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Foreword

This dissertation comprises research work performed under the supervision of
Prof. Miguel Teixeira, in the Metalloproteins and Bioenergetics Laboratory from
the Instituto de Tecnologia Quimica e Bioldgica, Universidade Nova de Lisboa,
and Prof. Paolo Sarti, in the Dipartimento di Scienze Biochimiche “A. Rossi
Fanelli” from the Universita degli Studi di Roma, “La Sapienza”. This close
collaboration was formalized by an agreement of the two Universities by
transforming this dissertation in a European Label PhD.

The work here reported concerns recent developments on the knowledge about
the family of flavodiiron proteins, and describes the steps that led to the
establishment of a role for these proteins in nitric oxide detoxification. The
initially proposed role of these proteins in oxygen scavenging in anaerobes
should still be considered, as suggested by recent reports. Therefore, this
dissertation focuses not only on the growing evidence for a role of flavodiiron
proteins in nitric oxide detoxification, but also on the ambiguity of NO vs. Oz
reductase activities of these proteins.

The thesis is organized as follows: the introduction is split in two chapters, one
focusing on general aspects of nitric oxide biochemistry, and a second one
concerning the flavodiiron proteins family. The introduction is followed by
several chapters based on original publications, and the thesis closes with a

discussion chapter that integrates the described results.
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Dissertation Abstract

This dissertation portrays recent developments on the knowledge of a protein
family whose once elusive role is presently clearer, although still prone to
discussion. The family of Flavodiiron Proteins (FDPs), initially thought to protect
anaerobes from oxygen exposure, have been proposed to have a role in nitric
oxide detoxification. The main object of study of this dissertation, Escherichia coli
Flavorubredoxin (FIRd) made a large contribution to establish this role. FIRd was
the first member of the FDP family to be assigned as an NO reductase, followed
by the demonstration of the same activity in other FDPs, although a role in
oxygen scavenging by other FDP family members has to be considered.

On the basis of its primary structure, E. coli flavorubredoxin is a modular protein,
composed by the flavodiiron structural core and a rubredoxin (Rd) domain fused
at the C-terminus. The flavodiiron core, which defines this protein family, is built
by a C-terminal FMN-binding flavodoxin domain fused with a P-lactamase
domain, that harbours a non-haem diiron centre (the active site of NO/O:
reduction), with carboxylate and histidine residues in the first coordination
sphere. Consistent with the cofactor content inferred from the protein sequence,
homologously-expressed recombinant FIRd is isolated (as a homotetramer, ~54
kDa/monomer) with ~3 Fe/monomer (one from the [Fe-Cyss] centre in the
rubredoxin domain and two from the non-haem diiron centre), and ~1 mol
FMN/monomer. The complexity of FIRd’s modular arrangement led to the
construction of two truncated versions of FIRd: one consisting on its flavodiiron
core (thus named FDP-D) and another consisting of the rubredoxin domain
(Rd-D).

Spectroscopic studies on flavorubredoxin were consistent with the cofactor
content. The visible spectrum of FIRd is dominated by the flavin moiety and the
[Fe-Cyss] centre from the Rd domain, yielding bands with maxima at ~380 nm

and ~470 nm. A broader and less intense band at A>550 nm is almost exclusively
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attributed to the Rd domain. Apparently, no signature in the visible spectrum of
FIRd can be assigned to the non-haem diiron centre. Despite the conservation of
the diiron ligands in FIRd and the iron quantifications, undisputable evidence for
the non-haem diiron centre arose from EPR studies, where resonances
characteristic of a mixed valence Fe'-Fe!! centre (rhombic signal with g values <2)
was detected by mild chemical reduction and in the course of redox titrations, of
both FIRd and its FDP domain.

Flavorubredoxin is part of an electron transfer (eT) chain that couples NADH
oxidation to NO reduction and includes an FAD-binding NADH oxidase, thus
named NADH:flavorubredoxin oxidoreductase (FIRd-Red). As the name
indicates, FIRd-Red accepts electrons from NADH (as the primary source of
reducing equivalents for this eT chain) and transfers those to FIRd, the
rubredoxin domain being the electron entry point. With the spectroscopic
footprints assigned to the FIRd and FIRd-Red cofactors, the functional properties
of the electron transfer chain were studied in terms of its thermodynamic and
kinetic parameters. The redox (thermodynamic) properties were studied by a
combination of potentiometric and spectroscopic techniques, namely UV-visible
and EPR spectroscopies. Studies on the truncated domains were essential to
deconvolute part of the results obtained for the full-length FIRd. To test the effect
of the interacting partners on the properties of each other, redox titrations were
performed with the as isolated proteins and in stoichiometric mixtures.
Interestingly, whereas the reduction potentials of the flavin cofactors in both
proteins (FAD in FIRd-Red and FMN in FIRd) remained essentially unaltered
(Em'FADo/FADsa: -240 mV; Eo’FMNa/FMNs: -40 mV, Eo’FMNs/FMNra: -130 mV), the
reduction potentials of the iron centres in FIRd were significantly altered, with
possible functional implications. The reduction potential of Rd’s [Fe-Cyss] centre
increased from -123 mV to -65 mV in the presence of the reductase partner, and

the diiron centre reduction potentials increased from -20 mV to +20 mV (for the
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Fell-Fell/Fell-Fell step) and —90 to -50 mV (for the Fe-Fel/Fel-Fe! step). On the
basis of the observed modulation of FIRd’s reduction potentials by its interacting
partner, it could be envisaged an eT mechanism where electrons entering at the
rubredoxin site could be shuttled in consecutive one-electron steps to the diiron
active site via partially reduced FMN (FMN semiquinone, FMNsq), possibly
without achieving full reduction of FMN. This would imply a 4-electron load for
the “fully” reduced enzyme, sufficient to catalyze either NO or oxygen reduction
to N20 or water, respectively.

The proposed intra-molecular eT mechanism was further assessed through
kinetics studies, by performing stopped-flow absorption spectroscopy
experiments. In these studies, the reaction of NADH with oxidized FIRd-Red, and
the interaction between reduced FIRd-Red and oxidized FIRd, were investigated.
NADH (but not NADPH) was shown to efficiently reduce FIRd-Red (k=5.5 +2.2
x 106 M-1s't at 5°C), with a limiting rate of 255 + 17 s, in a process essentially pH
independent (in the 5-8 pH range) and slightly ionic strength dependent.
Furthermore, reduced FIRd-Red quickly reduced FIRd (k ~1 x 107 M-'s1), with the
reaction being significantly dependent on both pH and ionic strength.
Interestingly, the combined kinetic and spectroscopic data point for the end-point
of FIRd reduction by FIRd-Red to be in fact the semiquinone state of FMN, i.e., in
accordance with the above mentioned thermodynamic properties. Moreover, the
corresponding 4-electron load of reduced FIRd is corroborated by the reaction
rates working on the truncated protein consisting only of the rubredoxin domain.
Altogether, these observations point for a finely tuned eT chain, where FIRd-Red
efficiently shuttles electrons from NADH to the Rd domain of FIRd, the FMN
semiquinone acting as a one-electron shuttle between the Rd centre and the diiron
site, the three centres being in very fast redox equilibration. Preclusion of FMN
full reduction during the reaction cycle may contribute to prevent enzyme

inactivation, as it has been observed in other modular proteins where FMNsq acts
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as one-electron shuttle.

Flavorubredoxin and its reductase partner are encoded in a dicistronic
transcriptional unit, which is under the regulation of the adjacent yet divergently
transcribed NorR, harbouring an NO-sensing non-haem Fe. This observation led
to the proposal of a role of FIRd in NO detoxification, on the basis of molecular
genetics studies and further confirmed by the in vitro reconstitution of the eT
chain coupling NADH oxidation to NO reduction. By amperometric
measurements with an NO-specific electrode, FIRd was shown to be an efficient
NO reductase, with an activity (~15 s) in the range of respiratory haem bs- non-
haem Fe NO reductases. The relevance of FIRd in NO detoxification in
anaerobically-grown E. coli (as well as other FDPs and their respective organisms)
was further demonstrated by transcriptional studies.

Studies were performed also on FDPs from other organisms, namely the
Desulfovibrio gigas rubredoxin:oxygen oxidoreductase (Dg_ROOQO, the first member
of this protein family to be characterized and whose structure revealed the
flavodiiron core), and the FDP from the cyanobacterium Synechocystis sp.
PCC6803.

The nature of the interaction between Dg_ROO and its rubredoxin redox partner
was investigated by steady-state kinetics to correlate with modelling studies. The
bell-shaped dependence of eT rates between Rd and Dg_ROO suggest a non-
trivial electrostatic interaction, which the modelling results assign to a
contribution of acidic residues from Rd and basic residues from Dg_ROO (at their
surfaces), as well as to non-polar interactions. The initially proposed role of
Dg_ROO in oxygen detoxification was assayed in a comparative fashion with a
possible role in nitric oxide detoxification. The recombinant enzyme was shown
to be an efficient in vitro NO and oxygen reductase (with reduced rubredoxin as
the electron donor), the latter activity being far greater than the former.

On the basis of sequence analyses, it is observed that the FDP from Synechocystis
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sp. PCC6803 (Ss_ATF) has a C-terminal NADH:flavin oxidoreductase module
fused to the flavodiiron core. This extra module is common to the other 3 FDPs
encoded in the genome of this organism, similarly to other cyanobacteria that also
have multiple copies of FDPs in their genomes. Ss_FDP was heterologously over-
expressed and its biochemical and spectroscopic characterization revealed the
sub-stoichiometric presence of two flavins per monomer (the analyses revealed
the presence of both FMN and FAD), one for each flavin binding domain, and
~1.9 Fe/monomer, consistent with a fully loaded diiron site. Ss_FDP displays a
preference for NADH in comparison with NADPH, and it catalyzes the reduction
of oxygen to water.

The results herein presented for the different flavodiiron proteins, with special
emphasis on the E. coli flavorubredoxin, are discussed in the perspective of a role
in nitric oxide detoxification with possible implications in the subversion of the
host immune system by pathogenic microbes. The ambiguity of nitric oxide
versus oxygen reduction by FDPs is framed with the available structural and

functional data for different members of this protein family.
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Resumo da Dissertacdo

Esta dissertacdo retrata desenvolvimentos recentes no conhecimento de uma
famila proteica cuja fun¢do outrora desconhecida é presentemente mais clara,
embora ainda sendo alvo de discussdo. Inicialmente, pensava-se que a familia de
Proteinas Flavodiférricas (FDPs) protegia organismos anaerobicos da exposigao a
oxigénio, tendo sido mais tarde proposto um papel na destoxificagdo de dxido
nitrico (NO). O principal objecto de estudo desta dissertacao, a flavorubredoxina
(FIRd) de Escherichia coli, contribuiu significativamente para a atribui¢ao desta
funcao a familia das FDPs. A FIRd foi o primeiro membro da familia das FDPs a
ser considerado uma redutase do NO, seguida da demonstracido da mesma
actividade noutras FDPs, embora um papel na destoxificacdo de oxigénio deva
ser considerado.

Com base na estrutura primaria, a FIRd de E. coli é uma proteina modular,
composta pela unidade estrutural flavodiférrica e um dominio rubredoxina (Rd)
fundido no C-terminus. O dominio flavodiférrico, que define esta familia de
proteinas, é composto por um dominio flavodoxina C-terminal (que liga FMN),
fundido com um dominio metalo-B-lactamase, que liga um centro diférrico ndo-
hémico (o centro activo de redugdo de NO e/ou O2) com residuos carboxilato e
histidina na primeira esfera de coordenacao do Fe. De acordo com o contetiddo em
cofactores deduzido pela sequéncia proteica, a FIRd recombinante, sobre-expressa
homologamente, € isolada (como um homo-tetramero, ~54kDa/monémero) com
~3 Fe/mondémero (um do centro [Fe-Ciss] do dominio rubredoxina e dois do
centro binuclear de ferro nao-hémico), e ~1 FMN/mondmero. A complexidade da
disposi¢ao modular da FIRd levou a coonstrugao de duas versdes truncadas da
mesma: uma consistindo do seu dominio flavodiférrico (chamada FDP-D) e outra
consistindo do seu dominio rubredoxina (Rd-D).

Estudos espectroscopicos da FIRd estdio de acordo com os cofactores

determinados para esta proteina. O espectro de visivel da FIRd é dominado pelo
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cofactor flavinico e pelo centro [Fe-Ciss] do dominio Rd, resultando em bandas
com maximos a A~380 nm e A~470 nm. Uma banda alargada e de menor
intensidade a A>550 nm é atribuida quase exclusivamente ao dominio Rd.
Aparentemente, nenhuma evidéncia no espectro de visivel da FIRd pode ser
atribuida ao centro binuclear de ferro nao-hémico. Apesar da conservagao dos
ligandos do centro binuclear e das quantificagdes de ferro, provas irrefutaveis da
presenca do centro foram obtidos com estudos espectroscopicos de ressonancia
paramagneética electrénica (EPR). Por redugiao quimica e no decorrer de titulacdes
redox, detectaram-se ressonancias caracteristicas de um centro de valéncia mista
Fell-Fell (sinal rombico com valores de g<2).

A flavorubredoxina faz parte de uma cadeia de transferéncia electrénica que
acopla a oxidagdo de NADH a redugao de NO, que inclui uma NADH oxidase
(que liga FAD) denominada NADH:flavorubredoxina oxidoredutase (FIRd-Red).
A FIRd-Red aceita electrdes do NADH e transfere-os para a FIRd, sendo que o
dominio Rd é o ponto de entrada de electroes na FIRd. Com as caracteristicas
espectrais de cada cofactor da FIRd e da FIRd-Red atribuidas, estudaram-se as
propriedades funcionais desta cadeia de transferéncia electrénica, nomeadamente
os parametros termodinamicos e cinéticos. As propriedades redox foram
determinadas por wuma combinacdo de técnicas potenciométricas e
espectroscopicas (UV-visivel e EPR). Estudos com os dominios truncados foram
essenciais para a desconvolucao dos resultados obtidos com a FIRd intacta. Para
testar o efeito de cada parceiro redox em interacgao nas propriedades do outro,
titulagdes redox foram efectuadas com as proteinas isoladas e com uma mistura
estequiométrica de ambas. E com interesse que se verifica que os potenciais dos
cofactores flavinicos de ambas as proteinas (FAD na FIRd-Red e FNM na FIRd) se
mantém praticamente inalterados (Em'FADe/FADr: -240 mV; Eo’ FMNex/FMNsy: -40 mV,
Eo'FMN=/FMNra: -130 mV), ao passo que os potenciais dos dois centros de ferro da

FIRd sofrem alteragdes com possiveis implicacdes funcionais. O potencial de
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redugao do centro [Fe-Cyss] aumentou de -123 mV para -65 mV na presenca do
parceiro FIRd-Red, e os potenciais do centro binuclear de ferro aumentaram de
-20 mV para +20 mV (para o passo Fe'-Fell/Fell-Fe!') e de -90 mV para -50 mV
(para o passo Fe'-Fell/Fel-Fe"). Com base na modulacdo pela FIRd-Red dos
potenciais de redu¢ao da FIRd, um mecanismo de transferéncia electrénica pode
ser idealizado, em que os electrdes que entram na FIRd pelo dominio Rd sdo
transferidos em passos consecutivos de um electrdo para o centro binuclear de
ferro, através do FMN parcialmente reduzido (semiquinona de FMN, FMNsq),
possivelmente sem atingir reducdo completa do FMN. Tal implicaria uma carga
total de 4 electrdes para a FIRd “totalmente” reduzida, suficiente para catalizar a
redugao de NO ou Oz a N20 ou Hz0, respectivamente.

O mecanismo de transferéncia electrénica intra-molecular foi analisado através de
estudos cinéticos, por espectroscopia de absorcao de fluxo interrompido. Nestes
estudos, estudaram-se a reaccdo do NADH com a FIRd-Red, e a interac¢do entre
FIRd-Red reduzida e FIRd oxidada. Demonstrou-se a eficiéncia com que o NADH
(mas nao o NADPH) reduz a FIRd-Red (k = 5.5 + 2.2 x 10¢ M1s! at 5°C), num
processo independente do pH na gama de 5.0 a 8.0 e relativamente dependente
da for¢a idnica. Paralelamente, demonstrou-se que a FIRd-Red reduz
eficientemente a FIRd (k ~1 x 107 M's?), sendo que a reac¢do depende
significativamente do pH e forca idénica. Os dados cinéticos e espectroscopicos
combinados apontam para que o estado semiquinona do FMN da FIRd seja o
ponto-final da reducdo da FIRd pela FIRd-Red, corroborando desta forma a
proposta mecanistica baseada apenas nas propriedades redox. Em suma, os
resultados dos estudos termodinamicos e cinéticos demonstram uma cadeia de
transferéncia electrénica afinada, em que a FIRd-Red transfere eficientemente
electrdes para o dominio Rd da FIRd, onde o estado semiquinona do FMN
transfere um electrao de cada vez do dominio Rd para o centro binuclear de ferro,

sendo que os trés cofactores estardo em rapido equilibrio redox.
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A flavorubredoxina e a sua parceira redutase estao codificadas por dois genes que
formam uma unidade transcripcional dicistrénica, sob a regulagao do produto do
gene adjacente (norR), que é transcrito na direccao oposta. Esta observagao levou
a proposta de um papel da FIRd na destoxificagdo de NO, com base em estudos
de genética molecular, posteriormente confirmados pela medicao in vitro da
actividade NO redutase da FIRd (com electrdes provenientes do NADH, via
FIRd-Red). Por ensaios amperométricos, demonstrou-se que a FIRd é uma NO
redutase eficiente, com uma actividade (~15 s) dentro da gama de valores para as
NO redutases respiratdrias. A relevancia da FIRd na destoxificagao de NO em E.
coli crescendo em anaerobiose foi subsequentemente confirmada por estudos
transcripcionais, assim como foi observado para outras FDPs de diferentes
organismos.

Estudos foram realizados com as FDPs de Desulfovibrio gigas (denominada por
ROO, rubredoxina:oxigénio oxidoredutase) e da cianobactéria Synechocystis sp.
PCC6803 (denominada Ss_ATF).

A base molecular da interac¢ao entre a ROO de D. gigas e a rubredoxina (o seu
parceiro redox) foi estudada pela correlagdo de dados de cinéticas de estado
estaciondrio e de simulagdes e modelagao proteica. A forma da dependéncia das
taxas de transferéncia electronica entre a Rd e a ROO sugerem uma interacgao
electrostatica ndo trivial, que os resultados de modelagao atribuem a uma
contribuicio de residuos acidicos a superficie da Rd e residuos basicos a
superficie da ROO e a uma contribui¢do de interac¢des nao polares. A ROO
recombinante é dotada de actividades NO e O: redutase significativas, sendo
mais eficiente com oxigénio como substrato.

Com base em andlises de sequéncias, observa-se que as FDPs da cianobactéria
Synechocystis sp. PCC6803 tém um modulo C-terminal com caracteristicas de
proteinas do tipo NAD(P)H:flavina oxidoredutase fundido a unidade estrutural

flavodiférrica. A Ss_ATF sobre-expressa heterologamente é isolada com ~1.9
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Fe/mondémero e um contetildo sub-estequiométrico de dois tipos de flavina: FMN
e FAD. A Ss_ATF demonstra a capacidade de oxidar per se NAD(P)H, com
preferéncia para o NADH, catalizando a reducao de oxigénio a agua.

Os resultados expostos nesta dissertacao para as diferentes FDPs, com especial
énfase relativamente a flavorubredoxin de E. coli, sdo discutidos na perspectiva
de um papel na destoxificacao de NO, com possiveis implicagdes na subversao do
sistema imunitario por parte de microrganismos patogénicos. A ambiguidade da
reducao de NO e de Oz catalizadas por FDPs sao enquadradas com os dados

estruturais e funcionais presentemente disponiveis.

XX
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Chemistry and Biology of Nitric Oxide

1. CHEMISTRY AND BIOLOGY OF NITRIC OXIDE

1.1 HISTORIC BACKGROUND OF NITRIC OXIDE

The discovery of nitric oxide (NO) is associated with various incidents at the
chemistry laboratories of some of the eminent “giants” on whose shoulders
scientists now stand. The first to report its preparation was Jan Baptist van
Helmont in 1620 whereas, in the 1660s, Boyle and Hooke generated NO by
heating “nitre” (potassium nitrate) with glowing charcoal in the absence of air,
describing it as a “volatile nitre” in the air, or nitrous air. In 1772, the gifted
Joseph Priestley significantly contributed to the knowledge on NO, while
studying the properties of “nitrous air”, generated by adding “spirit of nitre”
(nitric acid) to various metals. Among other observations, Priestley reported that
“nitrous air” did not support plant growth, it reduced putrefaction and that water
impregnated with it had an acid taste. His studies led to the development of a
device for measuring the “purity” of air. All of
this only added to Priestley’s long list of
achievements concerning studies with gases,
such as his discovery of oxygen and carbon
dioxide. Nitric oxide gained its present
designation in 1806, according to ]J. A. Murray’s
description “nitrous air”. In the 1840s Walter
Crum described the production of pure NO by

shaking together nitric acid, concentrated

sulphuric acid and mercury (1). The intrinsically

Priestley

complex chemistry of NO reflects itself in the
intricate biological processes in which NO is involved, that ultimately led to its
nomination as Molecule of the Year in 1992, and to the attribution of the 1998

Nobel Prize of Medicine to R. Furchgott, L. Ignarro and F. Murad.
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1.2 PHYSICAL-CHEMICAL PROPERTIES OF NITRIC OXIDE

Nitric oxide (NO) displays the behaviour of an atypical molecule due to several of

its physical-chemical properties, part of which are listed in table 1.1.

Table 1.1 - Physical-Chemical Properties of Nitric Oxide
Boiling Point, To -151.74°C

Enthalpy of Vaporization, AvapH (at Tv) | 13.83 kJ/mol

Dielectric Constant or Permitivity, € 1.00060

Permanent Dipole Moment, u 0.159 D

SOlubﬂity in Water (Molar Fraction In X1=-62.81 + 82.34/T* + 22.81In T*
expression, valid between 273.15 and 358.15°C) (T*=T/100 K)

At room temperature and pressure, NO is a colourless gas, with a relatively low
solubility in water (~2 mM at room temperature), as expected from its essentially
apolar nature. In fact, no hydration reaction occurs with NO. Its solubility is
higher in organic solvents ranging from ~3 mM.atm™ (in DMSO) to 15 mM.atm!
(in ciclohexane) (2).

The hydrophobicity of nitric oxide is crucial for its physiological functions, since
it allows NO to freely diffuse through the cell boundaries, the hydrophobic milieu
of cell and organelle membranes. In the cytoplasm, it moves with a diffusion
coefficient of 4.8 x 10 cm?2s™ in aqueous solution, at 37° C. Alike oxygen, NO is
lipo-soluble, which contributes to higher rates for reactions involving NO
occurring in hydrophobic environments.

Nitric oxide has eleven valence shell electrons, as illustrated in the molecular

orbital diagram (Fig. 1.3), hence its radical nature.
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The electronic structure of nitric oxide

N — Q _ o is KK(US)Z(U*s)z(ﬂxy)4(0'z)2(7'(*xy)1,
Ty

2p _®®®{" Y according to the molecular orbital

% OOO-2

RS - A GUO-2p terminology. Because of the single

— 0 electron located at the anti-bonding
O

2s —@—:;\‘; Os “‘:;_®_ 2g Tt*y, NO has a net bond order of 2.5,

| ® os which is consistent with a bond length

of 1.150 A, intermediate between the
Figure 1.2 — Molecular orbital diagram for NO.

double bond of oxygen (O2) and the
triple bond of nitrogen (N2). Theoretical studies confirm the localization of the
unpaired electron in a * orbital. The radical is shared between the nitrogen and
the oxygen, although the N atom has a higher orbital coefficient, hence why most
of the observed radical chemistry takes place at the N atom. Despite of its radical
nature, NO does not readily dimerize at room temperature and pressure.
Although dimerization would satisfy the octet rule regarding the Lewis notation
(Fig 1.3), in this process there is no net
bond order gain (the overall bond order ‘N- + -:O-——-N: :O:
becomes 5) and entropy favours the

Figure 1.3 — Lewis dot structure of nitric

monomer over the dimer. oxide.

NO is the second in the IUPAC series of nitrogen gases, assigned according to the

oxidation state of the N atom.

N,O <> NO <—> N,0, <—=> NO,/N,0, <—=> N,0O;
Nitrous Oxide Nitric Oxide Dinitrogen Trioxide Nitrogen Dioxide / Dimer Dinitrogen Pentoxide

(N > +1) (N> +2) (N > +3) (N > +4) (N > +5)
Figure 1.4 — IUPAC series of NyOx gases with different oxidation states of the N atom.
Nitrite (NOz) has the same oxidation state as N20s, whereas nitrate (NOs") has the
same oxidation state of N20s. Nitrogen is a versatile element in the sense that it

can harbour several other oxidation states, such as in molecular nitrogen (N2, 0),
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hydroxylamine (NH20H, -1), hydrazine (N2H4, -2) and ammonia (NHs, -3). This
range of oxidation states gives nitrogen and its intricate chemistry a relevant role

in many biological processes.

1.3 REACTIONS AND REACTIVITY OF NITRIC OXIDE

As mentioned above, NO has a number of properties that make this molecule
reactive towards a diversity of organic and inorganic compounds. In this section
some of these reactions are described, with special emphasis on those that are
relevant for biological processes, either through the direct action of the NO

molecule or by NO-derived products.

Autoxidation of NO

The oxygen molecule Oz has two unpaired electrons, corresponding to a ground
state triplet, therefore having properties of a biradical, and reacting with other
radical species. In the gas phase, the reaction of NO with O: involves two
equivalents of NO and yields two equivalents of nitrogen dioxide, NOz. Since Oz
has two unpaired electrons and NO has one, the product NO: has still one
unpaired electron and can thus react further, being in fact a potent oxidant, unlike
NO. NOz2 reacts with ascorbate, phenol and thiols, with rate constants in the order
of 107-108 M.s.,, and as an example, it generates nitrotyrosine by primarily
producing the phenoxyl radical followed by a second NO:z molecule completing
the nitration reaction (3). The production of NO: by the reaction of NO with O2
can ultimately lead to the formation of higher N-oxides such as dinitrogen
trioxide and dinitrogen dioxide.

In aqueous solution, the reaction of NO with oxygen yields nitrite, according to
the reaction scheme:

4NO + Oz + 2H20 - 4 HNO: (product is 100% nitrite)
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The kinetics of this reaction have been the subject of diverse studies and rate
expressions have been established for the loss of Oz (-d[O2]/dt = k[NOJ}[O2]) and
NO (-d[NOJ/dt = 4k[NOJ?[Oz2]), with k ~ 2 x 106 M2.s (at 25°C).

Nitrite has important chemical features with physiological implications (apart
from being an intermediate of microbial denitrification), mainly in two different
processes. On the one hand, under mild acidic conditions, nitrite can be
protonated yielding N2Os, which is a strong electrophile able to nitrosate several
nucleophiles at high rates, such as amines and thiols. On the other hand, the
reaction of nitrite with oxyhemoproteins is of physiological relevance due to the
formation of highly reactive intermediates, both higher N-oxides and high valent
metaloxo species. Whereas nitrite (and nitrate) metabolism by denitrifying
commensals was considered in the past a source of carcinogenic compounds, it is
now proposed that the resulting RNS intermediates are in fact beneficial for the

host (4).

Reaction of NO with superoxide

The superoxide anion, Oz, is a reactive oxygen species (see Chapter 2) that has
one unpaired electron occupying a 7* antibonding orbital, which accounts for the
readiness of its reaction with nitric oxide, yielding peroxynitrite (ONOO) with a
rate constant close to the diffusion limit (5). The generation of peroxynitrite is
physiologically relevant in the perspective that simultaneous formation of
significant amounts of NO and Oz is associated with certain pathophysiological
conditions.

NO +0Oz2 = ONOO- < ONOOH
(pKa ~ 6.8)
The ability of NO to bind and react with metal-bound O: can be formally viewed

as the reaction of NO with O» (as observed in the reaction of NO with
oxyhemoglobin and oxymyoglobin), since the Oz bound to the ferrous globins can

be more accurately described as ferric-Oz complexes.
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The reported pKa of 6.8 for peroxynitrite/peroxynitrous acid (ONOO-/ONOOH)
implies that at physiological pH, a significant fraction of ONOOH is present. The
source of the high oxidizing power of both species is a matter of debate, although
one common proposal is the formation of the highly cytotoxic species nitrogen
dioxide (NO:) and hydroxyl radical (OH) upon decomposition of both ONOO-
and ONOOH to nitrate (NOs). The pathways and targets of peroxynitrite

cytotoxicity are described in the section devoted to the cytotoxic effects of NO.

Radical chemistry of NO

Due to its radical nature, NO reacts rapidly with species having unpaired
electrons, such as Oz, Oz and NOy, a property that allows NO to terminate radical
chain reactions by “quenching” other radical species. In fact, NO is somewhat
regarded as antioxidant in the sense that it can prevent lipid peroxidation by
oxygen, by acting as a chain terminating species, according to the reaction
scheme:

Lipid-OO- + NO = Lipid-OO-NO

By blocking the chain initiating species (Lipid-OO), NO prevents further damage
to the lipids. The effect of NO on metals that also catalyze this type of reactions is

described below.

Reactions of NO with metals

NO binding to metals can assume two different geometries, regarding the
M—N=0 bond, which is explained by different types of interaction of NO with
the metal ion (2). Likewise, bound NO can be formally viewed as nitrosonium
cation NO* or nitroxyl anion NO-, depending on the interaction type. The most
common bonding mode for metal nitrosyls corresponds to a linear geometry,

where the metal-NO bond consists of 0 donation from NO to the metal and =
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backbonding from the metal occupied d orbitals to the NO 7* antibonding orbital.
The bound NO in this geometry donates one electron to the metal and is thus
considered as NO* in electron counting terms. As for the bent geometry, the metal
is considered

Q & 5 to donate an electron to NO, yielding NO,

- that binds to the metal in a o interaction,
M<——N=0O0O

O v v placing an electron pair localized in an sp2

orbital at the nitrogen atom. Although the

metal-bound NO is merely formally

considered as NO- in the bent geometry and

M<+——N
* 1n the linear geometry, these different
NN NO* in the linear g y, these diff

120° - 140° bonding modes may account for different

Fig 1.5 - Metal-NO bond geometry properties and reactivities, namely linearly
metal-bound NO is more susceptible to nucleophilic attack, whereas the bent
geometry may favor electrophilic reactions. In both geometries, it is noteworthy
that the backbonding phenomenon accounts for a considerable portion of the
metal-NO bond strength. Due to its reactivity with metal centers, NO is regarded
both as a pro-oxidant and anti-oxidant, since it can reduce metal centers to a state
where these can trigger damaging reactions (e.g., the Fenton reaction), or it can
react with reduced metal centers and thus prevent other harmful processes.

Of notable importance in biological processes is the reaction of NO with the
haem-iron centers of haem proteins. Besides being an efficient ligand for ferrous
haems, NO can also bind — although with a lower affinity — to ferric haem, unlike
other diatomic ligands such as O: and CO. Another distinct feature of NO
binding to haem iron as compared to other diatomic ligands is that it labilizes the
trans axial ligand, a property that accounts for the elegance of NO mediated
biological processes. Due to the higher affinity of NO to ferrous haems in

comparison with ferric ones, the NO binding kinetics to haems depends on the
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iron oxidation state, but also on the surrounding environment of the haem
moiety. As an example, NO irreversibly binds to the ferrous form of myoglobin
with a rate constant of 1.7 x 107 M-1.s", to be compared with 1.9 x 105 M-.s* for NO
binding to the ferric metmyoglobin (and 13.6 s for the reverse reaction). The
many reactions of NO with haem proteins, either in beneficial signaling processes
or as a damaging molecule, will be discussed below in the appropriate sections.
The reaction of NO with iron-sulfur centers is more often than not a damaging
one and results in the disruption of the Fe-S center and the formation of a
dinitrosyl-iron-dithiol complex. These reactions and the resulting damages will be

discussed further below.

Reactions of NO with thiols
Physiological processes involving thiol chemistry are closely related to NO-
mediated processes. The direct oxidation of thiols by NO in anaerobic conditions
produces the corresponding di-sulfides, according to the reaction scheme:

2RSH +2NO - RSSR + N:0 + H20
Thiols can also be nitrosylated indirectly by NO in aerobic conditions (yielding S-
nitrosothiols), where higher N-oxides (such as N20s) are formed, or through the
action of a ferric haem nitrosyl, as depicted in the reaction schemes.

RSH + N203 2 RS—NO + NOz + H*

RSH + Fel!— (NO*)haem - RS—NO + Fel'haem + H*
Nitrosylated thiols (RSNO) can act as NO storage compounds that can give back a
sulthydryphilic compound, the electron-deficient nitrosonium cation (NO*). An
important aspect to take into account, when working with S-nitrosothiols, is the
photolability of the RS—NO bond, which results in the release of NO and the

corresponding thiyl radical.

10
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Chemistry of the nitroxyl anion, NO-/HNO
Nitroxyl was first proposed by Angeli to be the product of decomposition of
trioxodinitrate, NazN20s, nowadays designated as Angeli’s salt (6).
Na:N20s + H* 2 [NaHN20s] = HNO + NaNO:
HNO has also been proposed to be generated in the process of bacterial
denitrification. The base of HNO is nitroxyl anion, NO-, which is isoelectronic
with dioxygen and likewise can exist as an electronic triplet ®(NO-) or a singlet
('NO), the triplet being the electronic ground state, lower in energy than the
singlet. The pK. for HNO/?NO- is 11.4 (7) (initially reported to be 4.7 and later on
7.2) and therefore the predominating and relevant species at physiological pH is
HNO.
One aspect to take into consideration when dealing with HNO chemistry is its
dimerization which
HNO + HNO - [HONNOH] = N20 + H20
proceeds with a rate of 8 x 10¢ M..s? (8), lower than initially reported and thus
HNO is prone to be involved in physiologically relevant reactions prior to
dimerization. The reported reduction potential for the NO/ANO- pair is -0.8 V, but
since the predominating form at physiological pH is HNO, this causes an upshift
in this potential up to between -0.5 and -0.6V.
To determine the relevance of HNO reacting with biologically relevant molecules,
kinetics studies have been performed and the following series has been
established in decreasing rate constants:
oxymyoglobin (1 x 107 M's?) > glutathione (GSH), horseradish
peroxidase (2 x 10® M1.s1) > N-acetyl cysteine, CuZn-SOD, Mn-50D,
metmyoglobin, catalase (3-10 x 105 M.s1) > ferricytochrome c (8 x 10* M-
1.s1) > oxygen (3 x 10° M-1.s1).
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Noteworthy, the efficiency with which HNO reacts with deoxymyoglobin,
resulting in the formation of the HNO-Fe(II) complex, provides a valuable tool to

detect HNO, due to the characteristic spectral features.

1.4 BIOLOGICAL ASPECTS OF NITRIC OXIDE

This section provides an overview on 1) the sources of nitric oxide and related
species in living systems, 2) the biological and physiological effects of NO and 3)

the role of NO in the host-pathogen interaction.

Sources of Nitric Oxide in Biological Systems

Nitric oxide is produced abiotically in living systems by mild acidification of
nitrite, a process that is considered to be relevant in medical terms, since
intracellular acidosis often occurs after ischemia or shock, together with hypoxia,
leading to NO concentrations that can be higher than those produced
enzymatically (9). Biotically, nitric oxide is produced by two main routes: as an
intermediate in dissimilatory denitrification in certain microorganisms and as the
product of specialized enzymes for its synthesis and thus named NO synthases

(NOS). Each of this biotic NO sources are dealt with separately.

Denitrification is a most relevant process in the global nitrogen cycle carried
out by prokaryotes, which is depicted in figure 1.6 (reviewed in (10)).
This scheme is a simple representation of the chemical and biological processes
whereby nitrogen is introduced and removed from the biosphere. Whereas
dinitrogen fixation introduces nitrogen into the cycle, the process known as
denitrification is responsible for its removal. Denitrification is defined as the
dissimilatory conversion of nitrate and/or nitrite to gaseous species coupled to

energy conservation, in opposition to the assimilatory reduction (non-
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electrogenic) of the same anions to ammonia for biosynthetic pahways, allowing
at the same time to detoxify excess nitrite. In denitrifying organisms, the
denitrification enzymatic (O)N2

machinery is part of the
bioenergetic apparatus, where
the several substrates and

intermediates (nitrate, nitrite,

nitric oxide and nitrous oxide) Nitrification

CINH; > (INO,

Nitrate assimilation
Ammonification

serve as electron acceptors. An
N-oxide, instead of oxygen as
Fig. 1.6 — Biological nitrogen cycle.

in respiratory chains, is used

as electron acceptor, contributing in some cases to the generation of the
electrochemical gradient. In this sense, denitrification can be seen as the
respiration of nitrate and nitrite, coupled to the reduction of NO and N:0.
Denitrification is a widespread process among prokaryotes, present both in
bacteria and archaea (including extremophilic branches). Since nitric oxide is only
an intermediate of dissimilatory denitrification, only this process shall be dealt
with from this point on. The cartoon in Figure 1.7 (adapted from (10)) depicts the
enzymatic complexes involved in dissimilatory denitrification.

Two types of dissimilatory nitrate reductases are known, a respiratory one
embedded in the membrane and a periplasmic one ((10) and references therein).
The respiratory enzyme is only expressed in anaerobic conditions, whereas the
periplasmic one is expressed also in aerobiosis. The respiratory nitrate reductase
(known as NAR, its corresponding operon being narGH]JI) binds a molybdenum
cofactor as the active site of nitrate reduction, whereto electrons are shuttled
through the redox cofactors from the other sub-units: a haem b that accepts
electrons from quinol and a “wire” of Fe-S centers. NAR uses quinol generated by

the membrane-bound NADH dehydrogenase.
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N
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H
Figure 1.7 — Cartoon depicting the several enzymes involved in denitrification (adapted from (10))

The periplasmic soluble nitrate reductase (termed NAP, encoded by the
napEDABC operon) also reduces nitrate through a molybdenum cofactor, using
electrons delivered by soluble c-type cytochromes (which keep being reduced by
the bcr cytochrome). Since the nitrate reduction machinery is located at the
opposite site of where nitrite reduction takes place, transport systems for both
oxyanions are required.

As for nitrite reduction, two types of dissimilatory enzymes have been described,
although the two types are never present within the same cell (as opposed to
nitrate reductases, where the several types may co-exist) ((10) and references
therein). In both cases, the reaction product is nitric oxide, although their active
sites and reaction mechanisms are different. The tetra-haem cd1 NIR is located in
the periplasm. It is composed by two identical subunits, each one harbouring one
haem c and one haem di. The haem c is bound by two histidines and the haem D1
is bound by one histidine and one tyrosine, which is provided by a protruding
loop of the haem ¢ domain. This NIR accepts electrons both from azurin and
cytochrome css1. The other type of dissimilatory nitrite reductase is a copper-
binding nitrite enzyme termed as CuNIR, having two types of copper centers: a
type-1 center that is the electron entry point of the enzyme (with azurin and

pseudoazurin as the main electron donors) and a type-2 center, which is the site
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of nitrite reduction. The next step in dissimilatory denitrification is the reduction
of nitric oxide (NO) to nitrous oxide (N20), which is accomplished by a
membrane-bound NO reductase.
Since nitric oxide reduction by a novel family of nitric oxide reductases is the
scope of this thesis, it is appropriate to exploit at this point the properties of the
respiratory nitric oxide reductases. The reaction catalyzed by NORs involves
dimerization of NO and formation of an N,N bond, the overall reaction requiring
2 electrons (and two protons), since the formal oxidation states of nitrogen in NO
and N2O are +2 and +1, respectively.

2NO+2e +2H* > N20+H0
Respiratory NO reductases (NOR) (10-13) have been isolated from several
bacteria (such as Pseudomonas stutzeri and Paracoccus denitrificans) and genes
encoding for NORs can be found in the genomes of organisms capable of
dissimilatory denitrification (14). Since NO is generated in the periplasm during
the denitrification process, the fact that NOR is located in the inner membrane
prevents NO from reaching the cytoplasm. Therefore, NOR may act as a
protective enzyme, on top of contributing to the cellular metabolism in
bioenergetic terms. NOR was the last of the denitrification enzymes whose
molecular properties were determined. An important step for its isolation was the
understanding that it is not produced in aerobic cultures and that it has to be
isolated from cells grown under oxygen-limited or anaerobic conditions. NOR
activities are within turnover numbers of 61-70 s(15,16).
Protein sequence analysis of NORs leads to their division into two classes: short-
chain NORs (scNOR) with approximately 450 residues (comprising two subunits)
and long-chain NORs (IcNOR) of about 760 aminoacids (13). This classification
finds a parallel in the literature, where NORs are divided according to their
electron donor, since scNOR accept electrons from reduced cytochrome c and

1cNOR have quinol as their electron donor. Therefore, scNOR match the common
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terminology of cNOR and IcNOR is commonly referred to as qNOR. Regarding
the gene organization, the two subunits from scNORs are encoded by the genes
norB (encoding the catalytic subunit) and norC (the electron-accepting subunit),
while IcNORs single subunit is encoded by the gene norZ. Whereas the norZ gene
is usually isolated in a given genome, the norCB genes are usually associated with
ancillary genes in diverse manners (some of which with regulatory roles), the
most common one being norEFCBQD. scNOR is composed by the NorB catalytic
subunit and the c-type cytochrome NorC subunit, with sequence-deduced
molecular masses of 53 and 17 kDa, respectively. The high degree of
hydrophobicity of NorB, which is due to its predicted 12 trans-membrane helical
segments, makes its apparent mass (determined by electrophoresis) to be around
34-38 kDa. While the spectroscopic properties of scNOR revealed the presence of
haems B and C, the chemical analysis yielded more Fe than expected from the
haem content; possible FeS centers were ruled out due to the absence of an EPR
signal. An important development for the understanding of this enzyme was the
finding of the structural homology between the NorB subunit and the CcOx1
subunit of cytochrome oxygen:oxidoreductase, the terminal enzyme of the
oxygen respiratory chain. Indeed, structural models of NorB, generated by using
the crystallographic structure of Coxl as a template, place three conserved
histidines (His207 from helix VI and His258 and His259 from helix VII) as a
putative metal binding site, analogous to the active site copper Cus in cytochrome
oxidase. Altogether, these

NorB CcOx1

observations allowed to His

His
postulate that the active site 7 ‘ ‘ His His

of NO reduction in NorB is .
His

constituted by a high-spin
Figure 1.8 — Comparison of the binuclear centers of scNOR
haem b and a non-haem NorB subunit (haem-Fe non-haem Fe) and subunit 1 of

. .. CcOX (haem-Fe Cus).
iron, similarly to the haem-
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copper active site in respiratory oxygen reductases (Fig. 1.8) (17). The
stoichiometry of non-haem Fe with respect to haems b and c is thus 1:2:1. The
non-haem Fe in NorB makes a p-(hydr)oxo bridge with the high-spin haem b.
scNOR accepts electrons from cytochrome c¢ or (pseudo)azurin at the haem c
domain, which are shuttled to the low-spin haem b and further to the high-spin
haem : non-haem Fe active site, where NO reduction takes place. Proposed
reaction mechanisms will be dealt with in the Discussion section, in a comparative
fashion with the putative mechanisms of NO reduction by flavodiiron proteins.
IcNORs differ structurally from scNOR by several aspects. They lack the
cytochrome ¢ subunit, binding instead quinol as their electron donor, possibly at
the N-terminal extension corresponding to two extra trans-membrane helical
segments, in addition to their 12 helices that are similar to the scNOR NorB
subunit. The binuclear active site constituted by haem bs Fe and non-haem Fe is
also present in IcNOR, with the single exception of Pyrobaculum aerophilum NorZ
(18), which has haem o instead of haem bs at the diiron site.

The structural homology between NO reductases and oxygen reductases has been
the subject of some evolutionary theories concerning an early atmosphere rich in
N-oxides, where oxygen was absent and Fe? was available for bioactivity. The
atmosphere gradually became aerobic, oxidizing Fe? to Fe (much less soluble
and thus unavailable for biological systems) and Cu'* to Cu?* (in this case, the
change in oxidation state increasing the solubility and bio-availability). Although
attractive, these theories have some “lose threads” concerning the evolution of the
super-family of haem-copper oxidases per se. Another open issue also related to
oxygen reductases vs. NORs concerns proton pumping mechanisms. Although
NORs were considered non-electrogenic for a long time - unlike oxygen
reductases, which not only uptake protons to complete oxygen reduction to
water, but also translocate protons through across the membrane - there is

growing evidence for proton pumping in NORs (19-21). This creates a pitfall for
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the longstanding idea that the reduction of NO in denitrifiers was a non-
profitable reaction in energetic terms. Expression of NORs is mainly under the
regulation of Dnr and NnrR, both of which are members of the CRP (cyclic AMP-
receptor protein)-FNR (fumarate nitrate reductase protein) superfamily. One
exception is the Ralstonia eutropha NOR, which is regulated by NorR, an
observation that is at the genesis of the bulk of the work of this thesis, as
described in the next chapter.
Besides scNOR and 1cNOR, another type of denitrifying NOR has been identified
in fungi, with molecular properties completely different from the former. In 1991,
Shoun and co-workers (22) isolated a flavocytochrome from Fusarium oxysporum
with molecular and spectroscopic properties similar to those of P450
cytochromes, capable of efficiently coupling NADH oxidation to NO reduction
(to N20). The active site of NO reduction in P450nor is a haem ligated by a
cysteine thiolate, with a low redox potential (Em -307 mV in F. oxysporum
P450nor). The redox and structural features of the haem pocket result in a strong
binding of NO in the first step, eventually forming Fe(II)-NO*, whereto a second
NO molecule binds to yield N20. It is proposed that their occurrence in fungi
results from lateral gene transfer from bacteria in very early steps of evolution.
The final step in dissimilatory denitrification consists of the reduction of nitrous
oxide to dinitrogen, catalyzed by a copper enzyme named nitrous oxide
reductase (N20R).

N20 +2 e +2H* 2 N2+ H20
N20 reductase is a soluble enzyme located in the periplasm, which can be isolated
in different forms, depending on the presence of oxygen: form I, a purple species,
is isolated in the absence of oxygen, whereas the aerobically purified enzyme,
form II, is a pink species with decreased activity. In molecular terms, N20R is
composed of two identical subunits, harboring two types of copper centers: a

mixed-valent dinuclear Cu(A), which is the electron entry point, and a
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tetranuclear Cu(Z) center, the active site of N2O reduction and the first

catalytically active Cu-sulfur complex reported.

As mentioned above, microorganisms may face nitric oxide, not only as an
intermediate of denitrification pathways, but also as a product of specialized
enzymes for its synthesis, named NO synthases (NOS). Since the discovery of the
many physiological processes involving NO, much research efforts were directed
to the study of the enzymes responsible for its synthesis (reviewed in (23)).

Three different forms of NO synthases have been identified, highly homologous
within the human isoforms (51-57% sequence identity), although with different
localization, regulation and catalytic properties. Despite their differences, each
NOS isoform is encoded in a single copy gene in the haploid human genome. The
first to be identified was the neuronal NOS, nNOS (NOS-1). Then, the inducible
NOS, iNOS (NOS-2) was identified as being present in a wide variety of cells and
tissues. Later, the endothelial NOS, eNOS (NOS-3) was the first to be discovered
in vascular endothelial cells. Initially, the three types of NOS were divided in a
shallow manner based on the fact that nNOS and eNOS were constitutive and
calcium-dependent, whereas iNOS was inducible and calcium-independent.

In general terms, NO synthases are regarded as homodimers, although a
functional dimeric NOS will require the binding of two calmodulins (CaM),
making the enzyme a hetero-tetramer. Each monomer is composed of a reductase
domain, with relatively tightly bound FAD and FMN, and an oxygenase domain
that binds (6R)-5,6,7,8-tetrahydrobiopterin (BH4) and a haem b (iron
protoporhyrin IX). NOS catalyze the reaction of NADPH, L-arginine and O,
yielding nitric oxide and citrulline. NADPH oxidation occurs at the reductase
domain and electrons are subsequently transferred from the flavin moieties to the

haem in the oxygenase domain, where arginine and O2 react to give NO and
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citrulline. The two domains within each monomer are linked by a calmodulin
binding site.

The scheme in figure 1.9 depicts the reason for the homodimeric form (regardless
of CaM binding) being the functional unit, i.e., electrons are shuttled from the
reductase domain of one monomer to the oxygenase domain of the other
monomer. The structure of the human iNOS oxygenase domain (24,25) revealed
that the haem is penta-coordinate, with the proximal Cysxwo residue acting as an
axial ligand. The same structure revealed that the BH4 cavity is buried in the
protein and removed from solvent, although being near the dimer interface.
Unexpectedly, a zinc tetrathiolate was found at the dimer interface, proposed to
contribute to dimer stability (26). This stability factor is relevant for iNOS, since
only the oxygenase domain is involved in dimer formation in this NOS isoform,
whereas in nNOS and eNOS also the reductase domains may be involved in
dimerization.

As depicted by the scheme in Figure 1.9, the role of the flavin moieties (FAD and
FMN) from the reductase domain is to accept electrons from NADPH and
transfer them to the haem domain, essentially allowing a two electron donor to
donate electrons to a mono-electronic center, by stabilizing their flavin one-

electron reduced semiquinones.

Citrulline + NO It has been proposed that
Arginine + O,

el Dbetween the two
flavins may be where
napp  CaM thermodynamically
NADPH modulates NOS activity,

with eT being slower in

the absence of Ca?2-CaM.

Arginine + O,

. . N
Citrulline + NO The oxygenase domain

Fig. 1.9 - Domain arrangement and cofactor localization
in the functional nitric oxide synthase homodimer. shares similarities with
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P450 cytochomes in the sense that the haems in each of these protein families
have a thiolate ligand (from a cysteine). Indeed the two enzymes have been
proposed to operate with similar reaction mechanisms. However, a distinct
structural feature is that NOSs have a tryptophan hydrogen-bonded to the heam
thiolate, which may have mechanistic implications.
Although it is widely accepted that nitric oxide is the reaction product of NO
synthases — hence their name - this is still a matter of debate, with growing and
disputed evidence for different reaction products, such as nitroxyl (in fact, its
protonated form, HNO) or peroxynitrite, which are still reactive nitrogen species
endowed with cytotoxic activities (23). This does not however change the
observation that cells and tissues where NOS are located can produce NO, in
spite of the enzymes’ reaction product. It should be noted that if it becomes
accepted that different isoforms with different localizations can generate distinct
reactive nitrogen species, it is then essential to understand the physiological
implications of this assumption. One difficulty to assess this issue relates to the
fact that most of the detection systems for NO production in cells and tissues are
indirect methods and can therefore suffer from interference of HNO
(bio)chemistry, in some ways mistakable with NO (bio)chemistry. One way to
sort out this matter would be the stoichiometry of the overall reaction which for
NO production is:

Arginine + 1.5 NADPH + 1.5 H* + 202 - Citrulline + 1.5 NADP+ + 2 H.O + NO
and for nitroxyl production is:

Arginine + 2 NADPH + 2 H* + 202 = Citrulline + 2 NADP* + 2 H20 + HNO
Unfortunately, several experimental caveats make these subtle differences in
NADPH/arginine consumption ratios technically difficult to measure. This open
question may however simply be enlightened by the fact that probably, under
different conditions, NOS can generate in vitro either reaction product, which may

or not translate into physiological differences. Another point of divergence
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concerning the NOS reaction product regards the possible formation of
peroxynitrite. This is supported by the fact that all isoforms have been shown to
perform an uncoupled NADPH oxidation reaction which generates superoxide (a
reaction common to most NAD(P)H-oxidizing flavoproteins, related to a direct
reduction of oxygen by the flavin moieties (27). Since NO promptly reacts with
O2- to give peroxynitrite, it may be possible that under certain conditions the
enzyme is producing both radicals leading to the formation of this reactive
nitrogen species. Another possibility is that if HNO is the reaction product and
there is available oxygen, the two can combine to give peroxynitrite. In either
case, peroxynitrite is not the direct enzymatic product, but an adventitious side
product. The regulation of NOS is intricate and takes place at several levels (23).
A significant aspect of NOS regulation concerns its auto-inhibition mechanism by
NO. In fact, any enzyme which generates a ferrous haem as part of its catalytic
cycle is prone to bind NO (excess NO in the case of NOS), resulting in a ferrous
nitrosyl. Another possibility is that the proposed intermediate Fe*-NO gets
reduced, also generating a ferrous nitrosyl. Either way, this inhibition may be
reverted by its reaction with oxygen, which yields nitrate. NOS are also regulated
in terms of their activity, expression and localization by protein-protein
interactions, alternative mRNA splicing and covalent modifications. The activity
of NOS is regulated by calmodulin binding, which improves electron transfer
steps, from NADPH to the flavin moieties and between the two domains, an
effect that is more significant for nNOS and eNOS with respect to iNOS. Other
examples of regulation at the activity level are the phosphorylation of nNOS and
eNOS, and the heat-shock protein 90 (Hsp90) acting as an allosteric modulator of
eNOS activity. The localization of eNOS is regulated by acylation of eNOS by
myristate and palmitate. An emerging aspect of NOS regulation concerns its
splice variants, resulting from alternative mRNA splicing. This feature has been

exploited essentially for nNOS, which is encoded by one of the most structurally
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diverse human genes. At least four splice variants of human nNOS have been
detected so far. Regarding iNOS, although alternatively spliced mRNAs have
been isolated, no protein variants were detected.

In summary, for the purpose of the work described in this thesis, NO derived
from NOS activity (or any other reactive nitrogen species) presents a serious
challenge for microbes invading a mammalian host. Most relevant is the
inducible iNOS which is used by specialized cells of the host immune system —
macrophages and neutrophils — to produce high concentrations of NO against

invading microbes, at the sites of infection and inflammation.

“Good”and “Bad” Nitric Oxide: the threshold between signaling and toxicity

The functional properties of nitric oxide as a biologically active molecule in a
wide range of physiological processes caused appall to chemists and biologists,
since it was not envisaged that a toxic pollutant could be so elegantly used by
living organisms. However, revising its chemistry, this now seems very

convenient and logic due to several of its properties, as it continues to happen

Arginine with other diatomic molecules,
lNOS

NO + citrulline

such as carbon monoxide and
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Figure 1.10 — Schematic representation of protein which NO turns from beneficial
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At low concentrations (nM range), NO is an important signaling molecule,
essentially in mammalian systems. Signaling processes associated with NO may
be mediated directly by NO per se or by other NO-derived reactive nitrogen
species (Fig. 1.10), with different molecular targets and consequently different
physiological implications (for example (28-30)). These species exert their effects
mostly by modifying protein sites that ultimately trigger signaling processes and
alter gene regulation. A major advantage of NO over other compounds as a
signaling molecule is based on its membrane permeability and ease of diffusion
both in hydrophobic and aqueous media. In essence, signaling processes
attributed to NO are related to the activation of guanylate cyclase, resulting from
a conformational change upon NO binding to the haem active site that enhances
cyclic guanosine monophosphate (cGMP) production. This nucleotide in turn
regulates a number of cellular functions, namely related to the cardiovascular and
nervous systems, which are nevertheless intertwined with themselves and with
most (if not all) physiological processes. The production of cGMP in the
endothelial smooth muscle cells leads to activation of cGMP-dependent protein
kinases, resulting in calcium sequestration and vasodilation. Initial evidence for a
role of nitric oxide in cardiovascular processes — namely vasodilation — arose from the

seminal work of R. Furchgott on the endothelial-derived relaxation factor (EDRF)
(31) and the discovery that EDREF is in fact NO (32,33). This discovery eventually

granted Robert Furchgott, together with Louis Ignarro and Ferid Murad, the 1998
Nobel Prize in Physiology or Medicine (Fig. 1.11). This observation also provided
a physiological rationale for the empirical usage of nitroglycerin to treat
cardiovascular disorders such as angina. When awarded the Nobel Prize in 1998,

Furchgott reminded in his banquet speech (http://nobelprize.org/

nobel prizes/medicine/laureates/1998/furchgott-speech.html)  the  spirituous

remark made by Alfred Nobel (notable for the development of dynamite, with
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nitroglycerin as its active substance) when his doctor prescribed him nitroglycerin
for his angina pectoris: “It sounds like the irony of fate that I should be ordered
by my doctor to take nitroglycerin internally”. Besides affecting the vascular

smooth muscle, NO also acts on blood cells themselves, most importantly
exerting an anti-aggregative and anti-adhesive effect on platelets, in a process
also regulated by cGMP. Other cardiovascular effects of NO are the decrease in
rolling and adhesion of leukocytes and a possible role in maintaining micro-

vascular  integrity = and
permeability, among others.
An interesting development

was the finding that

cardiovascular ~ regulation

>
I\ e
\ h

Figure 1.11 - Laureates of the 1998 Nobel Prize for Medicine
release of signa]ling agents or Physiology, "for their discoveries concerning nitric oxide as

a signalling molecule in the cardiovascular system". Left to
from HNO follows a  right: Robert Furchgott, Louis Ignarro and Ferid Murad.

involving a  stimulated

pathway different from NO-mediated processes (28). The two pathways are
mutually exclusive and the HNO-mediated one is characterised by enhanced
cAMP production (instead of cGMP) and possible modification of thiol and metal
sites (to be compared with NO binding to the guanylate cyclase haem). The two
pathways are thus named “orthogonal”, having the same origin but diverging
routes, and again emphasize the duality of NO vs. HNO physiology (28).

The role of NO in regulating the nervous system affects differently the central and
peripheral systems, despite both also resulting mainly from the activation of
guanylate cyclase by NO (34). In the central nervous system, due to the fact that
the distribution of iNOS-bearing neurons in the brain is not uniform, NO is
proposed to regulate diverse functions, which have in common being related with
production of glutamate. Whereas NO signaling in the central nervous system is

known to regulate / affect memory, spatial learning, task acquisition and
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behavioral and sexual responses, in the peripheral nervous system NO is
involved in signaling processes that influence the gastrointestinal tract, the
airways and the genitourinary tract.

As the concentration of NO deviates from its beneficial range, it may result in
physiological disorders, both above and below the beneficial threshold. On the
one hand, a number of pathologies are associated with NO concentrations below
the basal levels. Examples of disorders resulting from impaired NO production
are the serious pathologies atherosclerosis and hypertension. On the other hand,
when the NO concentration increases to the micro-molar range and above the
beneficial threshold, NO becomes deleterious, being cytotoxic, cytostatic, and
triggering cellular processes that culminate in pathological conditions. At these
concentrations, NO is cytotoxic both for eukaryotes and prokaryotes, with
common cellular targets, and the sensitivity of microbes to NO is used by higher
eukaryotes in the immune response to microbial invasion (revised in the next
section). The cytotoxicity of NO results from the multiple cellular components
that react or are chemically modified by NO. As described at the beginning of the
chapter, NO binds with ease to metal and thiol sites in proteins, besides also
exerting (directly or indirectly, i.e., through NO-derived reactive nitrogen species)
damage to other biomolecules such as lipids and DNA. At a physiological level,
excess NO production induces disturbances in the regulation of many processes,
being thus related to several pathologies, such as septic shock (triggered by over-
production of NO to counteract microbial infection), cerebral ischaemia, and
neurodegeneration (multiple sclerosis), to name a few (34). The dual effects of NO
with respect to inflammatory diseases, illustrates the ambiguity of this species as
a signaling molecule. Whereas the eNOS-derived NO is endowed with a
protective role to tackle inflammatory processes, the iNOS-derived NO
subsequently produced is partially responsible for certain aspects of chronic

inflammation.
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At the threshold of NO concentrations that are no longer beneficial for signalling
purposes and start reaching cytotoxic levels, lies an important physiological role
of NO, which concerns its inhibition of respiratory oxygen reductases (cytochrome
oxidase — CcOX - in higher organisms and several prokaryotes) (reviewed in
(35,36)). At the molecular level, inhibition of CcOX occurs within milliseconds at
physiological NO concentrations and depends on several factors such as the
electron flux through the respiratory chain and the relative concentrations of
oxygen and NO. The inhibitory reaction takes place at the binuclear haem a3 - Cus
active site, NO binding to either metal in different redox states; both types of
inhibition are ultimately reversible. Whereas NO binds quickly to the reduced
haem a3 to produce a ferrous nitrosyl adduct, it binds to Cus in its oxidized state
(+2), which oxidizes NO to nitrite, possibly through an NO* intermediate.
[a3@) Cus®] + NO & [a32)-NO Cus®]
[434 Cup)] + NO = [4:69Cus®NO®] > [a:69NO2 Cus)]

The occurrence of one inhibition route or the other is strongly related to the
electron flux along the electron transport chain, i.e., the availability of reducing
equivalents that are supplied to CcOX. At lower electron fluxes, the most
significant inhibition mechanism is the formation of the nitrite-bound adduct,
while at higher electron fluxes it is the haem as-nitrosyl adduct that prevails. The
reaction of NO with the haem-copper binuclear active site of oxygen reductases
has ambiguous physiological implications. The extent of the inhibition is critical
for this reaction to switch from a regulatory process to a pathophysiological
condition. While low NO concentrations are believed to modulate respiration
under normal metabolic conditions (e.g., to ensure proper oxygen availability in
peripheral capillaries), at high concentrations its inhibition of respiration is
related to apoptotic and necrotic events. Comparatively, haem-copper oxygen

reductases from the respiratory chains invading (and possibly pathogenic)
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microbes are part of the cellular targets of the high NO levels produced and

released by the host immune system.

Nitric Oxide in the Host-Pathogen Interaction

The interaction between higher eukaryotes and microbes, either commensal or
invading/infecting ones, is managed by the host’s immune system. As elegantly
described by Nathan and Shiloh (37), “immunity is the ability of the largest
inherited genome in a body to restrict the replication of the smaller, non-inherited
genomes in the same body”. There are several strategies by which the immune
system copes with invading microbes, one of which uses the cytotoxic and
cytostatic properties of nitric oxide produced by the inducible form of NO
synthases (iNOS, see above) (23,38). The process by which the host immune
response triggers the induction of iNOS is controlled by a myriad of
immunological stimuli and the enzyme is then regulated both at the
transcriptional and post-transcriptional levels (mRNA stability, mRNA
translation and protein stability). In these processes a number of signal
transduction pathways and molecules are involved, such as lipopolysaccharides,
multiple cytokines (such as interferon y and interleukins), transforming growth
factor, tumor necrosis factor a, and several phosphatases and kinases (37-39).
iNOS induction is observed in many cells involved in the immune response, such
as: macrophages, microglia, Kupffer cells, neutrophils, eosinophils, mast cells,
dendritic cells, natural Kkiller cells, fibroblasts, endothelial and epithelial cells,
among others. The sustained production of NO by phagocytes in general confers
these cells effective cytotoxic activity towards bacteria, viruses, fungi, protozoa,
helminthes and tumor cells (37-39).

Under the same infection/inflammation regimes that enhance iNOS expression,
another important phagocytical enzyme is induced, an NADPH oxidase (phox,

from phagocyte oxidase) that reduces molecular oxygen to the superoxide anion
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radical, a reactive species, cytotoxic per se and in synergy with other RNS and
ROS. As described above, NO and superoxide readily react yielding peroxynitrite
(ONOQO), a powerful oxidant and nitrating agent, which induces damage onto
many cellular components. In fact, since macrophages produce simultaneously
equivalent amounts of NO and superoxide, it is likely that part of the cytotoxicity
attributed to either species may in fact result from a direct damage from
peroxynitrite (Fig. 1.12) (37,38). For simplicity, it appears more correct to use the
term RNS for NO-derived reactive nitrogen species in the perspective of the host-
pathogen interaction. An important aspect that characterizes this strategy of the

host
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Figure 1.12 - Schematic representation of external stimuli that lead to the induction of
macrophagial enzymes that produce cytotoxic species (NO, RNS and ROS) to target invading
microbes, whose major cellular targets are depicted, namely iron centres, thiol groups, protein
tyrosine residues, DNA and lipids.

Invading Microbe

immune system is its non-specificity in the sense that the cytotoxic species
released to target the invading/infecting microbes are also damaging to the host’s
uninfected cells, since the molecular targets of RNS and ROS are the same in
either type of cell: protein Fe sites (Fe-S, haem and non-haem Fe), thiol groups,
tyrosyls, DNA and lipids, among others. As examples, nitrosylation of Fe-S
centers is a key event in the inhibition of critical metabolic enzymes (of which
aconitase is the best studied case (40)) and NO binding in an inhibitory fashion to
the non-haem diiron centre of ribonucleotide reductase precludes DNA

replication (41).

29



Chapter 1

This aspect reflects the ability of the multi-cellular host to sacrifice part of its
healthy cells to prevent microbial development (damaging to the whole
organism), hence the formation of abscesses, a process that finds its equivalent in
the plants’ hyper-sensitivity reaction. The relevance of RNS in the host defense
against microbial invasion is not restricted to their cytotoxic properties, since they
are also immuno-regulatory, with inhibition/activation effects on G proteins,
kinases and phosphatases, caspases, metalloproteases, etc., and affecting also (in
either way) apoptosis (39). The ubiquity of the immune response by an infected
host that uses the combined RNS-ROS cytotoxicity against the invading microbes
creates a serious barrier for microbial survival in the host. Microbes have
therefore evolved their own strategies to cope with the nitrosative and oxidative
stress resulting from the host immune response and thus subvert it. Apart from
the host-pathogen interaction, microbes can face nitrosative stress and encounter
RNS as part of the nitrogen cycle, mostly in the process of dissimilatory
denitrification (either if they are performing denitrification themselves or simply
co-existing with denitrifiers). Analogously, anaerobic or microaerophilic
organisms may be challenged with oxygen and its reactive intermediates, and
thus have evolved appropriate detoxifying systems. The bulk of the microbial
RNS detoxifying strategies are described below, whereas a glance is taken at ROS

detoxification in the next chapter.

Microbial Defence Mechanisms Against Nitric Oxide

It should be noted that the interplay between the effects and the metabolism of
RNS and ROS are not the sole factors to take into account when nitrosative and
oxidative stresses come into play. Whatever is the physiological outcome of these
types of stress, it is intimately related with the redox balance of the cells (also
conditioned by the external medium) and the iron homeostasis. Thus, the

prokaryotic responses to nitrosative stress, which are not yet completely
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established, include at least five distinct types of enzymes/proteins: i) enzymes
that directly detoxify NO, S-nitrosothiols or other RNS; ii) enzymes that detoxify
ROS, thus avoiding the formation of RNS that are formed as a result of cross-
reactions of NO with ROS; iii) enzymes that allow regeneration of reduced
pyridine nucleotides, thus counteracting the effects of oxidative and nitrosative
stress; iv) DNA-repairing enzymes; v) regulators of iron homeostasis (decreasing
the formation of iron-nitrosyl species, that may act as catalysts of nitrosylation
reactions). The enzymatic systems above mentioned are subject to tight
regulatory processes, which are intricate and most likely differ from organism to
organism. Interestingly, detoxification of RNS and denitrifying pathways share
common regulatory routes (Fig. 1.13 and Fig. 1.14), which may imply that an
adaptation to a certain type of metabolism may have endowed organisms with

resistance to a certain type of stress.
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Fig. 1.13 — Bacterial inorganic cycle and corresponding enzymes (adapted from (14)).

The microbial resistance to nitrosative stress is characterized by an intricate
regulation and it is thus important to understand the genetic responses in parallel
with the knowledge of the enzymatic machinery. Moreover, the response
involves not only detoxification and metabolic enzymes but also damage-repair
machinery, as well as other cellular processes that altogether build a robust
defence mechanism to nitrosative stress. As most biochemical pathways,

nitrosative stress resistance machinery (including the regulatory processes) has
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common features among certain groups of microrganisms. Redundancy is a
major issue in microbial physiology, since one system that is important for certain
organisms may be less relevant for others, or they can be under different
regulatory processes in different organisms. On the other hand, distinct systems
that perform the same function in different organisms may also be subjected to
the same regulation. This is indeed the case in what concerns the relationship
between nitrosative stress response and denitrification, as well as with oxidative
stress. To illustrate the broadness of the nitrosative stress response, the Escherichia
coli systems will be described with greater detail. E. coli is probably the organism
for which the nitrosative stress response has been more thoroughly investigated.
Studies have covered both the genetic response mediated by a number of
regulons and the most relevant enzymatic systems involved in the microbial

resistance to this type of stress.

Genetic Responses to Nitrosative Stress

The regulation of NO and RNS metabolism in E. coli is controlled by several
regulons, specific for RNS (NorR and NsrR), common to oxidative and nitrosative
stress response (SoxRS and OxyR), and related to iron metabolism (Fur).
Considering the two prominent families of NO-detoxifying enzymes, the
flavohemoglobins and the flavodiiron proteins, their regulation is of great
importance in the concerted response to nitrosative stress. Whether nitrosative
stress is exerted onto the cells by NO or the trans-nitrosating GSNO (an NO
releaser under reducing conditions), two RNS-specific regulators are responsible
for the induction of the NO-detoxifying enzymes. NorR is a homologue of
Ralstonia eutropha NorR, a regulator of this organism’s respiratory NOR. In E. coli,
it has been shown to induce the expression of the NO reductase flavorubredoxin
(also designated as NorV) (42-44), this organism’s flavodiiron protein, which is

the key subject of this thesis. The molecular basis of flavorubredoxin’s regulation

32



Chemistry and Biology of Nitric Oxide

by NorR will be detailed in the next chapter. NsrR (14) regulates the expression of
E. coli flavohemoglobin (Hmp, detailed below), an NO-detoxifying enzyme that
oxidizes NO to nitrate and constitutes the most relevant line of defence against
NO for aerobically-grown E. coli. Moreover, NsrR regulates other genes that were
demonstrated to be related to nitrosative stress response, whose roles were
elusive but recently became clearer. Briefly, YtfE was shown to be involved in
Fe-S clusters assembly (45) (a major target of nitrosative stress) and the hybrid-
cluster protein (Hcp) was demonstrated to respond to oxidative stress, possibly as
a new type of peroxidise (46) (scavenging of ROS is a key issue to avoid cross

reactivity with RNS on top of the nitrosative stress).
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Fig. 1.14 — Major regulatory pathways of enzymes involved in denitrification and detoxification of
reactive nitrogen species (taken from (14)). The combined regulatory network is base on a thorough
multi-genome analysis combined with experimental data for for DNR, NnrR, NsrR, and NorR.
Arrows denote regulatory interactions, with the thickness reflecting the frequency of the interaction
in the analyzed genomes.

To understand the intricate regulation regimes that govern multiple systems, the
scheme in figure 1.14 (taken from (14)) illustrates common regulatory features of
denitrification and NO detoxification pathways, observed from a thorough and

integrative inspection of available data and genome sequences carried out by

33



Chapter 1

Rodionov et al (14). Redundancy of systems coupled with independent regulatory
pathways is a key strategy for survival of prokaryotes under certain stress
conditions.

On the other hand, the two main regulons of E. coli related to oxidative stress
aggressions, the SoxRS and OxyR systems, are also sensitive to nitrosative stress,
through the attachment of NO to a metal or thiol centre, a common theme in
regulation of cellular functions (47). SoxRS and OxyR mutants induce a higher
sensitivity of E. coli to NO produced by macrophages, or to S-nitrosothiols (48,49).
Under oxidative stress, the SoxRS system works in two steps: upon oxidation of
the SoxR dinuclear FeS centre ([2Fe-2S5]*/*) from its transcriptionally inactive
reduced (1+) state to the oxidized (2+) state, the transcription of SoxS is triggered,
which then stimulates the transcription of about 65 other genes encoding for key
defence enzymes such as manganese superoxide dismutase (SOD) and
endonuclease IV. This regulon is also activated by nitric oxide, thus providing E.
coli with some resistance to NO: NO binds to the binuclear centre of SoxR,
forming a dinitrosyl-iron dithiol complex, which becomes active in activating
soxS (50). The induction of enzymes such as SOD is quite important, since it
contributes to avoid the formation of peroxynitrite, by the reaction of the
superoxide anion with NO. OxyR, which contains cysteine redox centres, is
activated by S-nitrosylation, S-hydroxylation and S-glutathionylation, and
induces the expression of multiple genes that protect from oxidative and
nitrosative  stress, such as catalases, glutathione reductase, and
alkylhydroperoxide reductase (49,51). The relation between iron homeostasis and
NO stress is well exemplified by the effect of NO on the Fur (ferric uptake
regulator) protein. Fur regulates not only the transcription of genes encoding for
proteins of iron metabolism, but also for oxidative and acid stress, including more
than 90 genes (52). At low intracellular iron contents, Fur looses its iron ion, thus

releasing the transcriptional repression of multiple genes. Fur is under the control
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of the OxyR and SoxRS systems (53). In the presence of NO, an iron-nitrosyl
species is formed, which inactivates its repressor activity (54), causing a general
derepression of Fur regulated genes. The general oxygen regulator FNR
(Fumarate Nitrate Regulator) contains a [4Fe-45]?*/! centre that is oxygen and NO
labile. Since the cluster controls the protein dimerisation and its DNA binding
capability, nitrosylation of the centre leads to an inactivated form of FNR (55).
Although inactivation of FNR by NO was, so far, only shown to affect E. coli hmp

regulation, all FNR-regulated genes are expected to respond to NO.

Prokaryotic Defence Systems Against Nitrosative Stress

Besides the regulatory aspects of the microbial response to nitrosative stress, at
least three families of enzymes were shown to be undoubtedly relevant for nitric
oxide metabolism: the newly identified family of flavodiiron NO reductases,
which will be discussed at length in the next chapter, the membrane-bound
haem-iron NO reductases of denitrifiers (described in detail above), and the

globins, a family of cytoplasmatic proteins present in a wide range of organisms.

The function of prokaryotic globins (reviewed in (56-58)) remained elusive for a
long time, but there is growing evidence that they are involved in NO
detoxification. The globins can be divided into two classes: those that are built by
a single B-type haem containing globin domain (hemoglobins), and those which
have an extra NADP+ferredoxin oxidoreductase like domain, containing an FAD
moiety and an NAD(P)H binding motif (know as flavohemoglobins). When
expressed in E. coli, the single domain hemoglobins of Vitreoscilla and
Mycobacterium  tuberculosis protected against nitrosative stress (57,59,60).
Furthermore, fusion of Vitreoscilla hemoglobin with a heterologous reductase
domain not only increased significantly the rates of NO consumption but also

avoided the formation of thionitrosyls or peroxynitrite derivatives at the haem
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domain. However, the Vitreoscilla hemoglobin gene expression was not enhanced
by RNS or ROS (58), contrary to what is generally observed for flavohemoglobins
(see below). Flavohemoglobins (Hmp) are widespread among bacteria, as well as
in yeasts and other fungi, and in protozoa. In the presence of oxygen, Hmp
oxidizes NO to nitrate, probably through a denitrosylase mechanism, with a
turnover of ~94 s at 200 uM oxygen and 1 uM NO, for the E. coli enzyme. The
actual mechanism is a matter of debate regarding whether oxygen first binds to
the haem and then NO binds to haem-bound O, or if it is NO that binds to the
haem and then O: to haem-bound NO. Recently, the flavohaemoglobin from
Staphylococcus aureus has been shown to afford protection against nitric oxide in
microaerophilic conditions, favouring an oxygen denitrosylase mechanism (61).
The range of activities reported varies from 7.4 to 128 s?, at 20° C (58,62-64).
Anaerobically, HMP reduced NO to N2O, with a much lower activity of ca 0.14 to
0.5 s (58,65). Nevertheless, a Salmonella typhimurium strain with a deletion on the
hmp gene was more sensitive to NO and S-nitrothiols, even anaerobically, than
the wild type strain (66). Thus, it has been proposed that Hmps are active mainly
under aerobic conditions, although a function under anaerobiosis can not be
completely excluded. Several experimental evidences indicate a role for Hmp in
the resistance of pathogens to their hosts. For example, deletion of hmp in Erwinia
chrysamthemi, a plant pathogen, decreased significantly its pathogenicity (67). In
Salmonella typhimurium, Hmp was reported to contribute to the microbial
protection from killing mediated by NO-released from human macrophages (68).
Besides their function as NO scavengers, bacterial globins - either single- or two-
domain - have since their discovery been suggested to play an important role in
aerobic metabolism, due to its ability of reversibly binding Oz, as the canonical
hemoglobins. For example, heterologously expressed Vitreoscilla globin increased
the cell yield of the host bacterium grown aerobically, concomitant with a higher

level of protein synthesis, ATP production and a higher proton flux per reduced

36



Chemistry and Biology of Nitric Oxide

oxygen molecule (58). A direct interaction between the Vitreoscilla globin and the
haem-copper oxygen reductases was also proposed (58). Other studies showed
that stimuli such as oxygen deprivation or oxidative stress increased the
expression of the hmp gene: hmp was induced by paraquat, protecting against
superoxide effects (69). In Salmonella typhimurium hmp-minus strain was shown to
be more sensitive to oxygen stress than the wild type strain (68). It was also
observed that the presence of Hmp was required for full induction of oxidative
stress response enzymes, such as NADPH:ferredoxin oxidoreductase, a member
of the SoxRS regulon. More recently, E. coli Hmp was proposed to act as an
alkylhydroperoxide reductase (70), which is in accordance to previous results that
suggest that Hmp has a peroxidase-like active site structure (71). Furthermore,
Hmp from Ralstonia eutrophus and E. coli were reported to interact with
membranes lipids (72) through conserved regions, therefore suggesting
participation in lipid membrane regeneration. Thus, in summary, at present, the
role of Hmp in oxidative stress response and/or as an oxygen delivery system
appears to be important. It still remains to be clarified whether these enzymes
have diverse functions in different organisms, or are indeed multifunctional. The
mechanisms of hmp regulation are quite complex and not yet fully understood. In
E. coli, hmp was found to be independent of the OxyR and SoxRS regulators
(62,69,73), although Hmp expression is needed for full activation of the SoxRS
system and for resistance to paraquat, as well as for full expression of SodA in
response to paraquat (74). E. coli hmp was found to be induced by nitrate and,
more effectively, by nitrite, apparently independent of the NarLP regulatory
systems (73). Several studies showed that E. coli hmp was also up regulated by
NO through, at least, three factors: FNR, Fur and MetR, the global regulator of the
methionine biosynthesis pathway. In fact, it was shown that the repression
caused by FNR and Fur on E. coli hmp could be relieved by addition of NO,

which directly inhibits FNR and Fur through nitrosylation of the respective iron
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centres (54,55). Also, it was observed that SNP and GSNO causes nitrosation of
homocysteine, the cofactor of MetR, and that the binding of MetR to the
intergenic glyA-hmp region that occurs under these conditions results in an up
regulation of hmp expression (75). The regulation of Hmp is still an open field,
and its relevance as an NO detoxifying agent is continuously confirmed by its up-
regulation in batch cultures under nitrosative stress, both aerobically (76) and
anaerobically (77), and also in chemostat conditions (78,79). The ubiquity of Hmp
as a prokaryotic defence mechanism against nitrosative stress makes it suitable
for inhibition studies and antibiotic targeting and recent reports have

demonstrated its sensitivity to imidazole antibiotics (80).

Other enzymatic systems

Besides the flavodiiron proteins and flavohaemoglobins, the two prominent
families of NO-detoxifying enzymes, other enzymatic systems have been
proposed to act as NO scavengers (81).

Additionally, the pentahaem nitrite reductase (N1f) of E. coli seems to be able to
perform NO detoxification, since the nrf minus strain cultured anaerobically with
20 mM of sodium nitrate and exposed to 150 uM of NO suffered a significant
growth inhibition (82). It remains to be clarified if that behaviour is indeed a
response mechanism, or just a reflection of the fact that these nitrite reductases
fully reduce nitrite to ammonia, being also capable of reducing intermediates of
this six electron process, such as hydroxylamine (83,84) or nitric oxide (85).
Cytochromes c¢” may also play a role in NO metabolism, as judged by the example
of Rhodobacter capsulatus. In this organism cytochrome ¢’ was shown to confer
resistance to NO (86). Microbes may use other strategies to respond to the
presence of nitrosative stress, although their general relevance is less well known.
A process for detoxification of S-nitrosothiols was recently identified in

Arabidopsis (87), E. coli, Saccharomyces cerevisine and mouse macrophages (88): S-
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nitrosoglutathione and S-nitrosated proteins are metabolised by the glutathione-
dependent formaldehyde dehydrogenase, with the formation of GSNH>, and,
ultimately, formation of ammonia with the concomitant oxidation of NADH. The
catalytic rate constant for GSNO is close to the diffusion limit. The glutathione-
dependent formaldehyde dehydrogenases are widely present in living organisms
and highly conserved, from bacteria to higher eukaryotes. These observations
strongly suggest that besides the role of glutathione as a redox bulffer, it plays also
a major role in controlling the intracellular levels of nitrosylated species.
Homocysteine was also proposed to act as an endogenous NO antagonist. In
Salmonella typhimurium, a mutation in metlL, whose gene product catalyses
metabolic steps required for homocysteine biosynthesis, conferred hyper-
susceptibility to S-nitrosothiol and lowered the virulence of this pathogen in mice
(89). Bacterial defences against peroxynitrite-mediated damage of methionine
residues in proteins were reported as involving the peptide methionine sulfoxide
reductase. The deletion in E. coli of this enzyme, which catalyses the reduction of
methionine sulfoxide in proteins to methionine, made this organism
hypersensitive to GSNO and nitrite in aerobic conditions (90). Another strategy
used by bacteria to escape NO was revealed in Helicobacter (H.) pylori (91). In this
system, bacterial resistance occurs indirectly by preventing the NO production by
macrophages through scavenging of arginine, the common substrate of arginase
and NOS. It was shown that while wild type H. pylori inhibits the NO produced
by activated mice macrophages, inactivation of the arginase gene restored NO

production.
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