still 
hexacoordinate. These results strongly suggest again that the holo-DNR 
behaviour is different with respect other canonical hemo-protein thus 
supporting the novel mechanism of heme/protein complex formation 
described above. All these findings could place DNR within the recent group 
of heme-responsive proteins which have been described by other groups 
(Igarashi et al, 2008; Kitanishi et al., 2008; Yang et al., 2005 ) in the last years. In 
all these cases, site-directed mutagenesis of the heme axial ligand of the heme-
binding proteins does not always result in the expected spectral changes. For 
Igarashi et al. (2008) in the heme-regulated eukaryotic initiation factor 2! 
(eIF2!) kinase  (HRI) a redox- dependent ligand switching from Cys to a 
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another residue upon reduction of Fe(III) to Fe(II) heme occurs; this ligand 
exchange is a characteristic feature of these heme-responsive proteins. A 
similar result was obtained by Yang et al., (2005) on the iron response 
regulator (Irr) protein from Bradyrhizobium japonicum. This protein has a 
characteristic motif consisting of three consecutive His residues, His-117/His-
118/His-119, which may be potential axial ligand candidates for the heme iron 
complex and none of single or double mutants displayed heme absorption 
spectral changes; only the triple His mutant lost heme affinity. In fact, in these 
proteins a residue located in the proximity of the native axial ligand may switch 
to coordinate to the heme iron, even in mutant proteins, thus hampering 
unequivocal identification of the heme axial ligand. This may be caused by 
protein flexibility of the heme-responsive protein, which is critical for heme 
binding. The heme binding thus regulates catalysis, protein-protein interactions 
or transcriptional activity by mediating structural changes induced by heme 
association/dissociation. This mechanism is not unlikely, thinking that heme per 

se also plays a regulatory role in various important physiological functions in 
organisms. As an example, Bach1 controls the transcription of !ß-globin and 
heme oxygenase 1 genes in response to the heme concentration (Ochiai et al., 
2008). These ligand switching phenomena induced by mutation of the heme 
axial ligand are not generally observed for globin proteins where the heme is 
effectively coordinated by specific residues, whose mutation dramatically alter 
the spectroscopical properties (Liong et al., 2001). 
In parallel, all the mutants characterized in vitro were also characterized in vivo 
(Fig. 4.15). An high variability in the activity of different mutants was observed 
suggesting that is difficult to find a simple correlation between activity and 
interaction of the histidines with the heme cofactor. To simplify the analysis of 
the other mutants we can classify them into different categories, each involving 
a different feature of DNR. 
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Heme/DNR complex stability: 
The H187A mutant is the only residue which has particular features in vitro, 
such as significant spectral changes compared to the wt (see above); this 
mutant also shows low activity in vivo. This effect is, in our opinion, due to the 
destabilization of the heme-protein complex. In agreement with this 
interpretation, recent experiments showed that the presence of heme 
significantly increase the stability of wt DNR to GuHCl-induced protein 
unfolding; this stabilization is lost in the H187A mutant. In addition, the heme 
dissociation rate of H187A (measured at 20 °C in the presence of excess 
sperm whale apomyoglobin (apo-Mb)) turn out to be faster than in wt DNR 
ones. These findings suggest a destabilization of the heme/protein complex in 
the holo-mutant H187A. 
It is intriguingly to notice that only in the hypothetical ON conformation of  
wtDNR (Fig. 5.6) the H187 residue points towards the sensing domain, in 
particular to a large pocket in which the heme cofactor may be held.  
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Figure 5.6 detail of the structure of the wtDNR protein in the OFF conformation (A) and of 
the model in the hypothetical ON conformation (B). In the panel a particular of the pocket. 
H187 is marked in blues. 
 
 
All these evidences suggest a crucial role of this histidine in binding of the 
heme-protein to DNR. 
In light of what discussed above the involvement of a histidine in the heme 
coordination doesn’t necessary correspond to a negative activation of the 
corresponding mutant in vivo. The double mutant H14AH15A and the H167A 
mutant present a wt-like spectra in vitro and activity in vivo; however, we cannot 
rule out completely the possibility that these histidines may be still involved in 
the coordination of the heme. These residues are located in the hydrophobic 
pocket of the wt DNR ON model (fig. 5.5 B) thus suggesting that an 
interaction with the heme cofactor may occur. 
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The H139A mutant, which have wild-type like features in vitro, present low 
activity in vivo. The 139 residue is located in the dimerization helix, facing the 
sensing domain: due to the high plasticity of the protein this aminoacid may be 
involved in the coordination of the heme cofactor.  
 
 
Stability of the DNR conformations: 
Looking at the activity of the H155A mutant in the presence of the NO 
molecule (pink bar, fig. 4.15) in comparison to that under anaerobic conditions 
(white bar, fig. 4.15) we can observe that the basal activity in anaerobiosis 
without NO is surprisingly low. Histidine 155 (fig. 5.5, yellow histidine) in the 
wt OFF structure is located in the hinge of the protein, a region connecting the 
dimerization helix and the HTH domain which undergoes a large change upon 
activation. 
Mutation of His 155 to Ala may introduce an extra hydrophobic contact which 
stiffens the hinge region thus favouring the fullyOFF conformation. Therefore 
binding of the heme cofactor under anaerobiosis is less likely to occur in the 
H155A mutant (Fig. 4.15, white bar). In the presence of NO, which may drive 
the equilibrium towards the active conformation, the H155 residue faces the 
solvent and thus does not play any role; for this reason the mutant is fully 
active in the presence of NO.  
 
 
DNR/DNA interaction: 
The His 200 is positioned in one of the helix involved in the interaction with 
the DNA, therefore the complete inability of the H200A mutant to bind the 
nor promoter (fig. 4.15) could be simply due to a loss of a positive charge in 
the area of binding. The His 209 is located near this recognition helix: in the in 

vivo assay the H209A mutant is not totally inactive as the H200A, but presents 
a low activity. Being H209 not directly placed in the DNR/DNA interface its 
the mutation probably destabilizes the interaction to a lower extent.  
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DNR/RNA Polymerase interaction 
The low activity of the H7A and the H51A mutants (pink bars fig. 4.15, green 
and orange histidines in the structure in fig. 5.5) could be explained given that 
the two residues could be involved in the DNR/RNA Polymerase interaction. 
In the structural alignment between DNR and CRP, histidine 7 is located in the 
same position of an histidine of the CRP protein, which contribute to the 
formation of the Activating Region 2, involved in the protein/Polymerase 
interaction (Li et al., 1998) and  located at the N-terminal domain of the 
protein. The His 51 is also located in this area, filling in an external and lateral 
position, useful for the interaction of the Polymerase. These two histidines 
present a favourable position for this interaction both in the OFF structure and 
the in hypothetical ON model. 
 
 

5.7 Future perspectives 

 
All the available functional and structural evidence lead us to place the DNR 
protein in the novel heme-sensor group of proteins; moreover, the hypothesis 
that a mechanism with 3 different conformational states exists, is also 
supported by the in vivo and in vitro evidence reported above. 
In this mechanism it seems that step by step the protein loses degrees of 
freedom and plasticity because it is increasingly constrained in a rigid and active 
structure with the heme and the NO stably bound.  
An encouraging result has been recently obtained by Dr. Giorgio Giardina who 
has been able to crystalle DNR under anaerobic condition in the presence of 
NO: for the first time clusters of small neadle-shaped red crystals (fig. 5.7), 
which indicate the presence of heme bound to the protein, were obtained. 
The crystallization conditions will be optimized, but compared to the 
unsuccessful aerobic crystallization trials on the holo-protein, this result strongly 
suggests that anaerobiosis and NO drive the protein complex towards a more 
rigid conformation, more prone to crystallize.  
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Figure 5.7 clusters of small neadle-shaped red crystals wt DNR. These crystals has been 
obtained by Dr. Giorgio Giardina by crystallizing the DNR protein under anaerobic condition in 
the presence of NO;  the red colour indicates the presence of the heme in complex with the 
protein. 
 
 
The crystallographic results indicate that NO-dependent DNR activity is under 
allosteric control, and the heme is obviously involved in the structural 
modulation. This hypothesis is in agreement with very recent results obtained 
on CRP (Popovych et al., 2009), whereby the cAMP molecule elicits an 
allosteric transition that switches E. coli CRP from the OFF to the ON state; 
this transition involves not only the structural reorganization but also the 
folding of a segment of the protein which acquires the ON conformation. 
An investigation to probe the significance of this allosteric transition in the 
mechanism of sensing in vitro and in vivo is challenging and possibly prone to 
direct experiments. 
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