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CHAPTER I. Introduction

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 |1-13% 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.geruginosa 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 I. et al, 2009) (Fig. I.1).

Figure 1.1. Biofim 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 infllmmatory 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. |.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 (NG,), nitric oxide (NO) and
nitrous oxide (N,O) (Zumft, 1997).

outer
membrane

periplasm

inner
membrane

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 uM) NO is toxic: mutations which inactivate the

2
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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 labile4Fe—
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 (O,) 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 bactena 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 Cdmara, 2009) and the turmover 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



CHAPTER I. Introduction

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).

Anaerobiosis (NO) NOs’

arginine- v *
deaminase e Nf)z'

pathway z
ANR

(Fe-S cluster) ‘ 2047 \Nf

\NZO

Cvnade production *

Anaerobic Denitrification N2

metabolism

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 (an-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 |

strains dnr nir nor
anr- - - -
dnr- - -
anr-pDNR + +

Table | 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 (Kémer et al,, 2003).

B |Aromatics
NO3z HbaR NO

\\ CprK
NarR

cAMP — Crp  Crp-Fnr Fnr «— O,, NO

Flp
CooA FIpA

/! NtcA AN
CO I En O,

2-Oxoglutarate

NicA

Figure 1.4 A) The main branches of the CRP-FNR superfamily of transcription factors
(modified from Kémer et al, 2003). B) Signals processed by regulators of the CRP-FNR family.
(Kérner et al., 2003; Joyce et al., 2006).
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The CRP-FNR regulators are involved in the regulation of many enzymatic
pathways including oxygen respiration, denitrificaton, 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 |.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 (Komer 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 a-helix recruited to form the dimer
interface; and (i) 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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DOMAIN SENSOR

DOMAIN

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.
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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 (TTGATN,ATCAA) (Eiglmeier et al, 1989;
Hoeren et al,, 1993; Hasegawa et al,, 1998) (fig. 1.6).

nirS ...atcTTGATtccggTCAAg. ..
norC ...atcTTGATtgccATCAA...
melR  ...aatTTGATgtacATCAA...

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

9
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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 (Kérer et al., 2003).

ANR is the homologue of FNR in P. geruginosa. It was discovered in the
context of studying arginine and pyruvate catabolism (Galimandet 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 s 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

10
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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 --MEFQRVHQQLLQOSHHLFEPLSPVQLQELLASSDLVNLDKGAYVFRQGE 48
DnrD P.stutzeri —-MVLHRVHHQILRSHHLFEPLNEEQMEELLNASQLLNLDKGDNLFHQGE 48
DnrS P.stutzeri —--MLTEKTLVAELRRHHLFSRLPDAALQEVCASANLKRLPAGASLFHQGD 48
DnrE P.stutzeri MAMLTGSAVLNTLRRHHLFSGLAEAALQDIAAHTTVKRLPAGCTLFHQGD 50
* s *kkk K . s : : skek s
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
*, *3 s * sk JKekkg s s kkhkkk
Dnr Reinekea sp. TADAQVASEVIGIENGSFHGLLKSDNELCMALMRQMSIRLHSQLNEIENL 148
Dnr Moritella sp. AAQAVSESELISIDNETYLKILKINPEAGIAIMANMSIRLHHDLNEIEML 148
Dnr P.aeruginosa TAQAVVPSQLFRFSNKAYLRQLODNTPLALALLAKLSTRLHQRIDEIETL 148
DnrD P.stutzeri SAQAVCPSQVYRFSNAAYMRLLEANQRLTFALLGKLCVRLHQRINEIETL 148
DnrS P.stutzeri SATALKASLVASLNGPHYRRILEQQPDICLDILATLSIRLHORMTEIDTL 148
DnrE P.stutzeri SATTLKESLVLNVQNSHYLRLLETQPQLCMQLLSSLSARLNQRLHQIDSL 150
.* . * . . *. . . ** . ok o *
Dnr Reinekea sp. SLQNALHRLVNYLLHDLQSPN———DTLTFDIPKRLIASQLGIQPETFSRL 195
Dnr Moritella sp. SVENAKNRLLLFLLKNLQODNNGNEGIIELDIPKRTLASLLSIQPETFSRL 198
Dnr P.aeruginosa SLKNATHRVVRYLLTLAAHAPGENCRVEIPVAKQLVAGHLSIQPETFSRI 198
DnrD P.stutzeri SLKNATHRVVRYLLTQLARVKDGSNSFELPMAKQLVAGHLSIQPETFSRI 198
DnrS P.stutzeri TLANASHRVVRFLAQSQQDD---SGVVVLDVPKRLIASKLGIQPETFSRI 195
DnrE P.stutzeri TSSNVSQRVVRYLFQELQAAR--SGVIDLDMPKRLIASQLGIQPETLSRI 198
HE A I T R L L L R R
Dnr Reinekea sp. LRKLEDNQLIQVSNRDLKILDRDGLYQLTRD-NQPLRARKP-——-=————— 235
Dnr Moritella sp. LKKMTKEGLIEERKGLIRIMDIDALYAASDIPVQSVTGNIPTQFVPGE 246
Dnr P.aeruginosa MHRLGDEGIIHLDGREISILDRERLECFE--—————---mmmmmmm e —— 227
DnrD P.stutzeri IRRLIDEAIITQEGRQIAILDRQRLEQFE--—————--mm e —— 227
DnrS P.stutzeri LHRLIDAGTISVQRRRIEILDNRKLAAYDE--————--———mmmm e —— 225
DnrE P.stutzeri LHRLTDAGLIAVQRRRIEILDHLSLSAYLDAAA ————————————————— 231
s Ke*k *

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 Asnl52 into a stop codon. The crystal structure of
this mutant (named AC-DNR) was solved by Dr Giorgio Giardina and is
shown in Fig. |.8.
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Figure 1.8 Crystal structures of the DNRNI52stop mutant (AC-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 AC-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 |5 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 AC-DNR structure with the available structures of other CPR-
FNR superfamily proteins it was assumed that the structure of the AC-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

13
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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 42|
nm and two bands at 540 and 570 nm (B, dashed line). On the other hand,
addition of NO to the reduced protein vields 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).

A B
Abs Abs

1.0 1.01

400 450 500 550 600 650 700 400 450 500 S50 60O 650 700
wavelenght (nm) wavelenght (nm)

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 | 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).
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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 | 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 | to 5)
belonging to pool | (panel I) and pool 2 (panel 2), respectively. The arrows show the DNA/DNR
complex migration in the acrylamide gel.
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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 NO; to N, 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 biofim 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).

|7



CHAPTER 2. Aim of the work

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 (Kémer 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-CCGCTCGAGTCACTCGAAGCACTCCAGGCGTTCGE3)
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 Ndel-Xhol 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 BL2 | (DE3) Escherichia coli strain.

The following oligos (5-GCGCGATATGTGATAAGAAGGAGATATACCAT
GGAATTCCAGCGC -3"; 5-GCGCGATATCTCACTCGAAGCACTCCAGG
CGTTCGCGGTCGAGG -3') were used to clone the dnr gene into the
pACYcl84 (Biolabs) vector under the constitutive tet promoter; an extra
EcoRYV 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 PAO!| genome first into the
EcoRI and BamHI sites of the pUCI8 vector, yielding the pUCGNOR 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. ). The pRW50
carrying the FF-pmelR fragment (Wing et al, 1995) was also used.

3.2 In vivo B-galactosidase assay.
The pACY-DNR and the pRS-NOR plasmids were transformed into the E. coli

strain  TOPIO  (INVITROGEN) [F-  mcrA  A(mrr-hsdRMS-mcrBC)
080lacZAMI5 AlacX74 nupG recAl araD 139 A(ara-leu)/697 galEl5 galKlé6
rpsL(StrR) endAl A-] or into the C600 E. coli strain [F- tonA2l thi-| thr-I
leuB6 lacY'| ginV44 rfbCl fhuAl A-(hemA:kan)] (AhemA) (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 [I0 g | -1], yeast
extract [5 g l-1 ], NaCI [10 g I-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 [3-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 mlflasks 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= 04) 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 upM
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 | h before 3-gal was assayed. For the DNR
mutants, the growth temperature has been switched from 37 °C to 20 °C
after | h of growth. For the AhemA strain, the rich medium was supplemented
with ALA when indicated.

The O.D. values and the time of B-gal reaction (Miller, 1972) were inserted
into the equation (I) reported below (U.M.=Units Miller):

U.M.= 1000 x (Ao - (1,75 X Assg)) / (£ X 0,1 x Age) ()

3.3 Expression in E. coli and purification of DNR-HIS
Expression of the protein was obtained in Luria Bertani (LB) medium
containing 30ug/ml kanamicin. Cultures (0,751 in 2 | flasks) were shaken at
200 rpm and grown at 37°C for |h and than at 20°C. DNRHIS protein
expression was induced with | mM IPTG (isopropyl 3-d-thiogalactoside) when
OD600 was 0,4. Cells were then grown for |5 hours.

Cells were resuspended in the lysis buffer: 50 mM Tris-HCI buffer (pH 8.0), 50
mM NaCl, and | 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-HCI 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 (Superdex" G-25) and eluted with 20
mM Tris-HCI 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 TrissHCI 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-HCI 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 -7/0°C.

The extinction coefficient at 280 nm for DNR after digestion was determined
by the BCA assay (Sigma) to be: 14.8 mM-| cm-1 (per monomer).

3.4 Western blot analysis
A goat anti-rabbit 1gG (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 (-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-HCI 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 B-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 1gG (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 | uL of protein solution (5
mg/mL in 150 mM NaCl, 20 mM TRIS pH 7.2 buffer) with | yL of the 500 pL
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 A
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: N52stop, previously described (Giardina et al,
2008), which lacks the entire HTH domain, and EI93D, 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 norl) and a single mutation in which the A base
in position 4 has been changed into a G (TTGGTN4ATCAA, named nor2).
The norl and nor2 fragments were then inserted into the EcoRI and BamH|
sites of the pRS415 vector, yielding, respectively, the pRS-NORI and pRS-
NOR?2 plasmids. All the histidines of the protein were mutated in alanines
obtaining eight single-mutants and a double mutant (HI4AHI5A) 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-HCI pH 7.2 and 300 mM NaCl at |6°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 |mM of sodium dithionite.

The ferrous protein was incubated in anaerobiosis under either a saturated
atmosphere of CO gas or with 100 wl 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 puM solution) were
recorded on a JASCO spectrophotometer, using gas tight tonometer
containing a | 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 |-cm quartz cuvette in 800 pl
of total volume, in the presence of 0.45 M sucrose, 0.15 M sodium phosphate,
pH 7.0, 300 mM NaCl, 9 pMapo-Mb and 2.9 uM 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
10 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(ll)-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 [3-galactosidase) under the control
of the nor promoter was transformed into the TOPI0 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 3-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 mlflasks at 37 °C to O.D.600= 0,4
and were shaken at 200 rpm. Anaerobic growth was carried out by transferring
|0 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 pM 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 | h before 3-gal was assayed. As a control,
a [3-gal assay was performed also with the TOPI0 E. coli strain containing only

the pRS-NOR plasmid.
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1 GCCGCTGCTGATGGCCCTGGCGGTGGGCGCTGCGCTGTACCTGGCGCGGATGAATAACTG 60

FNR-box
61 AGTAAATCGTTCGGGAATCTTGATTGCCATCAAGCGGGTTCGCCGCCGCCGCTTCCTAGA 120

norcg
121 ATCGCCGCACCACCCATTCCAGGAGGCCG 174

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. geruginosa, 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 B-
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 B-gal assay was chosen after testing a
range of NO concentrations from 5 uM to 100 pM: the maximal activation of
the nor promoter was observed at 10 pM NO. Increasing the NO
concentration from 5 pM to 100 uM 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 TOPI0 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 uM 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 pPRW50-melR promoter, which contains the lacZ
gene under the control of the melR promoter was transformed in the TOP10
E.coli strain and the B-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 | h
before (3-gal was assayed. The results show that in the TOPIO 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 TOPI0 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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A melR ...aatTTGATgtacATCAA...
norC ...atcTTGATtgccATCAA...
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Figure 4.4 The E coli melR promoter is actively transcribed in the TOPIO 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 TOPIO E. coli strain containing the
PRW50-melR plasmid in which the melR promoter is fused to lacZ. The B-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 [-gal assay with different
mutants harbouring mutations in either the HTH DNA recognition motif or in
the FNR-box of the nor promoter.
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Two mutants where produced by site-directed mutagenesis in the HTH
domain: DNRN52stop, which lacks the entire HTH domain and DNREI93D
which present a substitution of the Glu 193 to an Asp. Glul93 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-DNRNI52stop or the pACY-DNREI93D plasmids were
transformed in a TOPI0 E.coli strain containing the pRS415-NOR plasmid and
a [3-gal assay was carried out under anaerobic conditions +/- N-oxides as
described above; due to the instability of the NI52stop mutant at 37°, the
growth temperature for this mutant has been switched from 37 °C to 20 °C
after | h.

As shown in Fig. 45A, 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
N 152stop protein, lacking the DNA binding domain (violet bars), or the EI93D protein (Hue
bars), have been expressed constitutively in the TOPI0 E. coli strain together with the pRS-
NOR plasmid and the [-galactosidase activity was measured. Pink bars refer to the p-
galactosidase activity of the wild-type protein. (b) Western blot of cell extracts induced by NO
collected | h after induction. The two mutants are compared to the wt protein The B-
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.

Miller Units

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) (norl) and the second one
carries a single base change (A,to G) (TTGGT-N4-TTGAT) (nor2). The norl
and the nor2 fragments were then cloned in the pRS415 vector and the
corresponding plasmids (pRS-NORI and pRS-NOR2, see methods) were
transformed in E. coli harbouring the pACY-DNR plasmid. The B-gal activity
under anaerobic conditions with or without NO (10uM) was then measured.
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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.

800
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Miller Units

200

nor norl nor2 nor norl nor2

+NO

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 norl (FNR-box:
TTAGTNLATCAA) or nor2 (FNR-box: TTGGTN,ATCAA) were expressed constitutively in
the TOPI0 E. coli strain together with the pACY-DNR plasmid (pink bars). As a control, the 3-
galactosidase activity was measured under the same experimental conditions in the TOPIO 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 vet 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 (AhemA strain), which lacks the HemA protein

involved in the production of delta-aminolevulinic acid (ALA) a key precursor
of heme (Fig. 4.7).

Glutamyl-tRNA

HemA| D

Glutamate semialdehyde
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Preuroporphyrinogen HemE, N,

HemD

Y

Uroporphyrinogen II1

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 AhemA strain with or
without the pACY-DNR plasmid, and cells were grown in the presence or in
the absence of 04 mM ALA, under anaerobiosis +/- aqueous NO (final
concentration [0uM). The (-gal activity was measured | hour after the
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induction time. Moreover, to evaluate the basal activity of the nor promoter,
we also measured the B3-gal activity in the E. coli AhemA strain containing the
sole pRS-NOR plasmid.
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Figure 4.8 Heme dependence of DNR-mediated activation of the nor promoter. The DNR
protein has been expressed constitutively in the AhemA E. coli strain together with the pRS-
NOR plasmid (pink bars). As a control, the B-galactosidase activity has been assayed under the
same experimental conditions in the AhemA 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 TOPIO 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 TOPI0 E. coli strain with the
PACY-DNR plasmid harbouring the dnr gene; a $3-gal assay was carried out,
under anaerobic conditions and selected samples were induced either with 10
UM agueous NO or 5 % CO (v/v). The B-gal activity was measured as
described above.

The results (Fig. 4.9) show that DNR s 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 TOPI0 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 yM NO or 5 % CO (v/v). As a control, the B-galactosidase activity has
been assayed under the same experimental conditions in the TOPI0 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. geruginosa and cloned in the expression vector PET28b (Novagen)
in frame with a éxHistidine 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 |
mM IPTG or in the absence of inducers (Figure 4.10 A, lane | 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/I of
cell culture). The his-tag tail was then removed by thrombin proteolysis (Fig.
4.10 B).

e Goap e

A - B

Figure 4.10 Expression and purification of the P. aeruginosa DNR-HIS protein from E. coli.
SDS/PAGE. A) Lane |: overnight cell extract without IPTG. Lane 2: overnight cell extract after
induction with | mM IPTG. Lane 3: western blot analysis of overnight cell extract after
induction with | mM IPTG using anti his-tag antibodies (Santa Cruz Biotechnology, Inc.). B)
Lane |: purified DNR-HIS protein. Lane 2-4: room temperature incubation of DNR-HIS with
20 units of thrombin at different times (2h, 4h and |5 h, respectively).

The purified protein crystallized as a homodimer in the apo form. The
structure of wtDNR was solved by Dr Giorgio Giardina, a comporent of my
group, by molecular replacement at 3.6 A resolution. The 3D structure is
shown in Figure 4.1 1 (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 [-123) is formed by a B-barrel core (B-sheets |-
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8) and three a-helices (-helix A-C); (i) a-helix D (residues 124-152) is the
dimerization helix; and (i) the DNA binding domain (C-terminal; residues 153-
227) is constituted by three a-helices (a-helix E to G) and two B-sheets (-9
and 10), where -G is the recognition helix of the HTH motif responsible for
DNA binding.

DNA,
binding

domain

Dimerization
helix «-D

Sensing L
domain

Figure 4.11 Structure of DNR from P. aeruginosa. 3D structure of DNR dmer, 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 (Unwersity 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 conceming 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 é-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(lll)-His); Cytochrome C,
His-Fe(lll)-Met; alcaline LS met-myoglobin, His-Fe(lll)-OH; P450, Cys-Fe(lll)-H,O; Fe(lll)-
tetraphenyl-porphryn-(Imid),, His-Fe-His; 1,2 metil-imidazole (penta-coordinate) hemin
dissolved in SDS micelles, His-Fe(lll) and acid aqguomet-myoglobin, His-Fe(lll)-H,O. 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.

DNRNO_n

TPP-NO (5-coord)

MbNO (6-coord)

Fe K-edge XANES (norm. units)

0
7110 7140 7170 7200
Energy (eV)

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 (HI4A/HI5A) which present
substitutions of both histidine 4 and histidine |5 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-HCI pH
7.2 and 300 mM NaCl at [6°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 wildtype ones are
summarized in the table Il.
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FERRIC
WT 417 538 | 570
H7A 417 538 | 570
dHis 415 538 | 568
H5 1A 413 537

H139A 415 539 | 570

HI55A 415 538 | 570

HI67A 416 537

HI87A 416 (360) 536

H200A 415 538 | 575

H209A 415 537

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

H5 1A 427 530 | 560

H139A 426 530 | 559

HI55A 425 530 | 559

HI67A 427 530 | 560

HI187A 426(390) 532 | 560

H200A 425 531 | 560

H209A 426 530 | 560

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

As shown in Table I, 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
DNRHI87A 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 HI87A mutant
(black line) compared with the spectrum of the ferrous holo-DNR (dotted line)

The results obtained with the DNRH I 87A 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-DNRH[8/A mutant which is much faster (2%
04 x 107 ? s~ ") than that obtained with the holo-DNR wt (Giardina et dl.,
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 TOPI0 E. coli strain together with the pRS-NOR plasmid
and the B-galactosidase activity was measured under anaerobiosis (white bar)
and under anaerobiosis in the presence of 10 yM NO (violet bars).
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Figure 4.15 The DNR mutants have been expressed constitutively in the TOPIO E. coli
strain together with the pRS-NOR plasmid and the f-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 DNRHI87A 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 (NO?2-), nitric oxide (NO) and nitrous oxide (N,O) (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 medhanism 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 3-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. geruginosa, 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
(Fig4.2), suggesting that the transcriptional machine of this bacterium can be
efficiently used with a P. ageruginosa 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 TOPIO 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 TOPIO 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, afthough 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/hor
promoter interaction in the E. coli background (Castiglione et al, 2009). We
carried out the B-gal assay with mutants harbouring mutations both in the
HTH domain and in the FNR-box of the nor promoter. We have analyzed the
N 152stop 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 NI52stop 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-N,-
TTGAT) or a single base change (A, to G) (TTGGT-N,TTGAT). The
sensitivity of the FNR-box to the A, to G mutation in the consensus sequence
was shown also for the narGHJI promoter, an E. coli FNR target (Walker et dl,
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 O,-sensor FNR (Khoroshilova et al., 1995, 1997; Green et dl,
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) (Fig4.7). 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 s 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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CRP pdb 1Run DNR wt pdb 3DKW AC-DNR pdb 2269

(Parkinson et al. 1996) (Giardina et al. 2009) (Giardina et al. 2008)
D

dimerization
helices —

sensing domain

Figure 5.1 comparison between the CRP, wtDNR and AC-DNR structures: A) CRP
structure with the DNA bound (PDBid: Irun, Parkinson et al, 1996) B) wtDNR structure
(PDBid: 3DKW, Giardina et al, 2008) C) AC-DNR structure (PDBid: 2769, Giardina et dl,
2009). D) Superposition of the CRP (yellow), AC-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 AC-DNR and DNR structures, it is evident that the sensing domain of
wtDNR is rotated with respect to the same domain in AC-DNR.
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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
fully OFF.

107 DNA binding
DNA binding N domain
domain -

sensing
domain

-&@ N
-
. A S
sensin
domairsi}\ )

Figure 5.2 (A) Superposition of the dimerization helices of wtDNR (in blue) and CRP (in
yellow; pdb id:Irun) 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: Ift9 and
2hkx) showing different positions of the DNA binding domains and sensing domains.

Looking carefully at the two 3D structures of the DNR protein, AC-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 AC-DNR, the latter being more similar to
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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
AC-DNR with an HTH domain modelled on the structure of CRP in complex
with the DNA (Fig. 5.3).

A

Figure 5.3 Chimera construction: A) crystal structure of AC-DNR (PDBid: 2769) B)
chimera of a hypothetical ON conformation of DNR obtained by fusing the structure of AC-
DNR (blue) with an HTH domain (red) modelled on the structure of CPR in complex with
the DNA (PDBid: Irun) (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
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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 AC-DNR),
followed by NO binding to the heme with final conversion to the biologicaly
active state of the protein.
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DNA binding
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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 AC-DNR crystal structure conformation, followed by
NO binding to the heme with final conversion to the biologically active state of the protein

©).

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
wWtDNR OFF structure and the wtDNR hypothetical ON model are shown
with the histidines marked with different colours.
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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 HI5, red; H51, orange; HI39, magenta; HI55, yellow; HI67, sky blue; HI187, 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 HI87A 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
lgarashi et al. (2008) in the heme-regulated eukaryotic initiation factor 2

(elF2 ) kinase (HRI) a redox- dependent ligand switching from Cys to a
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another residue upon reduction of Fe(lll) to Fe(ll) 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-| |/7/His-
| 18/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, Bach| controls the transcription of B-globin and
heme oxygenase | genes in response to the heme concentration (Ochiai et dl,,
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 HI87A 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 GuHCkinduced protein
unfolding; this stabilization is lost in the HI87A mutant. In addition, the heme
dissociation rate of HI87A (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 HI87A.

It is intriguingly to notice that only in the hypothetical ON conformation of
wtDNR (Fig. 5.6) the HI8/ 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 HI4AHI5A and the HI67A
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. 55 B) thus suggesting that an
interaction with the heme cofactor may occur.
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The HI39A 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 HI55A 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
HI55A mutant (Fig. 4.15, white bar). In the presence of NO, which may drive
the equilibrium towards the active conformation, the HI55 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 H/A and the H5IA 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
NQO: 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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Abstract

The cylochieme ey nitiite redudlases are enrymes Al calalyse the reduction of aitite o nitno oxide
(W) in the hadleral enengy corraerion denilvilication process, These eneyees centan tws diflerent medox
centres: one cowakently bound o-haem, which is reduced by external domeors, 2nd one peculiae J, -Raem,
whese catalysis occurs. In B present paper, we summarice the cument understanding of the reaction of
nitrite redection in the light of the mest recent resulls on the encyme fom Pecodemones orruginosg and
discuss the diferences between enzymes from different organisms. We have evidence that release of ND
Feam B lemous o Paem coours rapidly enough e be fully compatible with B Turmever, in coniiast wilh
previnus hypatheses, and that the substiate nitite is able to displace WO Irem thie d-haem an, Thete
resules shied light an the midhanistic detaik ol the activity of oy nitnige reductases and e the biclogical
role of the J.-Feem, whose presence in this dass of enzymes has to date been mexplained.

Introduction

Preudoranas aerugiiosd is in opportunistic pabopen thar is
able to codanize low-onygen environmesis such as the air-
wavs of cymic fhrosis patients, where it survives wsing
the anaerobic respiratory pathway of denicrification [1]

and nitrous onide reductases) [2], accordieg
patkrway:

WO e NOE e MO N0 e W

This pathwray is expressed under low oxygen tension in
the presemce of N-oxides such as narase and nicrive [2]
Imgracelbalar MO concencration i3 strictly comtrolled by she
co-ordimated activity of the enaymes mitrice and mitric oxide
reductises, wh

h caralyse NO productics end remosal

tz reductie) froen 5 aeruginora [(Pa
oy NiR) 1= a homodimer contaiming in cach monomer ane
covalenily bound c-haem, which &= redoced by external
ocoars [3]. The
1 containieg the

el

hesized stanmieg from &
rigapen 111 The o -kaeen, which was =
wocally idencifeed 15 1 3,8 dione-17 -acrylice- posphyrind
(Figare 1), haz abo been confirmed by inspection of
the crymal stroctures of of) NiRs [4.3], The prosence of the
ehertrunegative oxo groups shifis the redox potential (E2) of

Wik UPnpon

O
Abbauwaban Eied 5

o whom mampandescs dhoukd be sddroued fvmal e
a1 i1

e, L, Trme, (2005 12, 7 155-T000; ik 1 K] MLRIET 134

the irom 1 moee positive valoes, relidve o protapanphy
rin [,

EPE, NMME and MCD {magnetic crcular dichroism)
measureenenss [6—8] showed that the d) -haem in Pe-cd, il
is & low-spin hexa-co-ordinate species in the ferric stabe and
i highespin pestsco-oedinire species im the
The so-called proximal ligend & peowvid
low-spis ic fe ke sinth ligasd i a Byde
the condized Pa-cdy MR struciure. However, i the ox
ized Paracoros pamintropdsr o NiR (Pp-cd, NiR), che such
ligand & provided by the phemalace of Ty, a residue be-
longirg to the M-terminal segment and thas to the c-domain;
ks stane is camalyrically imert (reming) asd needs no be
). A low :|'|E|I. ferric o) hesm
associared a-hand in the 836644 nen region, seen inall Mils,
may be consistent with a comemon hisisdine—OH or bistadine—
twrasine ligation; howerer, whether the latier form s onoor
aff the catalvtic pathway remains unclear Two conserved
histidine residwes (His™ and His™") are present in the distal
pocker of the d;-haem in Pa-cd, MiR and are bath ievalved
in catalysis {sce below) [11].

activaced by

Reduction of nitrite: substrate binding and
product release

In witro, Pa-rd, NiR catalyses both the reduction of mitrite
10 MO snd the reduction of dicxypen to witer Reduced d)
haem binds ke candancs (M0, Op) as well as other haem
lipands, soch as DO, casbon mosaxide (GO0 and ow
{CN-). Mirrite reduction s, however, the physiclo "y
relevant act of the eezyme; reduced Pa-cd, MR binds
nitrite with high aff (K =& M) [11] and produces NO
with a rurncrver samber of 6 57" {3t pH 7.0) [12], The actimizy

ot dad b, g imm g bt 7 ] B B wrem 1 S ety
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Figewe 1| Chemical sinecture of y-haem

H, O COOH
HOOC-C, _CHy I

is pEl-dependent with am oprismum & pH 60-6.5, depending
an the electron donoe used [12,13).

The mechaniste desdls of nittie reduction are sull
subject of much debate, In the prosent paper, we sammarize
the current understanding of the reaction in Pa-od) Nil
in the light of the must rocent mesults and discuss the
differences heoween enzymes from ditferent sources. Finally,
1 feanures of the reaction with edirite will be compared with

thosr with axygen, with spocial atbention to the role of the
dy-haem,

In the catalytic cyele, the wobstrate (i, nitriie) binds to the
fully redoced enzyme [ dl ) and i3 then dehydrated 1w
yeeld MO and oxidized o, -haem (Figare 21 Reducice of
the di-hiem cecurs (by meemolecular elecrron transfer)
fram ke c-haem which in wee is seduced by exvernal
cheriron domars. In contrast with f-type hacm-containing
proteins, ferrous od MiR binds with bigh-affimity anioes
such ax the substrate nitrite (K. =6 pM) [11], or the
ighibitor cyanide (K =95 gM) [14]. This peculiar and
physiologecally relevant feavare depesds oa the presence
of the anigee coficwoer o) -Bacen and of two conserved
histidine residues {see above) on che distal side of the d)-
harm packet [5]; in fact the affinity for andons {cyamide) i

ificantly decreased im the HISA mutant (K =123 ub)
[14], The affinizy for nicrice of the oxidized &, -haem in
P MR & Jow [15]; recent snadies carried ot oo ke Po-
ol MR [16,17] show bindieg of nitrice v ke ferric enzyme,
bear this process ocosrs at & rate whick is enuck lower
tham the turnover mumber [9], and thus its physiclagical
rebevamce s questionable, The high affimity for nimie
of reduced Pa-cdiMiR has impaortant implicaticns for the
catalyric meeckanisms and is discussed fusther below.

As mestioned ahove, edrite binding is followed by
dehydragon and foemmcon of the product MO bound
to the cmidized d)-hiem. The selease of NO from the
ferric ofj-haem might be assisted by the displacemens of
WO by the hydroxmide iom, which i the physiclogical
ligand of the oxidized &, -haem (Figure 2, pathway 1) M0

Figere 2| Proposed catalytic stheme far the reaction al nitrite with Pe-od; SiR

Thee tally sevdorad enpgme (7408} seals wilk

e0uls frgm the goidipad of. -has

e producit] kO the arpwe sie. 0 palleway 1
onder 1o g e Towvmsanion ol The 7+t * -0 species, 26 it wes previoushy propesed
(0] ADCoeding Ko seten] resylls On e eativity of Po-odiME [
pressune. nefease ol M0 Can ocour Do e Tully reduged ROBourd speties o4+ g -

The g of kO

AL pattwry 2 5 alsd podsibie. unded hgh iedudie

by dhsplacemmen wilh an ingoming

aitnle molecule. Te scheme impkcitly assumes tal functional imeractions befeeen the two monomers can be neglezied,

wikch mary oot necessarily be ihe case
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Tabile 1 | Divinciation andd aviogiation cate constants boe MO binding b oeduced Po-ody R s ofber hasemopratein

Fratein pH brog (W7 57T g sty Reference(s)
Wik Ty P haR Ta 35w 10 [12]

(23]
HEEA, P MR T 15 = 107 112]
Haemoghebin (human) Th e 107 Ve 29, 1 1072 |3.27]
Cpfechome ¢ muidase T4 {oa-10) = 108 43 -1 k|

e MO dssooation iic conslant Dom the luly ceduced wiki-type and H3SRA mulznt Po-cdiNR has beon memwred usng humas

demuyhasemog kobin as an MO screenges

{The KD dissociation rée constant (rom: the [ully redeced Pa-coi MR wild-type has also beps delemmined by esing pelassium cyznide 6 a ligand

of the femats o) -haem in a dsplacoment experiment

producion from Paocd|NIR can be demoestraced onder
seewdy-sare conditioess ke edtrice reduscrase activity is pE-
dependesn with a rarmover samber of 11 57! ar pH A2,
which is :igniﬁnnﬂ_v deereased an pH &2 {2 8 '3 [12], Dhrect
meassrements of MO release from the ferric 4} -haem ane not
available, even when the reaction with nitrite is meanared s
the ahsemee of excess electrons [18]. Flaweves, 1 recesa piece
of wooerls o P cal; NiH shows char MO release is facilitaned by
the presesce of a scavenger of decrrans such s the axidizead
copper praben preudoarurie, suggesting that boch sahsraes
{nitrite and the cleczron danor) are necessary for che enzyme
w0 turnaover and that the oxidized Pp-cdf, MR can release W0
[15], Absa in the Pp-cd, NiR, MO release orinically depends
an b [23].

Ln thee canslyric cycle, if the enzyee is redisced hefore MO
iz released, the o4 "-NO addues = formed. For a long
time, thix EPLCHS WaT assumed ta be a ‘dead-end” enzyme
[31], since it i known that NO s 2 strong ligand of formoas
Eaesnaproteies [22). Flowever, we Bave shaown secemly thar
reduced Pa-cd, MR dissociares NO very rapadly (up
705 ") [12,23] (Table 1) and s should sor be considered as
atruly nhibined derivative; in face, pre-iscubation of ferross
Faa~cel) IR with WO does nos inhibiét the enzyme, and nitrite
reduction can still be measured [12], The excoptianally rapid
rebeame of MO mu be 2 specific fratare of the , -haem, since
reduced & aype Bacen-containing peoneing do form very stable
adducts wich WO (Table 1

The pH-dependence of the temover rate and of other
kinetic data implies that a protanable residus is involed in
contralling the activity of the enzyme. Maore than one mep
im the catalyie cyde requires proloes of protonaned amino
atid side chains: (i) bindieg of the sahsrane & enhasced
by the presemce of a positive charge locared near o the
o-haem; and (w) protonation of mitvice is necessary o
achirve the dehydration sep crocial in the catalysis, Thecoa-
served His™" and His™* residuoes in Pa-od, WiR are the most
lisely candidates to be invalved in the pH-dependence. The
capalyric efficiency vowards nitrite & severely affecied by
the hisndine-w-aliniss pvowtion 4 positices 127 end 369
and bath histidies svoans displey o 100-6old deresss in
the tarnover race [11] At pHEZ and in the presemce of
excoss mitrite, these mustamts are abeo quickly trapped in the

LodT M0 dertvasive (Fa =501 For che H369A mustant,
we have shown chat this is nos due to an inereased affinicy
for WO (Table 1) [12]. The decreased affinity for nitrive in
the FLE9A pwanenr is in pen respansible for ke observed
accunsalarion of the ¢4 d* N0 derivative B this procein,
as demiesnraed by the following experinsent. 1 the ¢4 a®* -
N addoct of Fa-od) MR is rapidly mimed with a mitrice
saluzion [13], replacement of NO by nitrite is observed in
the wild-type enzyme within the first 50 ms (ko ~ s
and a second kinetie process [aitrite seduction) then faollows
ar & sate eompatihle with the mwmover sumber (8 377w
pEL 7.0) [12]. This experimen confirms thar the &4 df N0
desivative of Pe-cd, NiR & comperent w react with eserite
and canmat be considered a truly inhibited stabe. During
catatysis, mitrice may displace the prodhoct (ie MO bound to
the ferrmar enacyme which can thereby mier 2 new catalytic
eycle (Figure 2, pathway 2). If the sanee expesiment is carmed
aur with the H3%A muues, no nirie-20 replicement is
ahserved and the ¢4 df N0 desivative sccomubares [23], In
sumenary, the behaviour of the FI369A murane is likely o be
due 1o its diminishied capability to stabikize nitrite and, mare
penerally, anions,

As memtioned abave, i vitm Pa-of, WiR i also compeient
in the redoctian of Oy 1o water. The ph-dependence of the
axidase activicy i wery similar 1o thar of the nitrice redwccian
activity (8. Rinaldo asd . Capnezzoly, anpublished work),
suggesting that a prosanable residue is also imvolved in the
somtrl of O reduction, A comparative kinetic sudy of cthis
reactian was carried out in the wild-type Pa-ed, IR and in
three mutants of the amino acid residues chase to the d,-
haem on che distal side (Y10F, FL&%A and H32FAST6%A)
[24]. The sesules clessly indicare thar His™® is the key residoe
in the comrod of rescriviny, since its replacement hy alisdne,
shuwn previowsly to affect the reduction of nitrite [24], also
impairs the reaction with O, affrctimg bath the properties
and lifetime af the inbermediase specics, in particalar that of a
peremy-intermediase on-pachway ta the final product of the
PERCIEGN, 1.8, WALEL

Our findings allow = o exrend our previcas conchesion
that the conserved distal hisiding resdues e esseanial foe
the binding to reduced o) -haem of difforent anions, whether
a rubsirate such ax nitrite, a ligand such as cyanide or

et dad b, vl diwmpia bt 7 I BEE Fhind eirm A Saaety
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an insermeediate in the Oy reduction cycle. Moreaver, we
propesed that His™® may exert a protective role toevards
drgradation af the d-haem, by preventing formation and
adverse effeces of O radical species (mever signaficancly
present is wild-rype ody MiR ) This finding, has physsological
implicatioes for NiR stabdlity in the cell, given thar de-
nicsificarion cen ocosr abso under low Oy rensices asd char
strict anacrobiosis is not required for the biasynthesis and
activity of cd, iR im Pr. aersginosa and other denitrifiers

Concluding remarks

These resalts shed light on the mechanistic deails af the
activity of ody Nils and on the bialogical role of the peaaliar
di<haem, whose peesence in this class of eseymes was
unexplained o dace.

Reduwced o aerupimosa od; Wil displavs a signidficantly
lowered affinicy for MO, at leas three arders of magmitude
less them b-type hacm-containing proveins, The chemical
structare of this cofactor may explain both the high
dissociation rate of the MO from the reduced iron of the d. -
haem and e high affiniy foe anbans sisch as the subsarace. Ax
et ome of the rwo conserved Bastidine sesidues, e His™,
is also imvalved is the stabdlization of 1B substrare.

The & ' -NO adduct, which was bimorically considered
tobea"dead end” state [21], seems o hea genine intermediate
in the catalytic cyche amd not am inhibited eezyme chis
viewpoint implics that release of MO from the ferrous -
haem occurs sapidly enousgh to be fully coenpacible with
the tuFmover, in costrst with the previous hypothesis in
whick W relesse occurs caly fram the fervic J, - haens. The
capability of the reduced enzyme 1o dissociace O rapidly
allerars the possibility of recosmidering not omly the curremt
model of the catalytic cyele of od,NiRs, but alw, mare
penerally, the reativicy of haem with NQ.

Terrapyeeoles are essential molecales in livieg cegenisms
amd perfarm a muhirode of fusemons in all kingpdoms. Their
synthesis & achieved in cclls via 2 complex hicaynrheric
machinery which is unlikely to be maintained, if unnecessary,
Wi prapose that ancient haems, nach as the d)-baem of of; -
NiH. or the sirahaem of bacterial and plant nitrize and sulfice
rediscrases, woe mealecalas fossils which huve sarvived the eval -
uEOREry presvare because Beir role i seratepic w the suev-
ival of the arganism where they are fousd wday [25]. The
peeuliar MO-releasing, propensity of the o) -haem of Fr.
werugingss WiR, shawn recently by our group [12], is, in our
apimsan, an example af this strategy: the hypothesis i that the
& -haem stroctare mighs be a prerequisine for the bigh rat of
M dissociamon from cthe ferrois foren, a peopercy which is
crucial 1o eezymatic activity and casmot be schieved with a
moe comsmaon &-rype haem.

fonds from the  Minisiend  Egione,  Universg e BienG2
of Naly (RSMOMPWN 000 and RHLADIRIEC 004 1o WH. and
ENOPAY 002 fo BL) ad from the Fauly of Medcioe
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PROTEINS

A dramatic conformational rearrangement is
necessary for the activation of DMNR from
Pseudomonas aeruginosa. Crystal structure of

wild-type DMNR

Giorgio Glardina,” Serena Rinaldo,' Nicoletta Castiglione,’ Manuela Caruso,’

and Francesca Cutruzzoli'=*

ARSTRACT

The opporiusistic pathogen Presdsmo-
0 EEFEginass can grow in low oxyges,
Becpuie it s capable of anserobic respt-
ratiom using nifrase ax 3 bermimal
eleciron accepior (denitrification). An
imermediate of the  denizrification
puthway is nitric oxide, & compound
tht may Secome cytotoxic g high con-
centration. The intracellular levels of
mitris awice are fightly comtrolled by
repaating  the  cxpression  of the
enzymes responsible for its synshesis
and degradatioa (nirive and siric ox-
ide reducases). 1m (i arvicle, we pres-
ent the crystallographic sfructure of
the wild-type dissimilative mitrste nes-
piration regulator [TIWR), & master reg-
whier contredling expression of the
denitrilication  machinery amd
pulslive targel for new  thesapeutic
sirategics, Compariscs  with  other
structures amaong the CRP-FNE class of
repaators reveals that DINR has crys-
tellized in & confersation that hes
mever been observed before. In partico-
lar, the sensing domain of DNE hes
anderpone a rofafion of more thas S0
with respeet o the other structures,
This suggests that DNE may undergoe
an unexpecied esd very large coalor
snationil resrrangement on sctivation.

Fratcizs 2000 (HE-00
© 305 Wiley-Lisk, Inc

Hey words: siteic oubde; nitrite podiac-
tese; Cransceiplion facter; denitrifics-
gion; hemeprodein; heme sensor; MO
mensing,

INTRODUWCTION

Perudomonas aeruginost is an extensively investigated ocpporturistc patho
gen that is able to colonize different ervirornments and is resporsible for a
wide rumber of masocomial Infections!; among thess, the most severe is cer
tairdy chromic lung infection of oystic Shrosis patients. Pseudomonal infectians
are life threatening.

P aerugincsa & a facultative aerche, and thereby is able to stably colonize
the thick mucous layer produoced by the bost’s inflammatory response. Cells
lving rear the edge of the mucous layer rapidly deplete cxygen ((0,) creating a
gradient where O, rapidly drop 1o low levels. Under these 0, -depleted (micro
aerohic] conditions P asuginom grows in thick biofilms probably wsing hoth
micToaernbic respiration and the denitrifying redox chain to supply energy by
the stepwise reduction of nitrate (N0, 7] to nilrogen lf."-'_-:.z 4

It & accepted that the ability to dexitrify i alse a component of pseudomo
nal resistarce to nitnic oxide (MO produced by the host-defence system, and
that hiofilm formation is responsible for increased drug resistance.® Given that
according to recent wark, N0 and rdtrite (M0, 7] are also crucial players in
the regulation of both denitrification® and biofilm formation,”# it becomes
mardatory to umveil the role of these molecules during the various stages of
infection fo propose new therapeutic strategies.

In P aeruginma the expression of the denitrification machirery is controlled
by ANR {araerobic regulator of argmine deaminase and nitrate reduction), a
ghabal O sensor that at low p((], activates different anaemobic pathways and
induces the expression of the key transcription factor DNE (dissimilative ni
trate respiration regulator).¥ DR is requited for the Noaxides-dependent
transcriptional activation of genes involved in the denitrification patbway. 10

To date, a description at molecular level of the mechanizm that controls
DNER activation is still missing. Both ANR and DR belong to the CRP-FNE
superfamily of transcripticn factars.!! These regulators, strocturally related 1o
CRP {cyelic AMP receptor protein}!2 and FNR {famarate and nitrate redoc
isan r:-g;liunc'l""‘ fram FEscherfchia colf, are homodimers, sach monomer can

i articie
rarrben: REDNTWH_000;

o S N B FardE™, Usimemity of

T Ty —
Pk e v o Wik by s e b |
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Desmerization

helix e-D

Figara 1

Sarugrare of wilINE from P amsgisesa, (47 30 gracnire of will5H dimen, sde and 100 views. The monamer damaing are highlighesd with
differenr colors grees the seraing domain Mar the dimerivanon heloo silnos the DA Sinding domain {the reosgniton belis a-G is thown in

ey, Thae struciuzal fabures binge azd flap arc highlighand by red drden The sa=c color ode 3 ied

=t the figurr. (B) Sequesce and

enmmapoadiag scomdary structeee of wiDNR. (0] 30 structue of CRP fo= E colf in coples: with DS (gt id-ln)

sigting of three distinct domains: (i) a sensing domain
(M-termirall; (i2) a dimerizmtion o-helix; amd (i) a
D¥NA hinding doenain [C-tezminal), as shown in Figure
1i7) far CRP. The CRP.-FMR regalators control mary en
zymatic pathways and respond to a lrge number of sig
nals such as cAMP, anoxia, the redox state, oxidative and
nitrosative siress, nitric oxide, carbon monoxide, 2-axo
glutarate, or temperatore.’ ! Ligand binding triggers the
conformational changes from an (FF  conformation
furable o bind DENAY to an ON conformation [ahle ta
bind DNA). While AME is an O3 sersor containing an
from-sulfur u:llt'l.sl:er."‘1 it is yet unknown how DNR
responds to N0 or other Noondes.

We have recently solved the 30} struchare of DNE
Nislstop (ACDNR) a Cotermiral deletion mutant of
D¥NR lacking the DNA binding domain ard have shown
that this truncated protein {152 aa.) as well as the wild

7 rooreme

type [wi]DNR (227 aa.), ane able to bind protoheme in
vitrn with a 1:1 :hoin:himl:rp."s'

Ir: this article, we present the 3D crystallographic stroc
ture of the wiliNE. A siroctural comparisen with hoth
ACDNER and CBF suggests that, among the CRP-FNR
type of regulatars, DNR activation may be comtrolled by a
movel activation mechanzem.

METHODS
Protain cloning, ssprassion, and puriflceticn

Cloming and heteralogous expression of the dar gene &=
descrined in Ref. 15 except that in the present asticle”,
cells were grown at 30°C instead of 25370 wiDNR was
parified according to the same protomd used for the
mutant DNR-N152stap described in the same artide.

8l
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Cryatallization and date callection

After screening a wide rage of conditiors with a crys
tallization robot [PHOENDY; Ast Bobhins [nstruments),
crystals of natwve DNE were obtained by sitiing drop
wvapor diffusion methed mixing L pl. of protein solution
(5 mg'ml in 130 mM Na(l, 20 mM TRIS pH 7.2 buffer)
with | pL af the 300 pl reservair solution—20% (wiv)
PEGX3S0, 02M ammoniom tartrate. Crystal grew i 2 to
3 days as very thin plates. Befare freezing in liquid ritro
gen crystals were soaked into 2 solution of mather Liquor
ard 25% [v/v] ethylene giycal.

Data were collected at 100 K at Furopean Synchrodron
Radistion Faclity (ESRF) (ID23-1), Gremoble (France).
The best crystal diffracted weakly to 3.6 A resolution ard
belongs 1o space growp €2 Data collection strabegy was
cakulated with BEST.MS Data were ntegrated using
MOSFLM LT and, due to radiation damage, caly the fimz
220 framaes [1547) were scaled with SCALA S The asym
metzic umit (ALY) conssts of 10 maonomers (fve nancrys
tallographic dimers). See Table 1 for complete data collec
tiom statistics.

Table I
Data Collection and Structore Refinement Statitics for wiliNR
Gt ealection
fpamine ESAF 10331
Saece graup 7]
Cel cimermons
AR ML war L&)
mrl L)
Resolutian rarga |4 1000 = 35 {179-360)
Wavsdngth 1A} L
[N 170 433E
Ent ETLE
Campletermss %" SE9 ¢
Uriguse rofocsons” IT0ET 3555
Recuncancy” ran
Matizew canf. 0T 14
Sabvart contemt (%] LEL)
Maro=meslhill mw
fighzerent stabtice
Resclutian rarge |4} M0-15
R 1% 16
Ry 1B T4
W resicues s
Rsmachindrin enaksis (%)
Core A
Blzwic ns
G rously alveed 14
Digalkrves i)
dwprage B-ticar 1K) 825
A corwations”
Borsd lmagths 1A o
Bord anglas {4 ]
REED Provein Dats Bank antry Iriew

“iikurm ir. pasnchows aw for bighe- resclonion Bl
STt Ry, wan cakolund with ¥ of che dus amined from cremes nelsmmen
‘A ramric wrighring wrmm ol 10 Y wm eed during refreswe: b Rciwacd 1o
tighnen TRy,

Brructure datermination and refinamant

Phases were obiained by molecelr  replacement
method with PHASERY in the COP4 suite 20 Only the
[-barrel come of the N-terminal domain of DNR
N152stop (ACDNE] (pdb id: 2n85) was used as a search
model. The final MR solution corsisted of six of the
1 manomers [Eve dimers) in the ALL The missing male
oules and the dimerization belices were placed manually
where electron dersity from the 2F,— F, map {contowred
at L.30) together with positive electron density fam the
F,—F, map (comoured at 3.3c) became visthle as the
model improved. Finally,  positive electron density
kelonging 1o the helices of the helix-tarm-helic (HTH])
muatif became visible and it was possible to £t a model of
the C-termiral DiNA-binding domain cbtained with
.‘H.DDI'-.'LL'[R.“ thus obtaining the final 10 maleccles in
the ALL

Building ard refnement was itematively carmied out
uing COOTE and REFMACS 2 Al data froem 1000 to
3.6 A resolution were included in the refnemert. Duaring
refinement the geometric parameters were restrained and
structure idealization steps were altermated with model
bailding. To awaid over-refinement and model bias a
polvalanine model was  itematively produced  from
the wozking model and side chairs were added ealy in
the positive F,—F, electron density map obfained from
the polyalanine model. Despite the presence of five
dimers, no NCS averaging could be used becawse af the
differences among the monomers, and each of the
1 monomers had 1o be irspected carefully after every
reficement roend. Refinement process was siopped when
o substantial improvement in maps quality could he
ohserved. (Inly conventional rotamers were used both for
visible and nonvistble side chains. Nonvisible atoms were
induded in the final model with zero occepancy. The
fmal model consists of 2143 regdees. The geometrical
guality of the model was  asessed using PRO
CHECE. 2425 Firal satistics are reported in Table 1. The
coardinates and the strocture factors of DINE have been
deposited in the RCSE Protein Data Bank with accession
code 3dkw.

Figures

Figures in this anticle were made using PyMal
(Delano, W The PyMOL Malecolar Graphics System,
2042 heipefwwiepymelorg).

TS
|

Afouis

The movie in supplementary materials was made using
eMovie ™ The movie is 2 morph from wtDNE crystal
structure o a chimera model in which the first 140
M-terminal residues helong to the crystal structure af
ACDNR while the last §7 residues (the DA hirding do
main] are modeled on CRP structore (pdb id | man).

T |
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The mowvie shows qualitatively the entity of the hypothet
tcal conformational change needed for DINR activation.

RESULTS AND DISCUSSION
Cryntsal mtructurs of wtDMA

The structure of willNR was solved by mobecular
replacement at 5.6 A resolution. The protein crystallzed
as a homodimer in the gpe form. The 30 structure is
shown in Figure L(A) together with the secondary struc
ture orgarization [Fig. 10B)]. As expected, the monomer
fold of DSR is £milar to that of the other transcription
factars of the CRP-FNE superfamily. In particalar (i) the
sensing diamain (N-termiral; residoes 1-123) is formed
by a B-harrel core (B-sheets L-#] arnd three a-helices
fec-helix A-C); (H) e-helix [ (residues 124-152) is the
dimerimtion helix; and (i5) the DNA binding domain
(C-terminal; residues 153-227) is constituted by three
a-helices (o-hedix E to G) and two [-sheets ({9 and
L], where a-(G is the recognition helix of the HTH
motif respansible for DINA binding.

Comparinon of witOMNA with ACOMNA

Comparing the structure of wild5R with the C-termid
nal deletion matant of the regulator, .i.CDNR.'S a2 strik
g differerce immediately appears. After superpasition
of the dimerzation helices of the two structures, 1t is evi
dent that the sersing damain of wiDNE is rotated by 667
with respect to the same domain in ACDNE [Fig. 2(A}).
It is impostant to nete that in the known struchares of
CRP-FMR regulators, the scaffold of the ser<ing domain
& structunally conserved, although the sequence identity
& aften lesser than 25%. Thas, for this class of regula
toos, we can consider the entire sensing domain as a rigid
body fas a first approximation). In particulas, in the case
of wtlINR and ACDINE which share the same sequence,
the two sensing domains are similar and superpase with
a Root Mean Square Deviattor [RMSD) of 0.75 A (Ca).
Clearly, the differerce between the two stroctures is not
due 1o differences in the overall fodd het doe to the peoa
liar arientation of the sensing domains with respect to
the dimerimtion helix [), which &= dramatically different
for the two proteins.

Comparinon of wiORMA with CRP: OF and
OFF conformations

To bind DMA, the CRP-FNR transcription factars
must be In an actve ar ON conformation, as shown in
Figure L{C) for CRP from E ooli wh:.n:h'{__:ﬁ:er activation
by two molecules of cAMP, binds DNA Once the reg
ulator is activated {OW conformation) the two recogrd
tion belices of the HTH motif are in the correct pasition
to bind the cograte DNA sequence by interaction with
the major groowve [Fig. L{C)]. CRP is the fist structural

§ rocrems

homalegee of DNE whose structure has been solved in
complex with DINA; thus, it is considered the pamadigm
for the ON conformation. On the contrary, when this
dass of regalators is imactve or in the OFF conforma
tior, the DINA binding domain of each monomer can
change its orientation dramatically by rotating around
the dimerization heliz. 2830 a5 5 comsequence, the
regian  connecting the two domains = called the
hinge [connection betwesn o-helix [ and o-helix E
Fig. 1(AE)).51

The comparison between DNE and CRP reveals that
witl¥5R has crystallized in an OFF conformation. Inter
estingly, both DNA binding domains of the wiDNE
dimer are rotated by L3357 with mespect to the ON confor
mation of CRP [Fig. 2{B}], with e-helix E being now an
extension af a<helix I This yields a single long helx
composed by w-helix [} and «-helix E on the same axis
Fiz. 1{A.B]]. In thiz felly OFF canformation of wtDNE,
the recognition helices of the HTH motif are oriented
dowmward looking at the sersing domain [Fig. L{A)], a
tapology that would not be effective in binding DiNAL

The fully OFF corformation of the DMA hinding do
main has been already observed for two DNR bomo
logues Cprkl from  Diesudfircbacterinem .hi_ﬁliﬂ'ﬂ'fﬁn and
Cood from Rhadospiriilliem ruElnm'.'H' (see helow for a
detailed comparison). The novel and unexpected featare
in the willxR structure is the positon of the sensing do
main. [n particular, the fully OFF wiDNE canformatian
results in @ rotation of the two monomers that ewis
around the two long helices [dimerization helix-I¥ plus
w-helix E see top view Fig. L(A)]. This twist affects the
overall pasition of the sersing domain that, in wtDNE, &=
dfferent not orly from ACDNE but, as we will see, from
all the other known structures. By comparison with CRE
the sensing domain of wtDMNR is rotated by 557, as shown
in Figure 2(A). Buperposition of the sensing domain of
the twao structumes [Co) results in oan BMSD of 208 A
(sequence ientity of 23.6%); thus once again we can con
sider the [B-harrel core ([-sheets 1-8) of these stmoctures
a5 a rigad body. We will now fooas on the poasiton of the
jlip I the sensing domain [B-hairpin composed by [
sheets 4 and 5 Fg 1{AB)). The flap &= an impostant
stractumal element of the CRE-FNR class of regulators,
that irteracts with the DNA hirding domain in the ON
comfarmation?? In wiDNR the flap is moee than 20 A&
away from s position in a hypothetical ON conformation
as derived from the CRP structare |Fig. 2{B)].

Eomparinon of wEDOMRA with Coof and Spek:
panition of the maneing domain

CooaZBSS 5 o CRPPNR regulator activated by car
bon manaxide (C0¥) binding to the heme cofactor. The
position af the DNA binding domain in the OFF confor
mation®® of the protein is similar to the fullp OFF
witlWR, except for a L07 angle between a-helix E and
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the comesponding helix of CoodA [Fig. 2(C). On the
comtrary, the sensing domain results rotated, with respect
to the same domain in both CooA OFFE and ON
(CCkprotein w:n:n|:\f.ve:¢:]-"-’l stractures by 657 and &0,
respectively. The distarce between the flap regions in

a the

KR [ W) and Cprik
wharwing the differear poaiviome. of the DA bin

ng diomaing arsd

wilNR and in bath Cood structares is mone than 30 4
as shown in Figure 2(C).

CprK &= a DNE homelogue activated by o-chlorophe
ralacetic acid [(MCPA] hinding o the reduced protein. 4
recent artice reparts the strociures of the prodein in both

eroTERE §
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the OFF corformation and ON conformation (protein:
ligand: A complex). Y Again the major difference with
wtDNE structere is the positon of the sersing domain,
which is almost imwariant in both CprK inactive and
active conformations, while results rotated, with respect
to witDNER, by 457 and 547, respectively [Fig. 2(D]].

The fully OFF structure of wtDNR is therefore peoaliar
with respect to the other OFF structures known for this
class of regulators, which all display a different orientation
of the DiNA binding domain arcand the fifmge zone, while
the position of the semsing domain & invariznt 2630
‘We car hence regard the wilDINR fully OFF strocture as a
new and atypical quatermary struchare among the CRP
FNR superfamily of transcription factors, since none of
the other DNR strocteral homalogoes displays such a pe
culiar damain arganization.

Hypothanin on DORNAR activetion meschaniem

Sirce both Cood {proteindligand mmpln:'lu' and CprK
{progem:ligand:DNA complex)™ display an active confor
mation which i similar o CRP (superposition of Co:
RMSD 226 A and 309 A, respectvely), we can expect the
active form of DMK o share the same topology. Thus the
Jully (3FF comformation reporied here suggests that to be
able to hind DNA, wiDNE & Likely to undergo a hoge
conformational change invelving (2} a rotation of almes:
L6l of the C-terminal DA hinding domain around the
hirege, ard (ii) a concomitant rotation af mare than & of
the whole sereng domain arournd the junction between
this domain and the dimerization helix a-D (see mavie in
supplementary materials).

‘Within this scemarin, it & challenging to unved the
mechanism that drives swch a dramatic conformaticnal
charge, apparently controlling DME activation.

All the dharacterized CRPFNE regulators are act
wated by binding of small molecules to the sersing do
mair, which may contain cofactors such as iron-salfar
clesters or heme. Althocugh the activation mechanism is
still poorly understood, it is accepted that Lgand bind
mg i the sensing domain induces a comformatiomal
charge, which is tramsferred through the dimerization
helix and the flap o the DXA binding domain 3139 In
this actvation mechanism, the ovemll position of the
sensing domain is not supposed to change duning the
switch from the OFF to the ON conformation. Given
the fully OFF crystal structure of wiDNR reparted in
this study, the activation mechanism for DNE seems to
be different, and probably more complex, since the
ligand association event should trigger a much larger
conformational rearrangement.

We have recently showm that both wiDNE and
ACDNE hird in vitro one Felllljprotoporphyrin. [{
complex (hemin] per manomer with high aEr:ilT.Is'
However, despite extensive attempts, we could not
ohtain crystals of the heme-protein comiplex. Consider:

B ruocreme

ing the spectroscopic and kinetic properites of the
wilR-heme complex,!® we are keen to think that
DR could be ame member of a growing group of so
mlled heme-responsive/sensing  proteins, identified in
recent years, which are noncanonical heme binding pro-
teins that respord to heme asscciatior/dissociation. 4336
In fact ihe ACDNE strocture, which in this scenaric
should mimic the ON conformation of the sensing
domain, displays a hydrophobdc deft that could be the
patative heme binding site this cleft is absemt in the
wil R filly OFF structere due to the remarkable rota
ton of 6% af the sensing domain [Fig. 2(A)]. Since
ffom the strucharal aralysis will¥R seems to be an
extremely flexible pratein (flexibility that may acoount
for the extreme difficulty to obtain well difftacting oy
tals], we think that apaDR should be able to anderge
a ligand-licked large conformational rearmangement
reecessary o switch to the active comformation.

In summary our bypothesis, which needs further ex
perimental support, is that wiDNE activation may be
driven initially by heme assodation, that promotes a frst
conformational rearrangement from the fully OFF toward
a pseudoN conformation {represented by ACDNR], fol
lowed by N0 binding to the heme with final conversion
ta the biologically active state of the protein.
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The transcription factor DNR from Pseudomonas
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haem for the activation of a target promoter in
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Praudfownanas aarugicds is o well-kngwn gathegen in Ghrorc reapinatary daoasss such as
Gyalic ibegas Infactinity ol P aerugencas is relatad 1o the ability 16 grow ueder anvgan-imited
canditions using the anaercbic metabalism of denirification, in which nitrate is reduced o
dinrogen va nitic omde (NO). Denitrification is activated by o cascade of redox-sensiive
trarscrption factam, among which is the DRR regulator, sensitiee 1o nitrogen anides. To gain
turtksee waight Fic the mechanam gl NO-aanairng by DNR, wa huve dovaloped a0 Eacheniciug
eii-Eissd raporier ayalem 16 immaligate dilleres aapscts of DNR aciidly, b £, ool DNR
responds bo N0, as shown by its abiity fo trarsactivate the P aeraginosa morCE promater. The
direct binding of DNR 1o the target DA is required, since mutations in the hela—turn—hel
domain of DN and specific nucleotide substituliors in the consensus secuerce of the rorCE
pramaler abeleh e lrarachplionsl activity, Llsirg an £, coll strain delicier in T bioeyniFegis,
w have alas corfirmsd Thil Fose s regquired nowva fioe the NO-dagendant DNR activily, in
agreament with the property of DNR o bind haem & wiva. Finally, we have shown, we beliove for

Recerad 4 Febnuery 20090
Resised 22 May 2005

Actapted IT Way 2008 spaciicaly b NO,

INTRODUCTION

Psedomeonas aeruginesa is one of the maost impontant
oppartunistic pathogens: it is 2 Gram-negative bacterium
which colonizes the inflamed lungs of omstic fheosis
patients, ausing persistent infections (Yoon ef al, 2006).
P. gerugimosz & zble to grow in the absence of axygen,
through anzerohic metabolism, whick is impostant for
infectivity and for the formation of bioflm (Flassett e al,
2002; Barraud ef ail, 2006}, a surface-associated antibiotic-
resistant microbial community (Singh & all, 2000} The
molecular race between kast and pathogen thus includes
strategies that are cemtred on the abdlity of P. asruginesa
survive under oxygen-limited conditions; cells bying near
the edge of the mucous kayer rapidly deplete vxygen (0,1,
creating a gradient where O, drops to very low levels
Under these microaerabic conditions P. asruginosa grows
in thick biofilms probably employing both microaerabic

Abbrewators: ALA, S-amischewick acid; CRP, cAMP recapion
poein; DMA, dissimilatony ritrite nssiaton sogulaon, FRFL lumane
snd rirais mouctass mguiaior; HTH, hele-fum-bel; SHP, sadum
retropnaeside; f-gal f-galacionicase.

the first time, that DR s able to dscriminaie i wio between different diatomic signal molecules.
HC and CO, both Iigands of the reduced haem iran & wiro, suggesting that DNR mesponds

respiratian and the dendtrifying redox chain (Yoon et al, H

2002; Alvarer-Crtega & Harwood, 2007; Platt ef all, 2008).
Trke complete dendtrification  pathway  involves  four
enzymes nitrate reductase, nitrite reductase, nitric oxide
reductase {MOR) and nitrous oxide recductase, operating
sequentially to reduce nitrate to dinftrogen gas viz nitrite
[0, }, nitric oxdde (20] and nitrows oxide (N0} (Zumft,
1997 . The expression ard the activity of the NIR and NOR
enzymes are tghtly controlled because it is mandatory for
the bacteria to keep the concentration of intracellar NO
below cytataxic levels, to limit nitrosztive stress,

In F. geruginosa the denftrication pathway & regulated by
redox signaBng, threogh a cascade of transcriptsan factars; in
particular, the global cocygen-sensing regulator ANE (anaer-
uhic regulation af arginine deaminase and nitrate reduction)
[Galimand e @l, 1991}, a hoenologue of the Eecherickia ooli
uxygen sensar FNR protein, activates, under anzerohic
oonditinns, the gene coding for the transcmption factor
DR [Essimilatory nitrate respiration regulator]), which, in
the presence of N-oxides, promotes the expression of the mir,
the norand the mos genes (Arai ercl, 1995, 1997, 19949, 2003},

CEB0%T O 2004 566 Proted in Greal Brtav
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The DMR transcripion fzctor belongs to the CRP/FNE
{cAMP receptor proteinffumarzte and nitrate recuctase
regulatos} superfamily of regulators (Fumst, 2002; Korner
et all, 2003}, The members of this superfamily are usually
homodimers, sach monomer being formed by three
domains (McKay & Steitz, 1961 )z (i} an N-terminal sensing
domain [also referred to as the effector domain} with the
typical fold of the cAMP-binding domain of CRP; (i} a
long dimerization x-helix recruited to form the dimer
imterface; and (iiZ} a C-terminal DMA-binding domain that
congains 2 helix—tarn-hefix (HTEH) motif.

M-oxide sensors belong to different subgroups of the CRPS
FNE superfamily, namely the DNE, NnrR oand FNR
subgroups (Fimaldo er gl 2006}, which recognime the
=Ime consensus sequence in thelr target promoters, the
FNR box (TTGATNATCAA} (Eglmeier e cl, 1989;
Hoeren et al, 19%3; Hasegawa er al., 1998); these proteins
contain 2 kigkly conserved amino acid sequence motif
{Flu-SerAng (E-5R), directly invohed in the intetaction
with the FMR box (Green e al, 2000}, Anather
transcription factar belonging to the E subgroup of the
CRPTNR superfamily, ie NsR from Caompydobacter
jejurmi, has been recently described to act, perkaps
inddirectly, as a WO sensor [(Elvers et all, 2005).

Previous studies, carried out in P. asuginesa PAOL with
the wmirS, the noriC and the res? promoters fused to the fac?
reporter gene, showed that the DNR transcription factor
responds im w0 to N-oxides (Arad o @l 1999, 2003), A
similar response to MO in wee has been reported for the
DNR homalogue NNE in Paracoccus demitrifizcans [Van
Spanning & al., 1999} and, for the ame regulatos, also in £
cofi using the FNR-dependent L ooli mefR promoter
{Hutchings et al, 2000).

Understanding of the hiochemical mechanizms used to
respond to specific redox signals (such as NO) 2s cracial in
arder to dissect the in vive function of 2 sensor protein,
The mulecular mechanism underlying the activity of DNE
is still dhusive, mainly because a relzable system to probe the
MO-dependent DNA binding of this regulator kas not been
available. Therefore to investigate in detadl the NO-
dependent activity of P. gemiginoss DNR, we have stodisd
the DMR-mediated transcriptional activity In E ool a
species which s unable to carry aut denitrification. A [-
galactosidase {f-gal) assay was performed under anaerobic
conditions in the presence of M-oxides, using the putative
DMR target promater noriCB (hereinafter mor] from P
aerupinesi. The choice of this promater is supported by
previous evidence showing that in P. asruginesa, in the
presence af M-oxides, mor = more strongly activated by
DMR than rir§ [Arad ef al, 1999). [n the fint part of this
paper we report the successful development of this system,
and the characterzzativn of the N{O-dependent actvity of
DMR i E coli.

Tuo gzin further insight into the mechanism of NO-sensing
iy DNE or other hamologous transcription factors, in the
second part of the paper we describe how the system

developed in E coli was sucoessfully used to investigate
different aspects of the DNE activity. We have deman-
strated the specificity of the DNR-DNA interaction,
analysing bath the transcriptional activity of DINE mutants
and the effect of mutations in the FNR box of the nor
promoter. Since spectroscopic and structurz] evidence and
im virre functional assays sugpested the involvement of
haem in DNR activity {Giardina er al., 2008], we kave alsa
confirmed  the importance of this cofactor in the
mechanism of DNR-mediated activation of the nor
promoter in E coli.

Finally, in order to test whether DR responds specifically
1o WO, we investigated its activity in the presence of arbon
manoxide [COL

METHODS

Plasmid and 1] I Thee der pene was doned
imdo the pACYcIB4 vecior (Biolabs) under the constitutive rer
promoler; &s extra EoRY cestriction site and the sibmome-hindisg
aite were alss added, yiekling the plassad pACY-DNR The smor—[ad
reparier sysier was obtained by doning the sar promaoter from the P,
aerugiaoss PAQT genome Real inle e SRl and BamHI tes of the
FLCLR vectine, yiekkisg the plasmid pUC-NOR and subsequestly into
the EcaRl and RamEl siies of the pRS 13 vector, vidding the plasmid
PRE-MOE, The sar promocter fragment weed in this work imcludes
150 by upsteeam af the AT of the ner(’H gene [Fig. 1. Site-direcied
slagesais wis done wing the Quik{leege swlgmaiv kil
(Siratagene) according to the manufacturer’s imsbruciions, with
PACY-DMR or pUC-HIOR 28 2 temmplate. Twno muiants werr obdained
25 e HTH region of DNE: K152a0p, previousdy described (Giasdin
& al, 0], wheck lacks the emise HTEH domain, and E1530, which
Bax 3 substiivtion (Gl io Asp) in position 1935 The muiations
smtreduced in the ENE boa af the ner peamaler were i Inllowi: a
dhoaible mulatiss = which e (G4 bades &= poditions 3 and 4 bave
beers substituied with AG [TTAGTH, ATCAS, named nerll, and a
single mutation in which the A bese in poaition 4 has been changed i
a G [TTOETNATCAN, named aarl). The nerl il noed frigments
were Then iniesed @0 the Eooll sd RamHI dites of the pR&1S
wecior, vieding, respectively, plasmids pRS-MNORD and pRES-NOR2,

in wiva fgalackasidase asaay. Plissds pACy-DME and plE-
NOR were framaformed inte E sali TOPIO (Invitrogend [T merA
Al mrirr-ted RMS—smerBC) $BRGEAMILS AblieX7f mupls racdl aral2]39
Al il TE97 galE15 gall18 mallSie™! endAl & | of E el O8O0
[F mwdAll ahi-l shr-l lewBS Lec¥l gl B0 fadl 4

themd s kan]] (ShemAl (2 kind gift of Coclle Wandersman, [nstitui
Paweur, Paris, Frisce), The TOP1E strain is phesotipecally FNE™, &
sewied in @ conteal eaperiment with an ENR-depesdest repories
fudon (pEWSD carrying the FF-pmelR fragment) (Wing ot al, 1595)
idata not shown), The rich medium for bacterial prowih was Luria—
Beruani (LH) Beath Jirypione (10 g1 '], yest exteact (5 g 17° 1, Nal
3 g 17" sepplermented with (L4 % (wiv) gucose (LG broth] and
B4 mM ALA [S-aminclsevulinic acid hydrochloride s, as indicabed

DR acovily wis Dated by the fopel aisay @ beasl in duploste
scconding to the methed of Maler [1972] on at least v
imsdependently grown culiures, The acrobic coltures were grown in
50 ml mediem in 150 ml faks at 57 °C 0 (e 04 and were
haken ar 00 rpan. Anserebic growth was camind cur by
traniferring 10 ml of the deobic samples froes the Bk w fGlled
fubses sealed with a rubber cap, After 5 min of growth fo remove the
residual oxygen, selecied samples were induced with either 10 G5

2
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! GECHCTICTAA T OO TGN TOC G TOTAS CTOOOBO ML TOALTRASTI L1}

61 AGTAANTCGTTCGGGANTCT TOAT TGCCATCARGOGGETTOGOCGOOGODECTICCTAGA 100
121 uimcmummmdm 14

Fig. 1. Sequerce of e P ssuginass o promober fragmaem waed n ths study (150 bpl The pulaties binding eite far the DNR
arola s boeed andl the bases ol the consonaus FRNR box ane highlighted in bold; th nital pan of the coding sequenca of 1he
norE gene, nal incuded in the PCR fagmenct, & shown in grey and the transational start point is undardined,

aquetui B [eoen @ davenied dolution [2 @) o 2 mM sitnile wing
e of, o EScated B () OO i the culluses
ahwed withirt ahaking for | & before Bl wes asiayed
Faor the M15siop muiant, the growth temperature was swiiched from
57 °C o 10 °C after 1h of growth, For the Ahemd sirain, the rick
medium wis wupplementad with ALL when ssSaed.

For Weslern bl asadvais, cublure were grown usder the s
conditions as used for the §-galactoaidase sasrys; cells harvesied and
disrupted by hoding in the loading buffer {1,540 mM Tris'HC] pH &8,
330 mM DTT. 6% 508, 6.%% bromophencd blee, 30%., v, ghyoeenl)
wers sepacalad by SDS-PAGE asd Weiterns bl aradyiis wak casraad
oul. The DR protein was detecsd & pulyclonal rabbit
antibody [Davids Biotechrolgies) isd & goat anti-sabbil [0 [ Siges)
alkaline phosphatase-conjugated secondary antiody.

RESULTS AND DISCUSSION

i vive activation of DNR by N-oxides in the
heterologous E. coli system

The effect of N-oxides an the expression of the i, rer and
noe genes activated by DNR has been previously demon-
strated in P. meruginosa (Ami et al, 1999, 2003). The
primary aim of our work was to characterize the NO-
cepencent DNK transcriptional activity in a heterologous
muodel organizm such as E ooli, which is unzble to carry out
cenitrification. Plasmid pRE-NOR, carmying the P aerug-
nosz mor promoter (Fig. 1) was transformed inte E ool
TOPI, with or without plasmid pACY-DNR, karbousing
the dmr pene under the control of 2 constitutive et
pramater. A #-gal assay according to the method of Miller
[(1972) was carried out under aerobic and anaesmabic
conditions in the presence of different N-oxides.

As shown in Fig. 1, DNE was 2ble to transactivate the nor
pramater in E wofi under anzerobic conditions and in the
presznce af 10 phl M. The maximal activation of the nor
pramoter was observed at 10 gl N0, testing a range of
MO concentrations from 5 pM 1o 50 4M; the increase of
the WO concentration from 10 B8 o 50 pM kad oo
influence om the cell groneth but slightly decreased the DNERE
activation (data not shown). An activation of the mor
pramater under anaerabic conditions comparable to that
obtained with N gas was observed using 100 pMd sodium
mitroprusside (SMP], a nitrosylating agent and a source of
N0 (data oot skawnl).

The activation observed in the presence af 2 mMz nitrite
[Fig. 2] can be explained snce &t & known that, in E coff,
nitrite is a source of N0, due to the activity of nitrite
reductase, which reduces nifrite to ammonia {Carker &
Poole, 2003}, Nitrite is not directly involved in the
activation of DNR since no activity was observed in air
in the presence of 2 m nitrite, 2 condition in which MO
is not produced {Darwin e al., 1993).

As shown in Fig. 2, DMR is unable to activate the mor
promoter under zerobic conditions. We abo tested the

800
F so0 b
g g
X
=
|
1
B
]
2
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& 00 b
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j o .
T amD, enD ehD,
it rrem———

Fig. 2. Actewiin ol the P seupvcss noe promaier mgquires DRNR
ol N-micen. The DR protein was copressed conatiuisey in £
cal TOF1] contaning plasmid pRS-NOR, in which fhe nor
promaier @ fsed %o hcd (groy bars) As a conrol, the p-
palacksidesy potivity was assaved under the sams separisental
condibians in £. call TOPI0 comainng anly the pRS-MNOR vecior
[white barg), Cultures wang grown serabcaly and araschically in
LG modium to ssponsnial phase. and nouced, as nodoated, by
the addition 6F 10 8 MO or 2 mM agdium ninte, B-Galicicecgass
potrity was moaaumd 1 h eher induclon B dupicato in thios
noepandantly grown cubiuees; masn valuss are shown, togathar
with aponmenial ernor bars (o)
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activity of the protein in air in the presence of SNP; the use
af SMP as a source of N{)* under aerohic conditions has
‘een previoushy reparted for the Narkl protein (Hutchings
et al, 2002, No DNR activity was observed in air in the
presence af SNP [data not shown), in agreement with the
physiclogical role of DNE, which, in P amuginesa, is
imvalved in the regulation of denitrification, an alternative
respiratory metabolism activated under axygen-limiting
conditions [Zumft, 1997

Our results show that DNR is 2ble to activate fs target
promoter in E coli, suggesting that the transcriptional
mzchinery af this bacterium can be efficiently used with a
P gerugincsa promater such 25 the mor promoter. A similar
MO-dependent transactivation in E. coli was obtained with
the MNR protein from Paracoccus denitrificans in the latter
case, kowever, an FNR-dependent E. cofi promoter was
used {Hutchings er al., 2000},

The nor promoter fragment used in this study includes
150 bp upstream af the ATG of the rorCH gener this
fragment contains the canonical recognition motid for the
transcriptional activator protein FNR, named the MR bax,
centred —64.5 bases upstream of the ATG (Fig. 1),
Interestingly, no activation of the ror promoter was
abserved in the TOPLO strain containing only plasmid
pRS-NOR under anaerobic conditions [Fig. 2], suggesting
that the endogenous FMR protein & unable to recognine
this promoter. A preliminary im sifico amalvsis of the P
aerupiness por promoter (ddentifying 2 pood candidate for
2 =10 sequence centred around base 119.5] and its
comparisun with the mor promaoter of Prendomonzs
stutzeri {in which the transcriptional start site has been
mazpped: Zumft ef al, 1994], suggests that the FNE bax
could be located as in class I promaters; this hypothesis
will require to be farther confirmed experimentally.
Interestingly, however, the region located between the
palindromic TTGAT motif of the consensus FNR box in
the nor promoter has a high GO content (Fig. 1), possily
explaining the lack of activation, given that it is known that
FNR favours an AT-rich matif against 2 G{-rich motif in
this region [Scott & al, 2003). We cnnot exclode,
however, that other features af the mor promaoter may
preclude productive interaction between FMR and the E
cofi transcriptional machinery. Interestingly, zhthough the
E mii FNR protein seems unable to activate the wmor
promoder (this work], the DNR protein is able to recognine
in P geruginess an FNE-dependent E oofi promoter
{Hasegzwa er al, 1998), making the scenarin mose
complicated.

DMR binds specifically the nor promoter

To demonstrate the specificity of the DNR-nor promoter
imeraction In the E coli system described zbove, we
performed the f-gal assay with different mutants which
have mutations in the HTH DNA recognition motif of the
DMR protein or in the FNE box of the nor promoter.

The inzhility of the N152stop mutant, which lacks the Lt
75 amino ackds and kence the entire IPNA-binding domain
af DME (Giardinzg & al., 2008}, 1o transacivate the ror
promoter under anaercbicsis in the presence of NO (Fig.
32} suggests that the MO-dependent activation of the ror
promoter requires the direct hinding of DNE to the target
DMA. To further analyse the DME-DNA interaction, we
focused our attemtion on the Glo-193 resicue of the
protein, a position highly conserved in the CRP/FNE
superfamily [Green er all, 2001 ); this glatamate resicue was
shown to be involved in the direct interaction of the FNK
protein with the FNE box seguence on the target promoter
{Spiro er al, 1990} In agreement with the predicted
invalverment of this ghotamate in binding the FNR box, the
Flue 193 to Asp (E193D) variant of the DNE protein was
unzhle 1o activate the nor promoter [Fig. 3a} under
anaerabiosis in the presence of NO. This result confirms
the specificity of the interaction of DNE with the ror
promoter. The lack of activation by the two DNE mutants
in the E. coli strain iz not due to the ladk of expression of
the matated proteins, which are correctly produced in the
bacterium as verified by Western blotting (data not
shown ).

We alzn probed the DNRE-DNA interaction by producing
specific base substitutions in the FNE box of the ror
promoter. Two mutznts were produced: the first one
carries an inversian of two bases in the FMR box (TTAGT -
My-TTGAT) (morl) and the second ane carries a single base
change (A to G} (TTGGT-Ny-TTGAT} (mor2). The
corresponding plasmids (see Methods) were transformed
into an E cofi strain harbowsing the plasmid pACYDNE
and the -gal activity under anaerabic conditions with or
without MO gas was measured. As shawn in Fig. 3(b), DNE
was unable to activate hoth mutant promoters under
anaerabiosis in the presence of N0, These results confirm
again the specificty of the interaction between DINR and
the target DMA in the E cofi system. Moreover we bave
demunstrated, to our knowledge for the frst time, that a
single nucleotide substitution in the FMR box is sufficient
1o caompletely discupt the activity of the DNR protein on
the mor promoter. The sensitivity of the FMR box to the Ay
to (3 mutation in the consensus sequence was shown alsa
for the narGHT promater, an £ coff FNE, target (Walker &
Diebdoss, 1951).

DMR activity requires haem biosynthesis

The mechanism wherehy DNE cn sense the signal
malecule is not yet understood; it is certain, kowever, that
DMR, which lacks conserved cysteines, is unable to form an
Fe-5 centre that can interact with the signzl molecule as
reported for the O, sensor FNR (Khoroskilova er all, 1995,
1997; Green et al, 1996; Jordan e al, 19970 Moreover,
spectroscopic evidence supports the kypothesis that haem
is Inwvalved in N sensing; in fact the DNE-haem complex
is stable and can bind WO In the fermous stabe to yield a
pentacoordinate derivative ({ardina e al, 2008). In
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Fig. 3. Activaton of the nor promaler requines the dieect binding of DMR (2) The N1B2sop protein, lacking the DNA-Dinding
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TTAGTHATCAR) o ror2 (FRA booc TTGIEITHLATOAR) was expreased constbutvaly i E. call TOP1D together with aaly-
DMNR (grey bars), As a contral, the f-galactoaidass actvly was messunsd under the same scpeemantsl conditiors in £ ol
TOFP 10 cantainng only the plasmids with the wild-type and mutant promoters (whie bars). Cultures wane grown aracrobcally
in LG medium %o saponental phass, snd incced, as indicated, by e sddiion of 10 pM NO, f-Gabiciosgass aciaily was
ronsured 1 h oher nducion 0 dupboate i fheo indeperdently grown culfuns; mean weluos oo ahown, logethoer with

snpermanial srar bars (50

addition, the oaly evidence in the Hterature in which a
member of the DMR class of regulators binds the target
DA im vitro was oblained by an electophoretic mobility
skift assay using the P. asruginesa DNE protein bound to
kaem (Giardina er al., 2M8). The hypmbesis of 2 haem-
based sensing & reascmable also in the light of 2 similar
kaem-based mechanism well known for the Rkodospiriium
rubriem CooA protemn [Shelver & aill, 1997); in this case the
C0 malecule binds to the kaem iron and triggers a
conformational change, thus regulating the transcriptional
activity {LanzZlotta et al, 2000). These findings suggest that
a haem-based mechanism is the most Zkely to explain the
NO-epencent regulation of the function of DMR

To demonstrate that the kaem is reguired for DMR activity
in wive, we measured the NO-cependent activation of the
mor prampter in 2 haem-cdeficient [dhemA)] E coff strain,
whidh lacks the HemA protein involved in the production
of ALA, 2 key intermediate in the binsynthesis of hzem
(Harris et al., 1993). A similar approach was successfully
employed 1o show that haem biceynthesis is essential for
the sensing activity of NMR from Pararccoes denifrificans
[Lee ef afl., J00&),

Plasmid pRS-NOR was transformed into the E. coll Afema
strzin with or without plasmid pACY-DNE, and cells were

grown in the presence or in the absenoe of 04 md ALA,
under anaerohiosis with or without NO. To evaluate the
hasal activity of the mor promoter, we also measured the -
g2l activity in the E coff AfemA strain containing only
plsmid pRS-NOR.

Tre results (Fig. 4) show that only in the presence of
exagenous ALA is 2 MN{-dependent DR activity compar-
zhle fo that seen In the TOPIO strain ohserved; this
demonstrates that in E coff haem is required to support the
activation of the nor promater by DNE in vive, confirming
previous evidence abtained in vitro.

DHR discriminates between differant diatomic
fgases

Given that baem is essential for DNR activation we tested
whether DNR & able to discriminzte between different
gases. We have previously shown that the reduced form of
the DNE-kaem complex & able to bind both NO and GO
in vitre [Giardina er al, 200&}. In particular, the adéuct of
MO with the kaem-DNE complex is pentaconrdinate,
wherezs the CO:bound speces = hexaooordinate.
Threrefore, we used the E oofi system developed here to
carry out a fi-gal assay under anaerchic conditions in the
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Fig- 4 Haom copendonce ol DMR-mocdiated S-goalaciosidase
actieity, The DNA prolein wos ecpreased Gomstiutvely in the
AhenA E goli strain 1ggather with plesmid pRS-MOR (grey bara),
Aa a comrol the frgalictoncase actsily was assaped under the
same mponmeniadl condibors N the AkemA E cod stan
contairing only the pAS-NOR wecior (white bam), Cubures wam
grwn anserobsaly n LG medim o sapenental ghase, and
induoed, as indoated, by the sddibion of 10 @M NO; sampies
marked with asterisk on $e graph refer o culures grown in the
presence of 0.4 mM ALA (-Ealactcadase actety [Mller, 1872)
was massured 1 ho afler ndustion (grey bers) n duglicate in thres
independendy grown culiuress mean vakes (Mdler unis) are
shawn, together with srpetimantal eeoe bars (300

presence of GO The very low (25.5 + 3 Miller units) fi-gal
activity, measured under these conditions shows that DNE
is inmactive in the presence of C0, suggesting that the
protein responds differently to the two diatomic signal
muecubes, i.e. N and OO0, These results are in zgreement
with our previous in vitro evidence that the hkaem
conrdination state of the WO and OO comiplexes in DNRE
is different {Gizrdina e all, 2008). In conclusion, M0 is the
specific and unique sigral reguired for DNR function; this
selective activativn in response to 2 particular ligand is
shared with other haem-based gas sensors (e.g. Cood and
H-M0X domains) [Andrew o al, 3001; Boon & Marletta,
2005; Gilles-Gonzler & Gonzales, 2005),

Conclusions

We have shown in this work that the P. asuginesa DNR
protein is active in a heterologous system (E ool and can
use the transcriptional apparatus af this bacterium to bind
specifically to the P. asruginesa mor promoter in arder to
regulate its activation. Maoreover, we show that kaem s the
cofactor medizting the N(-dependent DNR regulztion in
E colf, this finding reinforces the in witro results previously
abtained by vur group. We have demonstrated, we believe

for the first time, that DNER & 2ble to discriminate between
different diatomic signal melecules as NO and C0,

We can therefore conclude that the heterologous system
described kas shed new light on the features of the P
acrugincss MR protein and, In the future, will 2llow us to
aszay the activity of site-directed mutants targeting resicues
putatively involved in haem hinding and in NO-sensing.
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Nitrite reduction: a ubiquitous function

from a pre-aerobic past

Francosca Culruzzald,'™ Sorona Rinalda,' Nicolefta Castiglione,’ Giorgio Gilardina,’

Isragl Pecht”® and Maurizio Brunon’

' Dipsrimanto 8 Scianze Bochimicha "A, Ress: Faneli™, Sepiares - Universita di Roma. Roma, haly
“Dapartmant of Ghemical Immunciogy, Tha Weizmann Inssonte of Sciance, Rehavat, 1srasel

In eulkaryodes, small amaunis af nitribe confer cylopra-
teclion  against ischemiafreperusion-related  tissws
damage i viva, possibly wia mduction 1o nitric eoide
(M) and inhibition of mitochondrial function. Several
hemaeprobeins anme invalved in this protective mechanism,
starting with deoxyhemaglobin, which is capable of
reducing nitrite. In facultative aerobic bacteria, swuch as
Papudomanas asruginasa, nitrite is reduced o RO by
specislized heme-containing enzymes called od; nitrite
reducinses, The detalls of their catalytic mechanism ane
summarized below, together with a hypothesis on the
biological rale of the unusual di-heme, which, in the
reduced state, shows unigue properties (very high affi-
nity for nitrite and pxceplionally fast dissociation of NOQ).
Our results suppart the idea that the nitrite-based reac-
tions of contemporary aukaryotes are a vastiogs of aarliar
bacierial biochemical pathways. The evidence that nitrite
reduciase activities of enzymes with differend collular
rales snd biochemical features 1l exist bodoy highlights
the importancs of nitrite in cellular homeasiasis,

Keywrards: hemepnotein; nitile; nilric adde; nivite reduc-
LASR; PRAAIIMONAS SAMJNasa

Introduction

Mitric made MO} is & crucial chemical messenger that, at low
conganiraticn, comirols A plathara of important calular
procasses N bodh eukargdies and proxargoies, Inomas-
cedlular crganisms, complex biclegical everts ranging from
trans-memmbrare signaling and reuronal communication %
inhibiticr of plalalat aggregation, vasodilation, and smoomh
rusgn ralaxation are dvectly of indinecty comtrodid by NO,
Howeves, whan concaniration rises abows wM, MO becomaes
harmhd and causes deletenous effects, such as lissue

Abresiatiene: MO rivi: ocsiec NOIS. rewis oo synihase: Hb, hamogiobing
Wk, rrpeghabin, £, WIRL, iy sltvibis nind st Pia-od.NIRL &2, nilehs secuctics:
Irom Peavianionas apnginoss. EBC, el
*Cornmpendence to: F Culruess & Dgart 8o Soera Brcchime
Riossl Faral, Sapssnas - Unkonsth 5 Roma, Fig A Mo 5, Foma, Iak
E-maik farcoss oanzzol@uninnat b

EscEammnys S8 1-TF, 10 F009 Wiy Poroccal, iz

inlamemation, chrone inlection, malignant Dansirmanone,
and degerevaive dsesses On the other hand, high
concenirations of NO are produced by macrophages ta fight
invading prokaryolic painogans and Darasias bl

MO macts pralerentally wih hames and labila 4Fa—45
clusters and tharetry irhibits mitochondrial respiratery com-
plexes and hance sambic respiratior.™ ' Marnesaves, MO can
modity prochan reskues through nivelion (NOw group
meoditicstion) or S-nifrosation (O binding 1o thiols), or resct
with wunsilion metals to form nitrosyl dervatves'™ The
reaction of sobated WO with supercoide (00) yields
parcocynitrite (O0KC ), a strong cedant of  biskgical
mebacuias

Tra synihesis of MO in aukaryolic cells procasds wia O;-
daperdant axidation of L-arginine, calalyzed by NO synthasas
(HOS); ™" 15 steady-stabe groductien is tightly regulated. In
prokaryohes, ND synthess undar gambc condlions s
catalyzed by BNDS, e bactanal counberpart of NOE hana
MO = not mehved in cell signaling, but rather i the
bicsyrthelic nitration of Iryolopharyl moetes  [Baclius
subiks NOS)™ and in cyloproiaction against cxdalive
strass. ' Snca NOS calalyzes an Oy-dapendant reaction,
the anset of hyposic corditions may hampar the production of
MO from Largnine. Hypoxa is a pathological conditian i
which the body as 8 wnele, of B Spaciie organ, (5 daprived of
adequate O supply Mewarthalaes, @ i known that in
euzarpoies NO-dagerdent biological grocesses may akso
pocur under bypomic siress condlions. For example, MO
procuction is associated wih cyloproiacion againg ischamia!
rapertusion (IR) ™ by inhibiting net anly comples |V b
Alse compliex | of tha respiralory chain

Until quite recendy, the source ol WO produced under
Fypoic conditicrs in eusaryoles was unknown, whersas NO
synihasis under anaerebic condlicrs i Dacieria s known o
SIALT rom nilroa and nAas bean sluded 0 conskierabie getai
The disoovery (hat in eukaryobas ritrite can be a source of NO
urder hypoxic condilions has given novel relevance o this
compound, wnich was prentously considerad 10 ba physic-
legically ralavant

This paper surrmarzes and compares (ha mecharsms of
nitrite-demved MO production in eukaryoles and in bactena,
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wilh spacal atention to the role of heme-comtaining probeins,
Hifroa reductase (NIF) actiity is camied oul by arzymes and
arateing with intrins cally dterant cedular roles and Dinenem-
cal feabwes, spread across the teo mngdoms: the wide
distribution of this actiity highlights the impartanca of nitrita in
caldar nomaosiasia. Since long betona tha atvant of 0,
nitratas and nilritas wara suceassiully ampioyed &= elactron
acsepbons 0 bactenal resaration, we conclude that the nitrite-
tused reactons of comemparary mammalan cels may be
considered a5 “moleculyr fossis” of earier baclerial bo-
chamical proceesas pravaiing in g pra-sanine word,

Nitrite-derived NO production in
eukaryotes

Tha mosl recer acior in hypoxic KO sgnalng inaukaryshes 5
nitrite, & compound which was grevicusly considered to be
physialogicaly imelevant™' and a simole end product of
andaganas MO malaboism, Flasma concanirations of narila
ara in thia igh nM range, wharaas lissua lavals can each up
1 10ub"" Spveral hereomoteins, inn-sulfur cluster-
contsinirg  proleins, and molybderum-based reduclases,
grasent in subcelluar compartments, have recertly bean
shown 1o ba able to reduse ritra 1o ND and saam taact ina
concarted mannes, Fossinly, othar anzymes cailyzing narnle
reduction will be identhied in the yeans fo come.

Several ewamples of MIR activites have bean found in
olpod, TssLes, and mitochongria, Al ol them can be ascribad
in profans AL undar sambic conditions, play an O
depandemt biolgical role, bul reveal NI actvily undar
hypoxic conditions. In blocd, the reaction of nirte with
deceryhemogichen (damy-Hh) has bean proposed o apne-
sant a sourca ol MO bicacivity, sccomdng 1o e toliowing
reactian’"® "™

NO b HETT o KO HE 6 OH (1

Kinetic shudies demonsirated that the Ma-dependent MIR
actiity is allestarcally controlied by tha quatarnary struchum
ot ihe protein. ™ In wie saperiments have shown Tnat KO can
te procduced from nanie by decxygarated red Diood calis
[ABC) or by decwy-Hb. " ! The man conundmm bes in the
expectation thal the NC produced wireaction [ 1) s kel lo be
trapped by Tha larpe axpass of decery-Hbon tha RBC, yielding 8
slabla farcus niresyl complex characienaed Oy A wery
siow  dissocialion rate  constar? (ke betasan 107
ard 10 %5 "L n arder o achive a productve
physisiogical efect, WD must ascape Trom the REC afar
termation; ho MO frapping by deoy-Hb 5 avnigied and
how MO s released s sl an unclear matien Possible
chemical “Incks” bypassng His cbstace ncude midatie

F Cutnuzzob et al,

denilrasyiation carried aul by ritrite’™ ™ ar the reaction of the
tarng He-nifrite complax uHrLND}{H[:rrr'.N!U,_'F-' wihich may
dffuse ot ol the ABC, Bswer farming KO o acting by
nitrosylating a thial. Fraly, heme Fe(ll)NO compleses of Hb
can be cxidatvely cormeriad 1o S-nitrasathiol (CyspEo), Y
whigh maintare NO bisactivitg

In tha red muscls and in Ha hes, tha NIR Geivity during
hypowic stress bas been assigned %o myogiobn (M) Y
Recert findings™ in an Mb-nockoul mouse model provide
unequivecal evidance that decey-Mo reducas nitrite thereby
torming ND that raguiasas miochondnal respiration and
pardiac comraciliny during IR [Fig, 1), In nan-miscle issues,
WO mary b ganerated from nitrite waather pashways. Pecant
meperiments® 1 supoest that a maor part of e nitrite-
darsad ND production cocurs in lissus and not in bicod,

hnalanging the physilogical reb of H a5 & NI

As staled abows, o maor corcern on the crucial role of Ha
and Mb in the nitrile-depaendent MO farmation in hypoxia is the
woll-known voracious capacity of decyioey-Ho and ME 1o
sCavaNga frea NI, gemnar with tha high concantraticn of tha
two profaeing in the ool (RBC ard myocyle, respectively); ths
srobkem must be addressed with high priarity Inother lissues,
nirile-deried NO producion is dus o tha acivily of bath
xanihing cxidase and aldeinyde oxddsse, bath balenging 10 he
family  of malybdenum-containing  protens ™ Thase
anzymes worg shown o groduce MO from nanie (100 w8)
ungar anasrobic condiions usng A recucng subsivata ke
BADH (500 uM); urder thess expanmantal condticns, whigh
may possibly reprocuce A pathological state in the issuas,
MO production in the presence of ferrous Hb has naot bean
absereed,

Ibis wiall known that milechandria axpesed 19 Mypoxia and
mepariuson with 0 gerarsa abundant and pobenialy
damaging reactve mongen species [RO5) The mspiralory
chain is drectly imoked in the irduction of some fypadc
nuckaar ganas (hypamic sigraing), As mcemly prapesed, ™
miteehondnally preduced MO funclions n a signaling patheay
1o the rudeus by reacting with the superadde produced by
oo mitocherdia, yielding perooyritrite (ONOO ], which
may directy or indiractly modify specitc proteins and activate

=t

-—
Fligure 1. Proposod mie of myogiobin as 2 NIRin the red muscie. ™
The MO procusasd By The MR sty of decaprmegiabin infibits Fe

respiraiory chain. Whon 1re complex | is inhibied, 1he production ol
FCXS i rocycsd, BERrEng & cyioprotactive efftecy

BecErhings S0EK: 1-F, 10 2008 ‘Nloy Perodicsh. e

96



CHAPTER 7. Attachments

E Cutruzzold of &l

hyomdc sigraling. Under siress condiliors, encugh NO
seams 1o Da produced from nitrite sithar deactly within tha
misochendia ™ or i the cytoplasm, as it oocurs N
ryocytes whene decay-Mb scts as a NIR™ ™ Thanestore,
irhibiticr of the respirtory electron lransport chain by NO
(and parficulary complex | and V) may be ervisaged as a
machanism limitng AOS-nduced call damaga under O
shortage and reperfusion. The correation between KIR
asctvity and cxidalive phosphoryation capacty in diffensm
ompans suggests that nitile serves 2 cell regulalory role (e.g.,
the moduiation of intermediary metabaism), ™ beyend ts
canAcy o alict ypoxic vasedilation 7

Ahough the present paper is focused manly on anmal
calls, il s worlh mentianing that KO sythesis from nitrite
coulid play A strabagic roks also in plants, whana no abvious
NOIS homalogue has wat been iertlied. ™ Several reparts
have shown that NO synthesis can be catalyzed by plarm
nirate  reductass ™ @ molybdenum-cartaining  ereyme
aRzocialed with nocgen assimilation; mareoves, also plant
Hi can proxduca NCH undar hypoeic conditions. ™"

Mitrite-derived NO production in
facultative aerobic bacteria

Az detalled above, in eukanyotes e convarsian of ritribe o
MO saems part of 8 corsarved regulalory masharism that is
abka 1o maien O homacsiasis 1o inlermsadiary mataoolsm
Tha congapt of meepemiory &daptaion in rasponse to
amaranmental changes, which in Eukarys is coming 1o gt
owver the last & years, = a wal-known feature of bactera that
ang A0 W TE-prOQEAM el mataDolsm w cope win O
avalabilsy A sirking sampla ¢an e lound in faculiativa
asrabes such as denitrifiers (including buman pathogens like
Pasudomonas ssruginosa and Nedssan maningiliais), which
ware Snown o adapt 10 ha vananie supply of Cu and nitratad
nilriie oy reguiating axprassion and aciity of the various
reductases irvabved in respiratory mesabolism.

Tha human pathcgen P. sanoginoss is responsible for
SEBME NDSoCoMEl inlections, in particular ino cheonic
raspiralory diseases such as cyslic fiorass, P asruginesa
is capable of anaerobic growth by respiration using niate o
e as lermiral slectron smcepters ™' (Fig. 2). ™0y and
Ny are prasent n the respiralory airsays of infeched
Incividuals and N0y, levels as high as 600 M hawve been
estmaled, a concentration thal is permissse for anaprabic
growth of P, saruginoss i wivs and i ws, During anaesobic
growth, F Aenainasa controls e lesals of RO by
archestrating &5 synthesis and degradation,™™ givan that
OWEFRPDOLCIOn may Ccause & mataolc suicda of tha
pull'ugﬂr.'u'Mm:wr. ilerabune dala suggest that axpasura
o 15 mild iy at p 6.5 kills & mucoid varant of P asraginesa
whigh i Bbundant in tha aineays of cyslic toais patients,”

BecEicinys 20K 1-F, 0 2008 Wiey Perodiceh. e
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Figure 2. The destifisation respratory chain o & seuginass The
imnslormation of nivate inte moloculir RRrgen i achioved by siop
wigs mchacon carned oul by four eguctaese. namaly nittsls recus-
tasa (NarGHI|, cdy MIR, NO mducase (NorCH), and nimus sddo
acuctisn (N0, In the case of NIR, which & locatedin the bactaral
periplasm and acoepls oiocinons from cyiochiome Cu. (O Cas:l, the
theps-cimensomal sructuse @ depiced [PDR code: TNIR)

suggesting that KO iself meny be imeolved in the antimicrabial
effpct. A peobsomic and microarrsy study carrisd ool on
P genginass™ cearly indicates Mat teatmant weh NO,
Ipads 1o acivaton of 1he denirilication ganes and of sevaral
oiher ganes invoheed in inlermediale metabolism.

In tha denitification patway NO is produced frem nitribe
by tha anzyma NIF, Twa distingt casses of naie rediuciasas
are found in bactera, both yiekiing NO as 1ha man product
The ba ypes of nixite reduchass (NIR) contain eithar coppar
(CuMIR) ar herme {ediMNIF) as cofsctor, the heme-conksining
BRI TS DCOETING more fregquenty.

In the prasent papan we locis on 1he machansm of nitrine
raduction oy odNIA Irom P, aaruginess [Pa-cd,NIRLS=1
We discuss the essential catalytic features of ths heme-
comainng encyme, giving specal atlenticn 1o the mechansm
imateed in avoicing prochict inkibitior, Gg, rapping of 1ha
activa-sile reduced hema by 1ha product MO, an ssuawhchis
still comroversial in eukaryotic hemeproteine acting as NiRs,
ard thus rebevant in the context of e presee ! discussion. A
daaied dascription of the machanism of noe redastion oy
GulIR 5 prasented eisewhers, 7%

Pa-cdiNIR is a hemodimer comaining ane c-hame ard
cewt d,-heme group in each subunit (Fig. 3A). The active site
contang the spacalized d.-nemea, o which e subsirate N0,
i5 Bound and reduced. ™ This colacior (Fig. 38) is unigue to
the cdiMIRE""*" ard s sythesiced we a specialized
pathway presemt anly in denifiers (strongly inducsd n
P garuginoss upon nirite tnestiment). Electrans ane frans-
teerad om cylocheoma cass 18 the c-hame meiaty of the
enryma, " and haraby imarnally o the acte site Fa (1) d,-
hame.

Mitrile reduction o NO is the physioogicaly relevan
activiy of o NIR™S*; indaad the axpression ol od:NIR is
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mduced by low O, tensions and presence of nitrogen
awidas.* " MO & produced affic enlly by Pa-cd. NiF [bumaver
numiar = 65" aF pH 7.0 and ha astiity 5 pH-gapandant
wilh an cpimum between pH 5.8 and §.5.77%% In the catalyic
eycle, nitrile birds to the fully reduced eneyme (o' &) and &
then reduced and dehydraled to yield RO The reduced d,-
nema was shown 1o bind ninle with  high APy
[Hap =5 ML ™ contrary 1 b-iype hama-comaining proteins,
This peculiar and physologically relevant featurne does not
anty depend on the unigue chamical structune of the d,-heme
nut also on the presenca of we corservad hislidings (His32T
and H5363} in the acive-site pocket. ™' Lipen mutagenests of
e lalter histidine residues inlo Ala, the affivity for nitrbe drops.
ard the lurroves rate is reduced 100-fold ™' The high afnity
tor nitrite of raduced Pa-co,MIiA has important implications far
1he catalytic mashanism as diecussed below

Similarly 1o alber ferrous bemeproteing, ™ the formatian
af $he comphx between KO and the reduced d,-bame might
e devimesal. Indesd, # electrens are translernsd from the -
nema 12 tha d-nems Defone MO dascciation, the o] MO
complax may vkl 8 “desd and” spacies."™" given Hhat NO
ainds tighthy 10 Sarous hemeprateins. ™ However, several
featuras of Pa-cd. kiR act in cancerl o limit this pobantialy
catastrophc avwant

First of all, the intaral alaciron translar rae & tighty
controled By an alostedic  mechanism ™ which =
sraposed b be mediated by a large corformational change
which noiudes tha dsseoation of tha famic ,-nema OH
igand upon raduchien ™ %! Nalaby whan e Fydrowide
igand s destablized by mutagenesis, a sgnifican increase
n the intamoscuar o-bo-d, eleciron Granster rale 5
absenmd =

Maost importantly, we hava racantdy shown that the rate
conslar of MO dssociation from reduced Pa-od:NIR = fast
fupta M0 s 1), which iz several ardens of magnitude greaber
than thai of hama D-comaining protans. Consequentty e

F. Gunnuzacii et al

Figurs 3. (A} Three-dimarmcnal structurs of the himoisanic Pa-cd, NIR ge obiaiosd by cry grachy Esch L] ol an
aila-helical domain comaining the c-home {inp) and a beta-propolier domain containing the d,<hema (Dotiom). (B) Chemical structure of the dy

affinity of Pa-cd,NIR for NO is lowered ard the ferrous
enzyme is not frmly inhibibed Gy MO 29 Nalewartby, nitrite
rechuction can sill ba monsored ater pra-incidation of
reclucad Pa-o NIR with NGL™

Wa have alsc shown (by rapid dretics) thal nitrile can
displace the MO bound to the ferrous enzyme. ™" allawing the
anFyme W eMMAr A rew cAtalytic cyclhe Tharedora, the high
alfinity of the aciive-sita fareys d;-heme lor nilrite is a cnacial
aspect of the catalylic mechansm which contributes o NO
dissociation. In agreement with this observation, if the affinity
ol Pa-cd,MNIF for nirite is decreased {as N the Hs350Al
mutant), tha ¢ d" NG denvalive accumulates. ™" The
abservation that MO and nitribe can competa for binding may
suggest thal the formation of M0y could in pringple ocowr,
8.3 i1 & reacton similar to that proposed for HE™™ This
avant is, howevar, highty unlkaly, mainly Decauss during
catalysis the di-heme S maintaned in the reduced state by
reernal slectron ransfer from the c-heme. Moreowes, even il
same famic d,-hems = farmed, this addation state has & low
affirity 1o nirte, ™ & lestura which Ialy limits furthes
FRGCION Wit frea MO b0 procuce MO,

In surmmary, the allostenc contral of the imernal electron
transler rate, the high affinity for nitrite and the exceptionaly
tast NCHaBES0cianen rahs ensang that, whan ninils & available,
nirle raduciacs is Active and can WAl s piysiclogical mola in
spite of the steady-stale production of KO

Conclusions

In eukaryates, smal amounls of nirsa have Dean gemon-
swated 0 awert polant cylopeohecive effects against IR-
melated lissus damage o owve possibly wa modulation af
mitechondnial furction. Thess findings may peve new roads
107 e geveinpmant of tharapautics. ™= Tha prysinicgical

BscEiruings S0EKF1-T, O 2009 Wiy Porodicsh. e
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effect cf nitrite is dus to ils corversion o MO by a variety aof
prosanslanzymes acting as MIRs, Several hameproteing,
ircluding Hb and Mo, nawve bean assigned a rola in this
protectve mechansm, Some conoarn shll remains since the
MO [produced from nitrite) must escapa entrapment by the
farrciss hemapraleins in order 10 reach its biclogical sangats,
This cifticudt problam has been someahal naglected based on

Rvinw Article

documertied in eckaryctes anly recently, may thenslore be
considened a vestigial functicr orginating tram the denitrtying
mealabaism and having baan aparative long balore the acvern
of werpbic respiraticn.

thae tact shat very low levels of NO are necessary %o fulfll its
rhi i Iivimg cells™*; thus evan  the majarity af nitrite-desived
MO was captured by Hb or Mb, enough NO would stil be
avalabie 1o githea reely adlsde me cal

In facultaive samoc baciana, such as P eeruginesa,
rifrite is used as an slectron accepiar and is cormverted 1o MO
by the spacalized class of here-coriainng ensymes
callad ooy NiFfis. " Tha mechanissc detais of the acwity
of e MIRs are beirg Lreavelad, highlighting tha essential roka
of the peculiar dy-heme, whoss presencs in thess enmymes
wias bo dale a mystery As mertioned above, the high affirity of
raduced dy-hame for nitria™! and e excepranally tasl MO
disseciation™ are radamarks of the d,-nama, and are fured
bry twa corsareed histidines prasant in the sctve sibe of Pa-
cd, NI, Wi hive recertly proposed™ that ancent hemaes,
siach as tha di-hema of cdq-MIA or the sirohema of bactarial
angd plant nitie and sUne reduclases, ane moealar oesls
which hanve surdved evolutionary sressure because |heir
rele i strategic 1o the anganism where they are found today.
Tha paculiar ND dssociation propansity of the reduced .-
hama of P, saviginass odNIF B 8 companant of this shrategy,
whizh coidd ned be achigved by the more comman B-Iypa
heme.

Finally, the evidence that MIR actwilies catalyred by
anzymas with diterant caliular mies and bicchamical featuras
still axist today highights tha impartance of nilita in calular
hameastass. We suppart the hypothesis, slready put fanvand
bry other authars, 55557 shae she ritrite-based reactions of
comamoarary mammalian calls are A veeslge of aarier
bochamical pathways of proxaryones, In alukanyones tha sama
sigraling cascade is actwated by both the MO desived from
ritrite (a5 in ancient prokaryobes) and that groduced by MOS.
This may sufpas! that an ancestral MO-dependant signaling
CRECACH WaS Araady prasant whan tha anly scurea of MO was
riibrite.

The warky availabiity of MO ard its cxidation products
(nifrate and Airte) in the primandal atmosphare has been
damonsTaten axpanmantally = Ingend i 5 accapied that
nitrabas and nirites were avalable long before the advert
of Oy and wers pmployed as electron acceptors by @ set of
“ancianl” enangy-corearting eraymas closaly ralaled o thasa
faund in contampanary denitriticatan, The onginal hypolhesis
by Sarssiw and coworkars, ™ wha proposed that cxidases
have evabved fram NO-reduciases, bas gained acceptance
with lime as woeiments yiekded maone nebevan dat, 70
Tra reduction of niifte 1o MO undier Rypods condions,

BieEsisrys S8 1-T, 10 2002 Wiley Poroxical. e

da Canso (Rome, Ialy) is
m.bu'lulh' u.:kﬂwbdgud far salful techrical assstancs.
This wark wias sugporbed by granks from the Minstaro [sira-
zione. Unwersth & Ficerca of Haly (REMO4FWK_000,
RBLACGRIKT 004 ard 2I074TJIZE Q05 to MB, ard
RBINGAPWH_O02 to FC.) and from the Faculty of Medidre,
Unieersity of Bome (Rome, Baky).
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